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RESUMO

TESE DE DOUTORADO EM BIOLOGIA PARASITARIA

Barbara de Oliveira Baptista

A GMZ2.6c é uma proteina quimérica candidata a uma vacina multiestagio contra Plasmodium
falciparum composta de um fragmento da proteina de estagio sexuado Pfs48/45-6C geneticamente
fusionado a GMZ2, uma proteina quimérica contendo GLURP e MSP-3. A GMZ2 demonstrou ser bem
tolerada, segura e imunogénica em ensaios clinicos realizados em areas endémicas de maléaria na
Africa. Contudo, ndo ha dados disponiveis sobre a antigenicidade ou imunogenicidade da GMZ2.6¢
em humanos. Considerando que parasitos circulantes podem ser geneticamente distintos em
diferentes areas endémicas de maléria e que fatores genéticos do hospedeiro podem influenciar a
resposta imunoldgica contra antigenos vacinais, é importante a realizacdo de estudos imunogenéticos
gue possam contribuir para um melhor entendimento da resposta imune naturalmente adquirida para
antigenos candidatos a compor uma vacina antimalarica. Nesse trabalho, foram avaliados o perfil das
respostas imune humoral e celular contra a GMZ2.6¢c e seus componentes (GLURP, MSP-3 e
Pfs48/45) e a influéncia do polimorfismo genético do parasito no desenvolvimento da resposta imune
especifica. O estudo foi realizado em trés municipios da Amazébnia Brasileira: Cruzeiro do Sul e
Mancio Lima, no estado do Acre, e Guajara, no estado do Amazonas. A pesquisa de anticorpos
contra a GMZ2.6c, seus fragmentos individuais e seus epitopos de células B foi realizada pela técnica
de ELISA. As subpopulagdes linfocitarias foram avaliadas por citometria de fluxo ex vivo e apés o
estimulo com cada uma das proteinas recombinantes. O numero relativo de células T especificas
secretoras de IFN-y contra epitopos de célula T foi realizado através da técnica de ELISpot. A
avaliacdo do polimorfismo genético das proteinas GLURP, MSP-3 e Pfs48/45 foi realizado por PCR e
sequenciamento. Os resultados mostraram que a proteina GMZ2.6¢ foi amplamente reconhecida por
anticorpos naturalmente adquiridos de individuos de areas endémicas com diferentes niveis de
transmissdo. A prevaléncia de individuos com anticorpos para a GMZ2.6¢ foi maior quando
comparada aos seus fragmentos individuais provavelmente devido a um efeito aditivo da GLURP,
MSP-3 e Pfs48/45 quando inseridos na mesma construcdo. Individuos naturalmente expostos a
malaria possuiam, predominantemente, anticorpos citofilicos IgGl e IgG3 anti-GMZ2.6¢c, fato
importante considerando que na imunidade protetora contra a malaria ha um balanco entre anticorpos
citofilicos/néo citofilicos. Os anticorpos anti-GMZ2.6¢c parecem aumentar com a exposi¢ao a infecgao
e podem contribuir para a imunidade parasitaria. Nos individuos infectados com P. falciparum, o
maior percentual de linfécitos T CD4* foi observado com os estimulos GMZ2.6¢c, GLURP, MSP-3 e
Pfs48/45 e linfocitos T CD8" com GLURP. E provavel que a expansdo dessas células seja em
decorréncia da infeccdo malérica aguda, contudo a resposta de linfécitos B foi limitada. Identificamos
multiplos epitopos de células B e T derivados da GLURP, MSP-3 e Pfs48/45 amplamente
reconhecidos por anticorpos e células T de individuos residentes nas areas endémicas estudadas. A
avaliacdo do polimorfismo genético mostrou um limitado nimero de polimorfismos na regido RO da
GLURP, relativa conservagcdo na regido C-terminal da MSP-3 e, alta conservacédo na regido 6¢ da
Pfs48/45. Os polimorfismos encontrados nos isolados estudados ndo impactaram significativamente
nos epitopos de célula B e T. Em conjunto, nossos dados realcam a importancia da GMZ2.6c como
uma candidata a vacina multiestagio.

Xi



Ministério da Saude

FIOCRUZ
Fundagao Oswaldo Cruz

INSTITUTO OSWALDO CRUZ

HUMORAL AND CELLULAR IMMUNE RESPONSE PROFILE AGAINST THE RECOMBINANT

PROTEIN GMZ2.6C OF PLASMODIUM FALCIPARUM AND THE INFLUENCE OF PARASITE

GENETIC POLYMORPHISM ON THE MODULATION OF THE SPECIFIC IMMUNE RESPONSE
ABSTRACT

PHD THESIS IN PARASITARY BIOLOGY

Barbara de Oliveira Baptista

The GMZ2.6c malaria vaccine candidate is a multi-stage Plasmodium falciparum chimeric protein
which contains a fragment of the sexual-stage Pfs48/45-6C protein genetically fused to GMZ2, a
fusion protein of GLURP and MSP-3. The GMZ2 has been shown to be well tolerated, safe and
immunogenic in clinical trials performed in a malaria endemic area of Africa. However, there is no data
available on the antigenicity or immunogenicity of GMZ2.6¢ in humans. Considering that circulating
parasites can be genetically distinct in different malaria endemic areas and that host genetic factors
can influence the immune response against vaccine antigens, it is important to perform
immunogenetic studies that may contribute to a better understanding of the naturally acquired immune
response to candidate antigens for an antimalarial vaccine. In this work, the profile of humoral and
cellular immune responses against GMZ2.6¢ and its components (GLURP, MSP-3, and Pfs48/45) and
the influence of parasite genetic polymorphisms on the development of the specific immune response
were evaluated. The study was carried out in three municipalities in the Brazilian Amazon: Cruzeiro
do Sul and Mancio Lima, Acre state, and Guajara, Amazonas state. The antibody response against
GMZz2.6¢, d its individual fragments, and its B-cell epitopes was performed by ELISA. Lymphocyte
subpopulations were evaluated by flow cytometry ex vivo and after stimulation with each of the
recombinant proteins. The relative number of specific IFN-y-secreting T cells against T cell epitopes
was performed by ELISpot. The genetic polymorphism of GLURP, MSP-3, and Pfs48/45 was
evaluated by PCR and sequencing. The results showed that GMZ2.6¢ protein was widely recognized
by naturally acquired antibodies from individuals of the Brazilian endemic areas with different levels of
transmission. The prevalence of individuals with antibodies against GMZ2.6¢c was higher when
compared to its individual components probably due to an additive effect of GLURP, MSP-3, and
Pfs48/45 when inserted in the same construct. Naturally malaria-exposed individuals predominantly
had 1gG1 and 1gG3 cytophilic anti-GMZ2.6¢c antibodies, an important fact considering that the
acquisition of anti-malaria protective immunity results from a delicate balance between cytophilic/non-
cytophilic antibodies. Anti-GMZ2.6¢ antibodies seem to increase with exposure to infection and may
contribute to parasite immunity. The higher percentage of CD4" T lymphocytes stimulated with
GMZ2.6¢c, GLURP, MSP-3 and Pfs48/45 and, CD8* T lymphocytes with GLURP in individuals
parasitized by P. falciparum suggest an expansion of these cells due to malarial infection, but the B
lymphocytes response was limited. We identified multiple T and B cell epitopes derived from GLURP,
MSP-3 and Pfs48/45 widely recognized by antibodies and T cells from residents of the studied
endemic areas. Evaluation of genetic polymorphism showed a limited number of polymorphisms in the
RO region of GLURP, relative conservation in the C-terminal region of MSP-3, and high conservation
in the 6¢ region of Pfs48/45. The polymorphisms found in the studied isolates did not significantly
impact the B and T cell epitopes. Taken together, our data highlight the importance of GMZ2.6¢c as a
multistage vaccine candidate.
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1. INTRODUCAO

1.1. Maléaria: Aspectos gerais

A malaria € uma doenca infecto-parasitaria de elevada prevaléncia e
morbidade, causada por protozoarios do género Plasmodium. Mais de 250 espécies
de Plasmodium ja foram descritas por parasitar mamiferos, aves e répteis (1),
entretanto poucas sao capazes de infectar naturalmente o homem. Dentre elas, o
Plasmodium vivax (Grassi & Feletti, 1890), Plasmodium falciparum (Welch 1897),
Plasmodium ovale (Stephens, 1922) e Plasmodium malariae (Laveran, 1881),
classicamente conhecidas como agentes etioldgicos da malaria humana, e
Plasmodium knowlesi (Singh, 2004), Plasmodium inui (Coatney, 1966), Plasmodium
cynomolgi (Ta, 2014), Plasmodium simium (Brasil, 2017) e Plasmodium brasilianum
(Lalremruata, 2015), parasitos de primatas ndo humanos, responsaveis pela
transmissdo zoondtica (1). A transmissdo da maléria se d4 através da picada do
inseto vetor, as fémeas do mosquito do género Anopheles, que compreende mais de
465 espécies, das quais aproximadamente 70 séo transmissoras da malaria humana
(2). Dentre elas, 41 séo consideradas espécies vetoras dominantes no mundo (3),
destacando-se o Anopheles gambiae, Anopheles arabiensis e Anopheles funestus
na Africa, Anopheles darling, Anopheles albimanus, Anopheles pseudopunctipennis
e Anopheles aquasalis nas Américas, enquanto na Asia diversas espécies

apresentam dominio variavel (2,3).

A malaria permanece como um dos principais problemas de salude publica,
estando presente em 84 paises das regibes tropicais e subtropicais do mundo
(Figura 1), pondo em risco cerca de metade da populacdo mundial. Estima-se que,
em 2021 ocorreram cerca de 247 milhdes de casos de malaria no mundo e 619 mil
mortes, a maioria (76,8%) de criancas menores de 5 anos de idade (4). Apesar dos
avancos no seu controle obtidos nos ultimos 20 anos, o aumento de 13,4 milhdes de
casos e 63 mil mortes foram notificados entre o periodo de 2020 a 2021 quando
comparados a 2019, atribuidos, principalmente, as interrupcdes dos servicos de
vigilancia e controle da maléria durante a pandemia de COVID-19 (4,5). As espécies
P. vivax e P. falciparum sdo as principais responsaveis pelos indices de maléaria no
mundo (6). Embora o P. vivax seja mais amplamente distribuido no globo, estando

presente em areas endémicas da Asia, Oceania, e Américas do Sul e Central, e ja
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terem sido descritos casos graves e mortes na infeccdo por essa espécie (7-10), o

P. falciparum € o principal causador dos casos e 0Obitos (4).

M Um ou mais casos indigenas
- W Certificado como livre de malaria ap6s 2000
Zero casos indigenas em 2019-2021

Sem malaria
Zero casos indigenas em 2021

— e — Né@o se aplica
M Zero casos indigenas (>3 anos) em 2021

Figura 1: Distribuicdo global da maléria, 2021. Fonte: Adaptado de WHO, 2022 (4).

A maioria dos casos por malaria ocorre na regido Africana (94.7%), seguido
do Mediterraneo Oriental (2.5%), Sudeste Asiatico (2.2%), Pacifico Ocidental (0.6%)
e Américas (0,3%) (4). Apesar das Américas contribuirem com menos de 1% dos
casos de malaria no mundo, numeros significativos de casos e mortes sao
reportados nessa regido. De todos os paises e territorios da regido das Américas da
Organizacdo Mundial de Saude (OMS), 18 (Belize, Bolivia, Brasil, Coldmbia, Costa
Rica, Republica Dominicana, Equador, Guiana Francesa, Guatemala, Guiana, Haiti,
Honduras, México, Nicaragua, Panama, Peru, Suriname e Venezuela) possuem
areas com risco de transmissao ativa de malaria, sendo registrados 646 mil casos e
334 mortes no ano de 2021 (4).

O Brasil contribuiu com cerca de 27% dos casos de maléria das Ameéricas em
2021 (4), registrando 139.211 casos, sendo a grande maioria (99,9%) na Regido
Amazobnica, area endémica da doenca, que inclui os estados do Acre, Amapa,
Amazonas, Maranhdo, Mato Grosso, Par4, Rond6nia, Roraima e Tocantins (Figura
2) (11). Nos outros estados, 0s casos registrados sdo quase todos importados da
Regido Amazobnica ou de outros paises onde ocorre a transmisséo. Entretanto casos

autoctones na regido extra-amazoénica também séo notificados, principalmente em
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areas de Mata Atlantica (Espirito Santo, Rio de Janeiro e S&o Paulo) devido a
manutencdo da transmissdo por pacientes assintomaticos e reservatérios em
primatas ndo humanos (12), ocorrendo surtos esporadicos, que resultam no
aumento de casos em areas de baixa transmissdo ou reintroducdo em areas
suscetiveis, assim como o possivel aumento da letalidade, em consequéncia do
diagndstico tardio e manejo clinico inadequado. Apesar do aumento de casos de
maléria no mundo, no Brasil uma reducdo de 11,6% casos foi registrada em 2021
em relagdo a 2019, quando foram notificados 157.457 casos da doenca. Em
contrapartida, em relacédo ao total de casos notificados no pais, um aumento (36.5%)
das infeccBes causadas pelo P. falciparum e malaria mista foi observada (11). Ainda
gque o P. falciparum, principal causador dos casos graves e Obitos, seja
proporcionalmente responsavel por um numero menor de casos (16,8%) (11), a
infeccdo por esta espécie ainda é motivo de preocupacdo no Brasil. A descricdo de
isolados de P. falciparum com eficacia reduzida a derivados de artemisinina (ACT),
primeira linha de tratamento para malaria falciparum ndo complicada, no Suriname e
Guiana (13,14), sinalizou o risco do surgimento e introducdo de isolados resistentes

no Brasil.

IPA 2021* $ PN P
S tansmiads, L / R b 4 Classificagao da IPA:
Moo bk \ M Rer Sem transmissao - 0 casos autdctones;
HED-DANO 5D e \ e Muito baixo risco - IPA <1 caso/1.000 hab.
Baixo risco L j}/ Baixo risco - IPA <10 casos/1.000 hab.;
B Médio risco l\—f—v Médio risco - IPA <50 casos/1.000 hab.;
Bl Atto risco P Alto risco - IPA =50 casos/1.000 hab.
/ ﬁ 5
£ /
—\’\\ ‘y/:‘? 0 500 1.000 km
P —
&

Fonte: Sivep-Malaria e Sinan/SVS/MS. Excluidas laminas de verificacao de cura. Dados do Sivep-Malaria atualizados em: 14/3/2022. Dados do Sinan atualizados em: 10/3/2022.
*Dados de 2021530 preliminares, sujeitos a alteragbes.

Figura 2: Mapa de risco de malaria por municipio de infeccdo, Brasil, 2021.
Fonte: SVS, 2022 (11).
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1.2. Ciclo biolégico do Plasmodium spp.

O ciclo biolégico do Plasmodium spp. (Figura 3) é extremamente complexo e
pode ser dividido em duas fases bem distintas: a fase assexuada (esquizogonica),
ocorrendo no hospedeiro vertebrado, e a fase sexuada (esporogbnica), que ocorre

no hospedeiro invertebrado, a fémea do mosquito do género Anopheles (15).

A infeccdo no homem se inicia quando as fémeas do mosquito infectadas,
durante seu repasto sanguineo, inoculam na pele humana os esporozoitos (formas
infectantes do parasito para o homem) acumulados em suas glandulas salivares
(16). Na pele, esses esporozoitos se movem ativamente passando por Vvarias células
até entrar nos vasos linfaticos ou sanguineos, e passam a ser transportados,
passivamente, para os linfonodos, onde a maioria dos parasitos € eliminado pelas
células fagociticas, ou para a rede -capilar hepatica (sinusoéides) (17,18),
atravessando a barreira endotelial para entrada no parénquima hepatico. Ao chegar
no figado, os esporozoitos atravessam multiplos hepatécitos através da ruptura de
sua membrana (19,20), até que as moléculas de adesdo do parasito reconhecam
moléculas sulfatadas da membrana dos hepatdécitos (21), as quais se aderem e
permite a penetracdo do parasito na célula hepatica, através da invaginacdo da
membrana plasmatica do hepatécito, formando um vacuolo parasitoforo que
circunda o esporozoito. Dentro do vacuolo parasitéforo os parasitos se diferenciam
em uma forma replicativa (trofozoito pré-eritrocitico), que sofre sucessivas divisdes
nucleares durante seu processo de maturacdo, dando origem aos esquizontes
hepaticos repletos de merozoitos (20-24). Essa fase do ciclo é chamada de pré-
eritrocitica, na qual, ao seu término, as células hepéticas se rompem, formando
merossomas (vesiculas formadas da membrana plasmatica das células hepaticas
contendo 0s merozoitos). Esses merossomas sao levados para o limen sinusoidal,
e eventualmente se rompem nos capilares pulmonares, liberando os merozoitos na

corrente sanguinea capazes de invadir eritrocitos (21,25).

No ciclo do P. vivax e P. ovale nem todos os esporozoitos que infectam
hepatocitos entram em processo de esquizogonia. Ao invés disso, eles se
diferenciam em formas hepéticas latentes, chamadas hipnozoitos, que podem
permanecer dormente por meses ou anos até serem reativados, permitindo as

recaidas tardias (26).
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A invasdo dos merozoitos nos eritrécitos dé inicio ao ciclo eritrocitico, sendo
este um processo complexo, mediado pela interagdo de proteinas na superficie dos
merozoitos e receptores na membrana dos eritrocitos (27). Inicialmente, os
merozoitos reconhecem os eritrécitos através de interacdes nao especificas,
reversiveis e de baixa afinidade, realizadas por proteinas da superficie dos
merozoitos, levando a uma ligeira deformacdo da superficie do eritrocito ao
aumentar a area de contato com o merozoito (28). ApOs este primeiro contato, os
merozoitos reorientam sua extremidade apical em direcdo a membrana do eritrécito,
estabelecendo ligacdes de alta afinidade, formando uma juncéo entre as membranas
das duas células (28,29). Em seguida, 0 merozoito penetra o eritrécito utilizando um
motor de actina-miosina, formando um vacuolo parasitéforo ao seu redor (30). No
interior do vacuolo parasitéforo, os merozoitos se diferenciam em trofozoitos jovens
e maduros, que se multiplicam, dando origem a esquizontes repletos de merozoitos
sanguineos (31). Com o amadurecimento do esquizonte, ocorre a lise da membrana
do vacuolo parasitoforo, seguida da lise dos eritrdcitos, liberando os merozoitos
sanguineos, que invadirdo novos eritrécitos (32). Na fase eritrocitica, ocorre a
sintomatologia caracteristica da malaria, como febre, calafrios e sudorese, devido a
hemolise dos eritrocitos infectados, liberando endotoxinas do parasito junto aos
merozoitos (33). Apds alguns ciclos eritrociticos, alguns merozoitos ao invadirem os
eritrocitos se diferenciam em formas eritrociticas sexuadas do parasito (34), os
gametocitos femininos (macrogametocitos) e o0s gametocitos masculinos
(microgametocitos), que passam por estagios de maturacdo (I-V). Somente o0s
gametdcitos maduros sdo encontrados no sangue periférico, que ao serem ingeridos
por um mosquito durante um repasto sanguineo dao inicio ao ciclo esporogbnico
(35,36).

Ao realizar o repasto sanguineo, as fémeas do mosquito do género
Anopheles podem ingerir gametdcitos dentro de eritrocitos (37), além de outras
formas do parasito. No intestino médio do mosquito, com 0s movimentos de
contracdo e expansdo, mudanca de temperatura e pH, e exposicdo ao acido
xanturénico, os gametdécitos sdo ativados para a formacdo de gametas femininos e
masculinos, rompendo os eritrocitos e ficando livres no intestino do mosquito
(36,38). Os macrogametoécitos amadurecem em macrogametas, enquanto o nucleo

dos microgametocitos se divide em diversas particulas de cromatina e sofrem o
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processo de exflagelacdo, se desenvolvem em microgametas que se desprendem
do corpo residual e se movimentam no intestino do mosquito até encontrar o
macrogameta (39,40). O microgameta se adere ao macrogameta e suas membranas
sao fusionadas (36). Com a fusdo dos gametas masculinos e femininos ocorre a
fertilizacdo, formando um zigoto diploide, que se desenvolve em um zigoto moével,
denominado oocineto. O oocineto atravessa a matriz peritréfica e migra através do
epitélio intestinal do mosquito, depositando-se sobre a membrana basal e se
diferenciando em oocisto (35,41). O oocisto se multiplica por esporogdnia, gerando
milhares de esporozoitos em seu interior (42). Apés sua maturacdo, 0 oocisto se
rompe liberando na hemolinfa do mosquito os esporozoitos, que migram para as
glandulas salivares do inseto (35,41,42). Os esporozoitos invadem a glandula salivar
do mosquito pela invaginacdo da membrana celular epitelial basal, formando um
vacuolo parasitoforo, que rapidamente € desintegrado, seguido por sua saida pela
membrana apical da célula hospedeira, resultando na liberacdo dos esporozoitos na
cavidade secretoria central da glandula salivar (43). Dessa maneira, ao realizar um
novo repasto sanguineo, 0s esporozoitos serdo inoculados na pele do hospedeiro

vertebrado, dando continuidade ao ciclo do parasito.
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Figura 3: Ciclo evolutivo do Plasmodium spp.. 1) A infecgdo no homem se inicia quando
as fémeas do mosquito Anopheles inoculam o0s esporozoitos ao fazer o repasto sanguineo. Os
esporozoitos migram para o figado pela corrente sanguinea. 2) No figado, os esporozoitos invadem
0os hepatdcitos e se multiplicam por esquizogonia, dando origem aos esquizontes hepaticos, as
células hepaticas se rompem liberando os merossomos. 3) Os merossomos se rompem na corrente
sanguinea, liberando os merozoitos, que invadem os eritrécitos e se multiplicam por esquizogonia,
dando origem a esquizontes sanguineos repletos de merozoitos. Os eritrécitos se rompem liberando
0S merozoitos na corrente sanguinea, que invadirdo novos eritrocitos. 4) Alguns merozoitos ao
invadirem os eritrocitos, se diferenciam em gametdcitos, que sdo ingeridos pelos Anopheles durante o
repasto sanguineo, dando inicio ao ciclo esporogdnico. 5) No intestino do mosquito, macrogameta e
microgameta se encontram, ocorrendo a fertilizacdo, resultando na formacdo de um zigoto, que se
desenvolve em um oocineto mével. O oocineto migra através do epitélio do intestino do mosquito e se
deposita sobre a membrana basal, onde se diferencia em oocisto. O oocisto se multiplica por
esporogonia, gerando milhares de esporozoitos que, ao final da maturacdo, sao liberados na
hemocele do mosquito e migram para as glandulas salivares. Ao realizar o resposto sanguineo, os
esporozoitos serdo inoculados no hospedeiro vertebrado, dando continuidade ao ciclo. Fonte:
Adaptado de Garcia-Basteiro et al., 2012 (44).

1.3. Respostaimune antimaléarica

Individuos residentes em areas de alta transmissdo e endemicidade de
maléria desenvolvem progressivamente uma imunidade clinica, primeiramente
contra as formas graves da doencga e depois contra as manifestacdes clinicas, na

s

gual a replicacdo do parasito é controlada (45). Esse tipo de imunidade clinica,

denominada premunicéo, requer anos de exposi¢cao continua para ser desenvolvida
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e nao gera uma protecdo estéril e duradoura, podendo ser considerada uma
adaptacdo devido a incessante estimulacdo antigénica por este parasito nos
individuos residentes em regides endémicas de malaria (46). Entretanto, o0s
mecanismos que levam a este estado de premunicdo ndo sdo completamente
compreendidos.

A resposta imune antimaléarica € extremamente complexa e multifatorial,
sendo espécie, estagio e antigeno especifica (47) e envolve uma variedade de
funcdes efetoras do sistema imunoldgico do hospedeiro, abrangendo diferentes tipos
celulares, citocinas e anticorpos especificos que atuam de forma coordenada e

balanceada em diferentes estégios do ciclo de vida do parasito (Figura 4) (47).

Durante a infeccdo aguda, células fagociticas, como mondcitos/macréfagos e
células dendriticas (Dendritic cell - DC) reconhecem Padrdes Moleculares
Associados a Patégenos (Pathogen-Associated Molecular Pattern — PAMPSs) do
parasito através de Receptores de Reconhecimento Padrédo (Pattern Recognition
Receptors — PRRs) e os fagocitam. Ap0s a fagocitose, ocorre a ativagao
transcripcional e secrecéao de citocinas pro-inflamatorias, dentre elas a Interleucina-
12 (IL-12), IL-15 e IL-18, responsaveis pelo recrutamento e ativagdo de outras
células do sistema imune inato, como células Natural Killer (NK), células T y0 e
células TNK que secretam grande quantidade de citocinas, incluindo Interferon gama
(IFN-y) necesséario para ativar e melhorar o processo de fagocitose (48).
Paralelamente, células apresentadoras de antigenos (Antigen-presenting cells —
APCs) especializadas apresentam antigenos provenientes do parasito no contexto
do Complexo Principal de Histocompatibilidade (Major Histocompatibility Complex -
MHC) de classe Il para células T CD4* naive (Th0), estimulando a diferenciacdo e
polarizacdo em diferentes subtipos celulares (49). Na presenca de moléculas
coestimulatorias e IL-12, e auséncia de IL-10, uma forte resposta pro-inflamatoria
(Thl) é induzida por células T CD4* produtoras de IFN-y e Fator de Necrose
Tumoral (Tumor Necrosis Factor - TNF) (48), importante para o desenvolvimento de
uma eficiente resposta imune antimalarica. Entretanto, a resposta inflamatoria
exacerbada também é prejudicial, relacionada com a imunopatologia da doenca.
Nesse cenario, um subconjunto de células T regulatérias (Treg) com um fendtipo
imunossupressor, importantes para manter a homeostase imunoldgica, séo

induzidas durante a infeccdo em decorréncia do efeito sinérgico do Fator de
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Crescimento Transformador beta (Transforming Growth Factor - TGF-B) e IL-10
produzidas por mondcitos. Essas células produzem altos niveis de IL-10 que
suprimem a ativacao, proliferacéo e funcéo efetoras de linfocitos T (47,48).

A producédo de anticorpos contra antigenos proteicos requer a interacéo entre
linfécitos B e antigenos do parasito através do receptor de células B (B cell receptor
- BCR) e linfocitos T CD4* nas areas extrafoliculares dos 6rgéos linfoides periféricos,
acarretando a proliferagéo e diferenciacdo dos linfécitos B em plasmacitos de vida
curta produtores de anticorpos de baixa afinidade capazes de controlar o
crescimento do parasito durante a infeccdo, entretanto, apds alguns dias essas
células sofrem apoptose (50). Para a geracao de plasmadcitos de vida longa e células
B de memodria algumas células migram para os foliculos linfoides, formando centros
germinativos, onde a interacdo entre células dendriticas e linfocitos T auxiliares
foliculares ativam os linfocitos B, estimulando a mudanca de classe e maturacdo de
afinidade (46,51). Importantemente, a presenca de citocinas especificas sdo criticas
para esse processo, tais como IL-6 e IL-21 que regulam a sobrevivéncia e
diferenciacdo celular das células B, além de citocinas pro-inflamatorias do tipo Thl
gue estimulam, predominantemente, a mudanca de isotipo para anticorpos citofilicos
(IgG1 e 1gG3), mas em excesso também impedem a maturagdo das ceélulas T
auxiliares foliculares e promove a expansao de células B de memaria atipicas (52).
Plasmacitos de vida longa secretam, constitutivamente niveis basais de anticorpos
de alta afinidade, enquanto os linfécitos B de memdria sdo quiescentes e, apos a
reexposicdo ao mesmo antigeno, se diferenciam rapidamente em células efetoras,

secretando anticorpos de alta afinidade (50,51).

Linfocitos T CD8* também séo ativados durante a infeccédo via MHC de classe
I, tanto por células apresentadoras de antigenos especializadas como por
hepatécitos infectados e expressam citocinas pré-inflamatérias, assim como

destroem as células infectadas através sua atividade citotoxica (46).
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Figura 4: Resposta imune antimalarica. Células apresentadoras de antigenos reconhecem
proteinas do parasito na superficie de merozoitos e eritrcitos infectados. Apos a fagocitose, essas
células secretam citocinas pro-inflamatorias. A secrecéo de IL-12, IL-15 e IL-18 ativam outras células
do sistema imune inato, que comecam a liberar grandes quantidades de citocinas, incluindo IFNy.
APCs apresentam antigenos do parasito no contexto de MHC de classe I, ativando as respostas
imune adaptativa de célula T e B. As células B s diferenciam em plasmadcitos secretores de anticorpos
especificos com diferentes funcdes. Células T CD8+ também sado ativadas durante a infec¢cdo no
contexto de MHC de classe |. Adaptado de Deroost et al., 2016 (48).

1.3.1. Respostaimune contra o estagio pré-eritrocitico

A resposta imune pré-eritrocitica tem como alvo 0s esporozoitos livres e
hepatocitos infectados. A importancia dos anticorpos contra esporozoitos foi
primeiramente demonstrada em 1967, quando a imunizagcdo de camundongos com
esporozoitos de P. berghei atenuados por irradiacdo induziu a producdo de
anticorpos neutralizantes capazes de protegé-los contra o desafio com esporozoitos
nao irradiados (53), posteriormente observado em primatas ndo humanos (54) e
humanos (55). Além disso, anticorpos contra antigenos de esporozoitos também
podem ser identificados apoés a infec¢do natural por Plasmodium spp. (56,57). Esses

anticorpos podem prevenir a invasdo de hepatécitos bloqueando proteinas
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essenciais para a travessia ou invasao celular, opsonizando 0s esporozoitos para
promover a fagocitose e ativando o sistema complemento (58). Entretanto, os
esporozoitos levam um curto periodo para alcancar e invadir os hepatocitos, o que
pode ser insuficiente para a ativacao, diferenciacdo e secrecdo de altos niveis de
anticorpos de alta afinidade. Apos invadir uma célula hepatica, anticorpos podem
reconhecer antigenos na superficie de hepatdcitos infectados, destruindo-os através
do mecanismo celular dependente de anticorpo mediado pelas células de Kupffer e
NK (59). A resposta imune contra as formas intra-hepaticas do parasito é,
principalmente, mediada por linfécitos T CD8* (60). Os linfécitos T CD8* reconhecem
peptideos derivados do parasito apresentados pelo MHC de classe | na superficie
dos hepatdcitos infectados e células de Kupffer, levando-os a producao de IFN-y que
tem um potente efeito inibidor sobre o desenvolvimento dos parasitos no estagio
hepético (47), e a liberacdo de granzimas e perforinas que induzem apoptose

através da cascata de caspase e extresse oxidativo (61,62).

1.3.2. Respostaimune contra o estagio eritrocitico

A resposta imune contra 0s estagios eritrociticos do Plasmodium spp. tem
como alvo os merozoitos livres e eritrocitos infectados. Embora linfocitos T CD8*
possuam um papel importante na resposta imune contra o estagio hepatico do
parasito, estudos sugerem um limitado papel dessas células na prote¢do contra o
estagio eritrocitico (47). Em contrapartida, linfécitos T CD4* tem uma importante
funcdo na regulacdo da resposta imune, pela producdo de citocinas pré- e anti-
inflamatoérias, ativacdo de macréfagos e clones especificos de células B (59).
Considerando que os eritrécitos ndo expressam moléculas de MHC, os anticorpos
sdo primordiais para o controle de parasitos nesse estagio (47), podendo atuar
(Figura 5): 1) blogueando proteinas fundamentais para o processo de invasdo do
merozoito ao eritrcito (63), contendo o desenvolvimento do parasito ou inibindo a
ruptura de esquizontes e, consequentemente, a liberacdo dos merozoitos na
corrente sanguinea (64—66); Il) ligando-se a antigenos de superficie de merozoitos e
eritrocitos infectados, e receptores Fc (FCR) expressos em diferentes tipos celulares,
desencadeando fungbes efetoras, facilitando seu reconhecimento pelas células
fagociticas (64,67), ativando mondcitos através do mecanismo de inibicdo celular
dependente de anticorpos (Antibody-Dependent Cellular Inhibition — ADCI) para a
liberacdo de fatores parasitostaticos sollveis, incluindo Fator de Necrose Tumoral
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alfa (Tumor Necrosis Factor alpha — TNF-a), que impedem o desenvolvimento intra-
eritrocitico do parasito (68), ativando neutréfilos através do mecanismo de exploséo
respiratoria dependente de anticorpos (Antibody-Dependent Respiratory Burst —
ADRB) induzindo a producdo e liberacdo de espécies reativas de oxigénio,
altamente toxicas para o parasito (69), e ativando células NK através do mecanismo
de citotoxicidade celular dependente de anticorpo (Antibody-Dependent Cellular
Cytotoxicity — ADCC) induzindo sua degranulag&o, assim como a secrecao de IFN-y,
provocando a lise de eritrocitos infectados (70); Ill) ativando o sistema complemento,
se ligando ao merozoito e a primeira molécula da via classica do complemento, C1q,
acarretando na lise celular, fagocitose do merozoito ou aumento da atividade
neutralizante (71,72); IV) inibindo a adeséo de eritrocitos parasitados ao endotélio
vascular e a eritrécitos ndo parasitados, fato importante, considerando que a
capacidade de adeséo de eritrocitos infectados esta associada ais casos graves da
doenca (64); V) e neutralizando toxinas liberadas pelo parasito apos a ruptura dos

eritrécitos prevenindo a inducdo de um processo inflamatério exacerbado (73).
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Figura 5: Representacdo esquematica de mecanismos mediados por

anticorpos na imunidade contra as formas eritrociticas do P. falciparum.
Anticorpos contra merozoitos podem: prevenir a invasao de eritrocitos, ativar sistema complemento,
opsonizar merozoitas e estimular monécitos e macréfagos para liberar moléculas parasitostéticas,
matando parasitos intra-eritrociticos. Anticorpos contra eritrocitos infectados podem: inibir a
citoaderéncia, impedir a formacdo de rosetas, opsonizar eritrocitos infectados e inibir o
desenvolvimento intracelular do parasito. TNF: Fator de necrose tumoral. Fonte: Adaptado de Teo et
al., 2016 (64).
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1.4. A buscapor uma vacina antimalarica

As estratégias utilizadas para o controle da maléria sdo baseadas no controle
vetorial e diagnéstico e tratamento oportunos. Apesar da notavel reducdo de casos
nos ultimos anos, fatores como o surgimento, em alguns paises, de isolados
resistentes as Terapias Combinadas a base de Artemisinina (Artemisinin-based
Combination Therapies - ACTSs), primeira linha de tratamento de malaria néo-
complicada por P. falciparum em todos os paises endémicos (14,74-77), e a
resisténcia de Anopheles aos inseticidas atualmente disponiveis (78), evidenciam a
necessidade de uma vacina eficaz, complementando as estratégias de controle

existentes.

As principais dificuldades para o desenvolvimento de uma vacina antimalarica
sdo a complexidade do parasito e seu ciclo evolutivo, a limitada compreensédo das
interacbes com o hospedeiro e a extensa diversidade genética do parasito (79).
Durante seu ciclo evolutivo, os plasmddios passam por diferentes estagios de
desenvolvimento, expressando uma variedade de antigenos caracteristicos de cada
fase, capazes de induzir respostas imune distintas (80). Essa complexidade gera um
aumento nos antigenos candidatos a compor uma vacina antimalarica e determinar
guais os antigenos sdo capazes de induzir uma resposta imune protetora continua a

ser um arduo desafio.

Apesar de todos os obstaculos existentes, dados evidenciam que o
desenvolvimento de uma vacina antimalarica € possivel. Apesar da malaria néo
gerar imunidade estéril e duradora, individuos residentes em areas endémicas
expostos cronicamente a infeccdo desenvolvem uma imunidade protetora contra a
doenca clinica. Essa protecdo pode ser transferida através da administracdo de
imunoglobulinas de adultos naturalmente imunes para criancas infectadas com altas
parasitemias e manifestacdes clinicas, reduzindo a severidade da doenga (81,82).
Mas a primeira evidéncia da possibilidade do desenvolvimento de uma vacina contra
malaria ocorreu quando a cientista brasileira, Nussenzweig e colaboradores,
demonstraram que a imunizacdo de camundongos com esporozoitos de P. berghei
atenuados por irradiacdo promoveu a protecao desses animais contra o desafio com
esporozoitos ndo atenuados (53), posteriormente observados em primatas nao

humanos e humanos, quando imunizados com esporozoitos atenuados de P.
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knowlesi e P. vivax e P. falciparum, respectivamente (54,55). Esses resultados
impulsionaram os estudos para o desenvolvimento da vacina antimalarica por

diversos grupos de pesquisa.

Considerando a complexidade do ciclo biolégico do Plasmodium spp., os
esporozoitos, hepatécitos infectados, merozoitos livres e eritrécitos infectados com
formas sexuadas e assexuadas sé&o importantes alvos para o desenvolvimento de

uma vacina (83).

As vacinas contra as formas pré-eritrociticas poderiam impedir a invasédo dos
hepatdécitos pelos esporozoitos, ou, ocorrendo a penetragcdo, destruir os hepatécitos
infectados, evitando o desenvolvimento do parasito no seu interior e,
consequentemente, prevenindo a evolucdo da doenca (45). Vacinas contra esse
estagio possuem grande destaque em funcdo ao baixo nimero de esporozoitos
inoculados pelo mosquito durante o repasto sanguineo, entretanto, uma elevada
efichcia é necessaria para conter o desenvolvimento da doenca, uma vez que um

pequeno numero de parasitos € suficiente para que a infeccdo atinja o estagio
eritrocitico (84,85).

As vacinas contra as formas eritrociticas assexuadas poderiam impedir a
invasao dos eritrocitos pelos merozoitos e o desenvolvimento em seu interior,
controlando e/ou prevenindo a doenca através da reducéo significativa da carga
parasitaria e dos sintomas clinicos, tendo um grande impacto na morbidade e
mortalidade em areas endémicas de malaria (73,86). A maior parte dos antigenos
candidatos a vacina antimalérica tem como alvo o estagio eritrocitico assexuado
devido a resposta imune adquirida apos repetidas infeccdes ser, principalmente,
contra as formas sanguineas do parasito, refletindo a maior disponibilidade do

antigeno e estimulagao imunoldgica (79).

As vacinas contra as formas eritrociticas sexuadas sdo denominadas
blogueadoras de transmisséo e, tem como alvo antigenos expressos na superficie
de gametdcitos, zigotos ou oocinetos. Essas ndo teriam capacidade de induzir uma
resposta imune protetora para o individuo vacinado, mas sim impossibilitar o
desenvolvimento do parasito no inseto vetor, bloqueando a fertilizacdo e/ou a

passagem do oocineto pelo intestino médio do mosquito, reduzindo ou impedindo a
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producdo de esporozoitos, e por consequéncia a transmissao do parasito (45). No
entanto, a estratégia ideal para a utilizacdo de vacinas bloqueadoras de transmissao

seria em associa¢do a uma vacina antiparasitaria (73,86).

As pesquisas para o desenvolvimento de uma vacina eficaz tém focado,
principalmente, em determinar antigenos-alvo fundamentais para o desenvolvimento
e sobrevivéncia do parasito. Muitos antigenos ja foram identificados e testados em
ensaios pré-clinicos e clinicos (Tabela 1) (87-89), entretanto, até o momento,

somente a RTS,S alcangou importantes resultados.
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Tabela 1: Principais candidatas a vacina antimalarica em ensaios clinicos ativos.

VACINA
RTS,S/AS01

R21/MatrixM

PiSPZ

PfSPZ-CVac

PvCSP

PvSPZ

Pf7G8

VLPMO1

rCSP/AP10-602

PfGAP3-KO e PfSPZ-
GAl

ANTIGENO
Regiéo repetitiva central e C-terminal da CSP de fusionada a
regido N-terminal do HBsAg e uma porcéo HBsAg livre (P.
falciparum)
Regido repetitiva central e C-terminal da CSP fusionada a regiéo
N-terminal do HBsAg (P. falciparum)

Esporozoitos atenuados por radiacdo (P. falciparum)
Esporozoitos nao atenuados sob quimioprofilaxia (P. falciparum)
CSP recombinante (P. vivax)

Esporozoitos atenuados por radiagédo (P. vivax)
Esporozoito quimicamente atenuado (P. falciparum)
Regido repetitiva central da CSP em VLP (P. falciparum)

CSP recombinante (P. falciparum)

Esporozoitos geneticamente atenuados (P. falciparum)
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MECANISMO
Inibir da motilidade do esporozoito e
prevenir a invasédo do hepatdécito

Inibir da motilidade do esporozoito e
prevenir a invasédo do hepatdécito
Inibir da motilidade do esporozoito e
prevenir a invasao do hepatdcito
Inibir da motilidade do esporozoito e
prevenir a invasao do hepatdcito
Inibir da motilidade do esporozoito e
prevenir a invasao do hepatdcito
Inibir da motilidade do esporozoito e
prevenir a invasdo do hepatdcito
Inibir da motilidade do esporozoito e
prevenir a invasao do hepatdcito
Inibir da motilidade do esporozoito e
prevenir a invaséo do hepatdécito
Inibir da motilidade do esporozoito e
prevenir a invasado do hepatdcito
Inibir da motilidade do esporozoito e

prevenir a invasdo do hepatdcito

STATUS ATUAL
Implementacéo piloto
Recomendada e pré-
qualificada pela OMS

Fase IV
Fase Il
Fase Il
Fase Il
Fase Il
Fase Il
Fase |
Fase |

Fase |

Fase |



Tabela 1: (Continuac&o) Principais candidatas a vacina antimalarica em ensaios clinicos ativos.

VACINA ANTIGENO
FMP013 e FMP014 Antigenos baseados na CSP em nanoparticulas (P. falciparum)

DNA-ChAd63 PfCSP CSP codificada em DNA (prime) e ChAd63 (boost) (P.
falciparum)
ChAd63-MVA PvDBP  Regido Il da DBP codificada nos vetores ChAd63 (prime) e MVA

(boost) (P. vivax)

ChAd63-MVA Rh5 RH5 codificada nos vetores ChAd63 e MVA (P. falciparum)
BK-SE36 Regido N-terminal do SERA5 (P. falciparum)
DNA-ChAd63 PfCSP CSP, AMA-1 e ME-TRAP (multiplos epitopos de diversos

PfAMA-1 ME-TRAP antigenos pré-eritrociticos fusionados ao alelo T9/96 da TRAP)
codificados em DNA (prime) e ChAd63 (boost) (P. falciparum)

Pfs25M-EPA/ASO01B, s25 e dominio 1 da s230 conjugadas com a Exoproteina A de
Pfs230D1M- Pseudomonas aeruginosa (P. falciparum)
EPA/AS01B

Pfs25-IMX313/MatrixM s25 fusionada a IMX313 (P. falciparum)
Pvs25- s25 fusionada a IMX313 (P. vivax)

IMX313/MatrixM

OMS: Organizagdo Mundial de Saude; CSP: Proteina Circumesporozoita; HBsAg: Antigeno de Superficie do Virus da Hepatite B; VLP: Particula Semelhante a
Virus ;ChAd63: Adenovirus simiano sorotipo 63; MVA: Virus Vaccinia Ankara modificado; TRAP: Proteina Adesiva relacionada a trombospondina; AMA-1: Antigeno
1 de Membrana Apical; SERAS: Antigeno de Repeticdo da Serina 5; Rh5: Proteina Homdloga de ligacéo a reticuldcitos 5; DBP: Proteina de ligagdo ao antigeno
Duffy; s25: Proteina 25 de Superficie de Oocinetos; s230: Proteina 230 de Superficie do Gametdcito; Adaptado de : Frimpong A et al., 2018 (89); Bonam S et al.,

2021 (87); Pirahmadi S et al., 2021 (88); Malaria World Report 22 (4).
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MECANISMO
Inibir da motilidade do esporozoito e
prevenir a invasédo do hepatdécito
Inibir da motilidade do esporozoito e
prevenir a invasao do hepatdcito

Prevenir a invasao do eritrécito

Prevenir a invasao do eritrécito
Prevenir a invasdo do eritrcito
Inibir da motilidade do esporozoito e
prevenir a invasao do hepatdcito e
eritrécito

Inibe o desenvolvimento do oocineto

Inibe o desenvolvimento do oocineto

Inibe o desenvolvimento do oocineto

STATUS ATUAL

Fase |

Fase |

Fase Il

Fase |

Fase |

Fase |

Fase Il

Fase |

Fase |



A RTS,S/AS01 (Mosquirix ™) é a vacina antimalarica que se encontra em
estagio mais avancado, sendo a primeira a alcancar os ensaios clinicos de fase I, e
recentemente recomendada pela Organizacdo Mundial de Saude (OMS) para o
amplo uso entre criancas de regides com transmissao moderada a alta de malaria
por P. falciparum (90). A RTS,S consiste na regido repetitiva central (constituida por
repeticbes de 4 aminoacidos — Asparagina-Alanina-Asparagina-Prolina, NANP-,
epitopo imunodominante de célula B) e C-terminal (incluindo epitopos de célula T)
da Proteina Circumsporozoita (Circumsporozoite Protein — CSP), principal proteina
gue recobre o esporozoito, fusionada a regido N-terminal do antigeno de superficie
do virus da Hepatite B (HBsAg) e uma por¢cdo HBsAg livre, expressos em
Saccharomyces cerevisie (91). Essa vacina demonstrou eficacia de 31.1% e 55.8%
em criangcas de 6-12 semanas e 5-17 meses, respectivamente, durante 12 meses
apos a terceira dose da vacina. Apds a quarta dose (dose reforco), a eficacia da
RTS,S/AS01 permaneceu por 7 anos, reduzindo em 40% os episoédios e 30% as
admissdes hospitalares de maléaria grave (92). Apesar da queda da eficicia ao longo
do tempo, essa vacina € uma conquista historica, um avangco para ciéncia, para
saude infantil e para o controle da doenca. Contudo, € preciso continuar a busca por
candidatas vacinais com maior eficacia e para outras espécies de Plasmodium, visto
gue a OMS prevé que o imunizante ideal tenha eficacia de pelo menos 75%. Outras
vacinas como a R21/MM, também baseada na proteina CS de P. falciparum; a
PfRH5 e a PvDBP, duas vacinas de estagio sanguineo e a Pfs230D1M, uma vacina

blogueadora de transmissao tem se mostrado promissoras (4,93-97).

As extensas descobertas de novos antigenos de diversos estagios do ciclo do
parasito aliados ao conhecimento prévio, em ensaios vacinais, das dificuldades de
induzir uma resposta imune protetora com foco em apenas um estagio do ciclo
biolégico do parasito, iniciaram o desenvolvimento de candidatos vacinais
multiestagio. Uma vacina que tem como alvo diferentes proteinas expressas em
fases distintas do ciclo biolégico do parasito poderia induzir uma resposta
imunoldgica capaz de inibir a invaséo e o desenvolvimento do parasito no interior da
célula hospedeira e, assegurar que 0s parasitos ndo neutralizados sejam alvo na
fase subsequente (79), conferindo uma melhor protecdo. Algumas candidatas a
vacinas antimaléricas em desenvolvimento combinaram dois antigenos do mesmo

estagio, mas poucos tentaram visar mdultiplos estdgios numa Unica formulacao.
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Nesse sentido, acredita-se que uma candidata a vacina ideal teria como alvos

diferentes estagios do ciclo de vida do Plasmodium.

1.5. A proteinarecombinante GMZ2.6¢

A GMZ2 é uma proteina recombinante expressa em Lactococcus lactis,
contendo os fragmentos conservados da regido C-terminal da Proteina 3 de
Superficie do Merozoito (MSP-3) e N-terminal (RO) da Proteina Rica em Glutamato
(GLURP) (98). Ensaios clinicos tém demonstrado que a GMZ2 é bem tolerada,
segura e imunogénica e que os elevados titulos de anticorpos IgG citofilicos
induzidos ap6s imunizacdo sado especificos e funcionais, capazes de controlar o
crescimento in vitro de P. falciparum na presenca de mondcitos (99-103). Além
disso, foram demonstrados alta prevaléncia e titulos de anticorpos naturalmente
adquiridos contra a GMZ2 e seus componentes em individuos residentes em areas
de alta endemicidade de maléaria na Africa (100,102,104). Acredita-se que a GMZ2
possui um efeito sinérgico, visto que foram observados maiores titulos de anticorpos
contra ela quando comparado aos seus fragmentos individuais (104). Ensaios
clinicos tém demonstrado a baixa eficacia da GMZ2 (105-107), entretanto, pode ter
um grande impacto no combate a malaria, principalmente se combinada a um
antigeno candidato a vacina bloqueadora de transmissdo. Nesse contexto, 0
fragmento C-terminal (6C) da Proteina 48/45 de Superficie de Gametocito (s48/45)
foi geneticamente fusionado a GMZ2, originando uma nova proteina recombinante
candidata a vacina antimalarica multiestagio contra o P. falciparum denominada
GMZz2.6¢ (Figura 6) (108). Essa candidata vacinal poderia proteger os individuos

vacinados e reduzir a transmisséo do parasito ha comunidade.

A PfGLURP PfMSP-3 Pfsd8/45
1 489 702 816 1091 1271 1 187 257 W/ 1 182 219 48
{ T T T T O T N .
E— e 12 3 4 56 78 910 11 121314 1516
21 Ro 500 212 Cterm 380 T —

pacl 428

6c

P/GLURP-R0 PMSP-3 C-term I P/s48/45 6¢ ii

Figura 6: Representacdo esquematica da PfGLURP, PfMSP-3, Pfs48/45 e da

proteina hibrida GMZ2.6c. A. Representagdo esquematica da PfGLURP (vermelho),
mostrando a regiao N-terminal, PfIMSP-3 (verde), mostrando a regicao C-terminal e Pfs48/45 (azul),
mostrando a regido 6c¢. B. Representacdo esquematica da GMZ2.6c. Em laranja estdo identificados
os residuos Arginina-Serina (RS) e em marrom a etiqueta de poli-histidina. Fonte: Baptista BO, et al.,
2022 (109).
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Esses antigenos foram selecionados como candidatos vacinais a partir de um
racional que utilizou varios parametros. A maioria dos critérios correspondeu aos
comumente utilizados para candidatos vacinais, como a imunogenicidade dos
antigenos em individuos naturalmente expostos a maldria, a correlacdo dos titulos
de anticorpos especificos com protecao clinica de individuos de areas endémicas e
o papel funcional de anticorpos especificos de inibir o crescimento do parasito in
vitro ou bloquear a transmissdo de P. falciparum (110-123). Estudos preliminares
realizados em camundongos mostraram que a imunizagdo com a GMZ2.6c foi capaz
de induzir altos titulos de anticorpos especificos e células T CD4* produtoras de IFN-
y € TNF (108). Até o momento, ndo ha dados disponiveis sobre a antigenicidade ou

imunogenicidade da GMZ2.6¢c em humanos.

1.5.1. Proteina Rica em Glutamato (GLURP)

A Proteina Rica em Glutamato (GLURP) é expressa em todos os estagios do
P. falciparum no hospedeiro vertebrado, estando presente no vacuolo parasitoforo
dos esquizontes hepaticos e sanguineos, na superficie dos merozoitos e no
citoplasma de eritrécitos parasitados com gametdcitos, sendo liberada com a ruptura
dos esquizontes (124,125). A GLURP esté localizada no complexo proteico Pfs38 na
superficie do merozoito, que se liga diretamente aos eritrocitos do hospedeiro via
Glicoforina A durante a invasdo do merozoito e formacdo do vacuolo parasitoforo
(126,127).

A GLURP possui uma sequéncia N-terminal ndo repetitiva (R0O), e duas
sequéncias repetitivas central (R1) e C-terminal (R2) (Figura 7) (128). A regido RO é
altamente conservada em isolados de diferentes regibes geograficas (129),
enquanto a R2 possui um elevado grau de polimorfismo, associado ao numero de
sequéncias repetitivas que modifica o tamanho do gene e da proteina codificada,

sendo observado até 20 alelos em areas de alta endemicidade (130-133).
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Figura 7: Representacdo esquematica da Proteina GLURP de P. falciparum,

mostrando as regides N-terminal (RO), central (R1) e C-terminal (R2). Fonte:
Theisen et al., 2017 (107).

Em estudos imunoepidemiolégicos realizados em areas de alta endemicidade
de malaria na Africa, foi observado que individuos clinicamente imunes possuiam
altos niveis de anticorpos naturalmente adquiridos contra a GLURP (114,134,135),
capazes de controlar a carga parasitaria e, consequentemente, a doenca (136,137).
Além disso, em ensaios clinicos de fase I, a imunizacdo com a GLURPgs.213 induziu

anticorpos especificos capazes de inibir o crescimento in vitro do P. falciparum (138).

A resposta imune contra a GLURP é predominantemente citofilica (IgG1 e
IgG3) (113,138-141), anticorpos citofilicos podem agir em cooperagcdo com
monacitos através do mecanismo de ADCI, impedindo o desenvolvimento intra-
eritrocitico do parasito. Estudos realizados em individuos residentes em areas
endémicas da Amazbnia Brasileira mostraram uma prevaléncia de 67% e 79%
respondedores para as regides RO e R2, respectivamente (120). Trabalhos
anteriores ja haviam demonstrado a imunodominancia da regido R2 comparada a RO
(135,142), entretanto anticorpos anti-R0O sdo mais eficazes no mecanismo de ADCI
(117,123).

1.5.2. Proteina 3 de Superficie do Merozoito (MSP-3)

A Proteina 3 de Superficie do Merozoito (MSP-3) € sintetizada durante o
estagio de esquizonte como um precursor de peso molecular variavel e liberada no
vacuolo parasitoforo, onde sofre um processamento proteolitico. Alguns fragmentos
estdo associados a superficie dos merozoitos, porém a maioria é liberada na
circulacdo sanguinea e no sobrenadante de cultura in vitro de P. falciparum com o
rompimento dos esquizontes (143). A MSP-3 possui um papel importante no

processo de invasdo dos merozoitos aos eritrocitos do hospedeiro vertebrado, além
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de proteger o parasito do grupo heme toxico, gerado pela metabolizacdo da

hemoglobina, liberado durante o seu egresso da célula hospedeira (144).

A MSP-3 possui uma regido N-terminal composta de trés blocos de quatro
“heptad repeats” de alanina, separados por regifes nao repetitivas e, uma regiao C-
terminal rica em residuos de acido glutamico, seguido por outro motivo de repeticao
“heptad repeats” semelhante ao encontrado nos ziperes de leucina (Figura 8) (143).
A comparacdo das sequéncias do gene que codifica a MSP-3 em cepas de
laboratorio permitiu a identificagcdo de um padrédo dimérfico, com sequencias alélicas
incluidas dentro de duas principais classes, 3D7 e K1 (145). Essa variacdo é
atribuida a insercfes e delecbes (Indels) e as substituicbes de nucleotideos dentro
dos dominios de “heptad repeats” de alanina na regido N-terminal. Contudo, a regido

C-terminal € altamente conservada (145-148).
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Figura 8: Representacdo esquematica da proteina MSP-3 de P. falciparum,
mostrando a regido C-terminal e os peptideos LR55 e MSP3b. Fonte: Theisen et al.,
2017 (107).

Estudos demonstraram que individuos residentes em é&reas endémicas de
malaria possuem altos niveis de anticorpos contra a MSP-3 e, interessantemente,
agueles clinicamente imunes tinham uma predominancia de anticorpos IgG citofilicos
(IgG1 e 1gG3), enquanto os ndo imunes apresentavam uma maior prevaléncia de
anticorpos 1gG2 e IgM (121,122), sugerindo que estes anticorpos poderiam estar
competindo pelo antigeno, impedindo mecanismos efetores. Essa hipotese €
apoiada pelo fato de anticorpos naturalmente adquiridos de individuos clinicamente
imunes e anticorpos induzidos apés imunizacdo com a MSP-3-LPS serem capazes
de interagir com mondcitos através do mecanismo de ADCI e inibir o crescimento o
P. falciparum in vitro (149,150).
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1.5.3. Proteina 48/45 de Superficie de Gametdcito (s48/45)

A Proteina 48/45 de Superficie de Gametécito (s48/45) € expressa na
superficie dos gametocitos nos estagios Ill a V de desenvolvimento presentes na
circulacdo sanguinea (151). Durante o repasto sanguineo, o Anopheles pode ingerir
eritrécitos parasitados com gametdécitos. No intestino do mosquito, esses eritrocitos
se rompem, expondo a s48/45 (108). A s48/45 possui um papel fundamental na
fertilizacdo, promovendo o contato dos gametas masculinos com 0s gametas
femininos através da adesao celular mediada pelas s48/45 e a proteina 230 de
superficie do gametécito (s230) (36), sendo, portanto, uma das principais candidatas
a vacina blogueadora de transmissao (152-154).

A Pfs48/45 é uma proteina rica em cisteina, organizada em trés dominios,
uma regido C-terminal (Epitopo 1), uma regido central (contendo os epitopos Il e IlI)
e uma regidao N-terminal (Epitopo V) (Figura 9) (155). Proteinas provenientes de
estagios sexuados sofrem uma menor pressdo do sistema imune,
conseguentemente, possuem um menor numero de polimorfismos. Estudos
demonstram que as regides genicas que codificam os epitopos I, Il e lll da Pfs48/45
sdo altamente conservados em diferentes isolados, apresentando um limitado

ndamero de polimorfismos geograficamente especificos (156,157).

Dominio | Dominio Il Dominio il
(Epitopo V) (Epitopos Il e llI) (Epitopo 1)
SP .. [GPI |
1 27 159 291 428 448
- - >
298C 327C 344C 352C 410CC412
| | I ' 1

Figura 9: Representacdo esquematica da proteina s48/45 de P. falciparum
mostrando os dominios | (contendo o epitopo V), Il (contendo os epitopos Il e

[ll) e lll (contendo o epitopo 1), evidenciando o fragmento 6C. As linhas vermelhas
representam o padréo de ligacéo das pontes disulfeto aos residuos de cisteina. SP: Peptideo sinal;
GPI: Ancora de Glicosilfostatidilinositol. Fonte: Adaptado de Kundu P et al., 2018 (158).
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Individuos residentes em areas endémicas de malaria possuem anticorpos
naturalmente adquiridos contra a Pfs48/45, e esses anticorpos sao capazes de
prevenir o desenvolvimento do parasito no hospedeiro invertebrado, bloqueando ou
reduzindo a transmissdo (98,119,155,159). Ndo sO6 os anticorpos naturalmente
adquiridos, mas a imunizacdo de camundongos e primatas ndo humanos com o
epitopo | da Pfs48/45 também induziu altos niveis de anticorpos capazes de reduzir
a transmissdo em até 93% (152,153). Esses dados justificam a Pfs48/45 como uma
potente candidata a vacina bloqueadora de transmissdo e, sua fusdo a proteina

recombinante GMZ2.

1.6. Justificativa

Estima-se que ocorram cerca de 247 milhdes de novos casos e mais de 600
mil mortes por malaria no mundo, a maioria de criangas menores de 5 anos de
idade. O desenvolvimento de novas armas para o enfrentamento dessa endemia é
de grande prioridade para o bem-estar e a melhoria do indice de desenvolvimento
humano das populagcbes afetadas. Uma vacina eficaz € a arma mais potente para

reduzir de forma drastica essas estatisticas e prevenir a doenca.

Nosso Laboratorio tem avaliado o perfil da resposta imune contra antigenos
de P. falciparum em populacdes da Amazonia Brasileira visando identificar o
potencial antigénico e imunogénico de moléculas que possam fornecer informacées
gue contribuam para o delineamento de candidatas vacinais. A GMZ2.6c é uma
proteina quimérica candidata a vacina multiestagio contra Plasmodium falciparum
composta de um fragmento da proteina de estagio sexuado Pfs48/45-6C
geneticamente fusionado a GMZ2, uma proteina quimérica contendo a GLURP e
MSP-3. A GMZ2, demonstrou ser bem tolerada, segura e imunogénica em ensaios
clinicos realizados em éareas endémicas de maléria na Africa. Contudo, ndo ha
dados disponiveis sobre a antigenicidade ou imunogenicidade da GMZ2.6¢c em

humanos.

O papel protetor dos anticorpos tem sido demonstrado desde os
experimentos de transferéncia de soro de adultos imunes de areas endémicas de
malaria para criangas com malaria severa e mostraram um acentuado efeito na

diminuicdo da parasitemia e na melhora dos sintomas clinicos. Além disso, estudos
48



tem revelado que células T CD4*, T CD8*, células NK, células dendriticas,
macrofagos e outras células do sistema imune sdo criticas no desenvolvimento da
imunidade contra as formas hepéticas e eritrociticas do P. falciparum. Entretanto,
trabalhos realizados em &reas de alta endemicidade na Africa vém demonstrando
gue polimorfismos genéticos do P. falciparum sédo capazes de modular a resposta

imune especifica.

Considerando que os parasitos que circulam no Brasil podem apresentar
caracteristicas genéticas diferentes dos parasitos que circulam na Africa e que os
individuos naturalmente expostos na Amazonia Brasileira sdo etnicamente diferentes
dos individuos africanos, torna-se importante a realizacdo de estudos
imunogenéticos que possam contribuir para um melhor entendimento da resposta
imune naturalmente adquirida para os antigenos candidatos a compor uma vacina
antimalarica, visto que a eficacia de uma vacina pode variar em diferentes cenarios
epidemioldgicos. A avaliacdo detalhada do perfil das respostas imune humoral e
celular contra a GMZ2.6¢ e seus componentes (GLURP, MSP-3 e Pfs48/45) e da
influéncia dos polimorfismos genéticos do parasito no desenvolvimento da resposta
imune especifica podem gerar dados que ressaltem o potencial da GMZ2.6¢c como
candidata a uma vacina antimalarica e no futuro, ser testada na populacdo de

regides endémicas da Amazdnia Brasileira.
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2. OBJETIVOS

2.1. Objetivo Geral

Avaliar o perfil das respostas imune humoral e celular contra a proteina
recombinante GMZ2.6¢c e seus componentes (MSP-3, GLURP e Pfs48/45) em
individuos residentes em areas endémicas de malaria da Amazoénia Brasileira e a
influéncia do polimorfismo genético do parasito na modulacdo da resposta imune

especifica.

2.2. Objetivos especificos

X/
£ %4

Avaliar o perfil da resposta imune humoral contra a proteina GMZ2.6c e
seus componentes (MSP-3, GLURP e Pfs48/45) em individuos
naturalmente expostos a infeccdo residentes em areas endémicas da

Amazobnia Brasileira;

X/
£ %4

Avaliar o perfil da resposta imune celular contra a proteina GMZ2.6¢ e
seus componentes (MSP-3, GLURP e Pfs48/45) em individuos expostos a

infecgéo residentes em areas endémicas da Amazonia Brasileira;

% Identificar e validar os epitopos de célula B e T imunodominantes da

GMZ2.6c nas populacfes estudadas;

% Avaliar a relevancia da GMZ2.6¢c e seus componentes (MSP-3, GLURP e
Pfs48/45) no processo de aquisi¢cdo de uma imunidade antiparasitéaria pela
analise do perfil da resposta imune e pelos dados pessoais, clinicos e

epidemiolégicos;

X/
L X4

Avaliar a presenca de polimorfismos genéticos das proteinas MSP-3,
GLURP e Pfs48/45 e sua influéncia no desenvolvimento da resposta

imune especifica.
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3. RESULTADOS

3.1. Artigo 1 - Naturally acquired antibody response to a Plasmodium
falciparum chimeric vaccine candidate GMZ2.6¢ and its components
(MSP-3, GLURP, and PFS48/45) in individuals living in Brazilian

malaria-endemic areas

A GMZ2.6¢c é uma proteina quimérica candidata a vacina multiestagio contra
Plasmodium falciparum que contém o fragmento de estagio sexuado Pfs48/45-6C
geneticamente fusionado a GMZ2, uma proteina quimérica contendo a GLURP e
MSP-3. A GMZ2 demonstrou ser bem tolerada, segura e imunogénica em ensaios
clinicos realizados em éareas endémicas de malaria na Africa. Contudo, ndo ha
dados disponiveis sobre a antigenicidade ou imunogenicidade da GMZ2.6c em
humanos. Considerando que o0s parasitos circulantes podem ser geneticamente
distintos em diferentes areas endémicas de malaria e que fatores genéticos do
hospedeiro podem influenciar a resposta imunoldgica contra antigenos vacinais, é
importante verificar a antigenicidade, imunogenicidade e possivel associacdo com
protecdo em individuos residentes de areas endémicas de malaria com diferentes
cenarios epidemiologicos. Nesse trabalho, o perfil da resposta anticorpo contra a
GMZ2.6¢c e seus componentes (MSP-3, GLURP e Pfs48/45) em residentes da
Amazénia Brasileira naturalmente expostos a malaria com diferentes niveis de
transmissao, foi avaliado. Esse estudo foi realizado utilizando amostras de plasma
de 352 individuos de Cruzeiro do Sul e Mancio Lima, Acre, e Guajara, Amazonas.
Anticorpos 1gG, IgM, IgA e IgE especificos e subclasses de IgG foram detectados
pelo Ensaio de Imunoabsor¢cdo Enzimatica (Enzyme-Linked Immunosorbent Assay —
ELISA). Os resultados mostraram que a proteina GMZ2.6¢c foi amplamente
reconhecida por anticorpos naturalmente adquiridos de individuos de &reas
endémicas com diferentes niveis de transmissdo. A maior prevaléncia de individuos
com anticorpos contra a GMZ2.6c quando comparado com seus fragmentos
individuais pode sugerir um efeito aditivo da GLURP, MSP-3 e Pfs48/45 quando
inseridos na mesma constru¢do. Além disso, individuos naturalmente expostos a
malaria possuiam, predominantemente, anticorpos citofilicos IgG1 e IgG3 anti-
GMZ2.6c, fato importante considerando que da imunidade protetora contra a malaria
resulta de um balanco delicado entre anticorpos citofilicos/ndo citofilicos.

Curiosamente, anticorpos anti-GMZ2.6c parecem aumentar com a exposicdo a
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infeccdo e podem contribuir para a imunidade parasitaria. Nossos dados mostraram
gue a proteina GMZ2.6¢c € amplamente reconhecida por anticorpos naturalmente
adquiridos de individuos residentes em areas endémicas de malaria no Brasil e que
esses anticorpos podem contribuir com a imunidade antiparasitaria. Esses dados

realcam a importancia da GMZ2.6¢c como uma candidata a vacina antimalarica.
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Abstract

Background: The GMZ2.6c malaria vaccine candidate is a multi-stage Plasmodium falciparum chimeric protein which
contains a fragment of the sexual-stage Pfs48/45-6C protein genetically fused to GMZ2, a fusion protein of GLURP

and MSP-3, that has been shown to be well tolerated, safe and immunogenic in clinical trials performed in a malaria-
endemic area of Africa. However, there is no data available on the antigenicity or immunogenicity of GMZ2.6cin
humans. Considering that circulating parasites can be genetically distinct in different malaria-endemic areas and that
host genetic factors can influence the immune response to vaccine antigens, it is important to verify the antigenicity,
immunogenicity and the possibility of associated protection in individuals living in malaria-endemic areas with differ-
ent epidemiological scenarios. Herein, the profile of antibody response against GMZ2.6¢ and its components (MSP-3,
GLURP and Pfs48/45) in residents of the Brazilian Amazon naturally exposed to malaria, in areas with different levels of
transmission, was evaluated.

Methods: This study was performed using serum samples from 352 individuals from Cruzeiro do Sul and Mancio
Lima, in the state of Acre, and Guajara, in the state of Amazonas. Specific IgG, IgM, IgA and IgE antibodies and IgG
subclasses were detected by Enzyme-Linked Immunosorbent Assay.

Results: The results showed that GMZ2.6¢ protein was widely recognized by naturally acquired antibodies from
individuals of the Brazilian endemic areas with different levels of transmission. The higher prevalence of individuals
with antibodies against GMZ2.6¢ when compared to its individual components may suggest an additive effect of
GLURP, MSP-3, and Pfs48/45 when inserted in a same construct. Furthermore, naturally malaria-exposed individuals
predominantly had IgG1 and IgG3 cytophilic anti-GMZ2.6¢ antibodies, an important fact considering that the acquisi-
tion of anti-malaria protective immunity results from a delicate balance between cytophilic/non-cytophilic antibodies.
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Interestingly, anti-GMZ2.6¢ antibodies seem to increase with exposure to malaria infection and may contribute to
parasite immunity.

Conclusions: The data showed that GMZ2.6¢ protein is widely recognized by naturally acquired antibodies from
individuals living in malaria-endemic areas in Brazil and that these may contribute to parasite immunity. These data

highlight the importance of GMZ2.6¢ as a candidate for an anti-malarial vaccine.
Keywords: Malaria, Plasmodium falciparum, Immune response, Antibodies, GMZ2.6c, Vaccine

Background

Malaria, an infectious parasitic disease caused by
blood-borne apicomplexan parasites of the genus Plas-
modium, remains a tremendous burden to global public
health, causing 405,000 deaths annually and generating
morbidity to more than two hundred million of indi-
viduals [1]. Among the seven Plasmodium species able
to infect humans, Plasmodium falciparum is responsi-
ble for most of the severe cases and deaths [1]. Control,
elimination, and the ultimate eradication of malaria
will require effective therapeutics. Artemisinin-based
combination therapy (ACT) is currently the first-line of
therapy for uncomplicated P. falciparum malaria infec-
tion in most parts of the world; however, resistance to
artemisinin and to its partner combination drugs has
developed in the Greater Mekong Subregion (GMS)
and more recently in South America [2-7], highlight-
ing the need for the development and implementa-
tion of an effective vaccine [8]. Malaria vaccine efforts
have focused on determining which of the antigens
expressed by P. falciparum are targets of protective
immunity.

The GMZ2.6¢c malaria vaccine candidate is a multi-
stage P. falciparum chimeric protein that contains
a fragment of the sexual-stage Pfs48/45-6C protein
genetically fused to recombinant protein GMZ2, an
asexual-stage vaccine construct consisting of the N-ter-
minal region of the Glutamate-Rich Protein (GLURP)
and the C-terminal region of Merozoite Surface Pro-
tein-3 (MSP-3) [9, 10] (Fig. 1).

GLURP is expressed in both pre-erythrocytic and
erythrocytic stages in the vertebrate host and may partic-
ipate in the binding to receptors on erythrocytes surface
during merozoite invasion and formation of the parasito-
phorous vacuole; MSP-3 is expressed in the erythrocytic
stage and has a crucial role not only in binding to the host
red blood cell, but also in protecting the parasite against
haem that is released during parasite egression; Pfs48/45
is expressed on the surface of gametocytes and gametes
playing an important role in fertilization, thus consid-
ered a candidate for the transmission-blocking vaccine
[11-15]. GLURP, MSP-3 and Pfs48/45 vaccine candi-
dates have been selected based on their immunogenicity
in natural conditions of exposure, correlation between
specific antibody titers with degrees of clinical protection
of individuals living in endemic areas and/or the ability
of antibodies to inhibit the P. falciparum in vitro growth
[16-26]. A recent study with GMZ2.6c showed that this
chimera elicits functional antibodies in mice and that
the formulations containing synthetic TLR4 agonist glu-
copyranosyl lipid adjuvant (GLA) or synthetic lipid adju-
vant (SLA) induce high parasite-specific antibody titers,
IFN-y responses in CD4+ TH1 cells, and a high percent-
age of multifunctional CD4+ T cells expressing IFN-y
and TNF in response to GMZ2.6¢ [9].

Until now, there is no data available on the antigenic-
ity or immunogenicity of GMZ2.6¢c in humans. How-
ever, clinical trials performed in a malaria-endemic
area of Africa showed that GMZ2, the vaccine con-
struct of GLURP and MSP-3, was well tolerated, safe,
and immunogenic [27-31]. The immunization with

P/GLURP-R0

representation of GMZ2.6C fusion protein ( Adapted from 11and 12)

P/MSP-3 C-term

A PfGLURP PfMSP-3 Pfs48/45
1 489 702 816 1091 1271 1 187 257 380 1 182 279 448
(R 7 11T T l [ W
——— 12 3 4 56 78 910 11 121314 1516
27 RO 500 212 C-term 380 ZQTQ a

Pfs48/45 6¢

M

Fig. 1 Schematic representation of PGLURP, IMSP3, Pfs48/45 and the GMZ2 6¢ hybrid protein. A. Schematic representation of PfGLURP
(red), showing N-terminal R0 Region; PfMSP-3 (green), showing C-terminal Regions and Pfs48/45 (blue), showing the 6¢ Region. B. Schematic
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GMZ2 elicited high levels of specific and cytophilic
IgG antibodies which mediated parasite killing in vitro
as measured by antibody-dependent cellular inhibition
(ADCI) assays, and decreased the incidence of clini-
cal malaria in individuals with higher concentration
of vaccine-induced anti-GMZ2 IgG antibodies [27-
31]. Moreover, high antibody titers naturally acquired
against GMZ2 and its components have been observed
in individuals living in highly endemic areas in Africa
[28, 30, 32] and are associated with lower parasite den-
sities [33]. It is also believed that GLURP and MSP-3
has a synergistic effect, since higher prevalence indi-
viduals with antibodies as higher titers of antibodies
were detected against GMZ2 compared to either of its
components separately, in naturally exposed popula-
tions [32].

Considering that circulating parasites can be geneti-
cally distinct in different malaria-endemic areas and
host genetic factors can influence the immune response
to vaccine antigens, it is important to verify the anti-
genicity, immunogenicity, and the possibility of associ-
ated protection in malaria-endemic areas with different
epidemiological scenarios. The goal of this work is,
therefore, to evaluate the profile of antibody response
against the chimeric protein GMZ2.6¢ and its compo-
nents (MSP-3, GLURP and Pfs48/45) in residents of
the Brazilian Amazon, naturally exposed to malaria, in
areas with different levels of malaria transmission.
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Methods

Study area and volunteers

A cross-sectional cohort study was carried out from
June to August 2016, in three malaria-endemic areas
of the Brazilian Amazon, where 99% of autochtho-
nous cases are reported. Two of them, Cruzeiro
do Sul (07°37'50”S/72°40'13"W) and Maéancio Lima
(07°36'49”S/72°53'47"W), are high-risk areas situated at
the Jurud Valley, state of Acre, and correspond, respec-
tively, to the 3™ and 6™ main hotspots, among the 17
municipalities that concentrate 80% of falciparum
malaria transmission in the whole Amazon. The Guajara
municipality (02°58'18"S/57°40'38'W), a medium-risk
area in the state of Amazonas (Fig. 2), was also included.
[34]. In Brazil, the risk of contracting malaria is meas-
ured by the Annual Parasitological Indexes (API), which
serves to classify transmission areas into high (>50),
medium (<50 and > 10), low risk (<10 and>1) and very
low risk (< 1), according to the number of autochthonous
cases per 1,000 inhabitants. In 2016, a year of sample
collection, Cruzeiro do Sul, Mancio Lima and Guajara
registered, respectively, 5447, 1432 and 674 cases of fal-
ciparum malaria, and the API of 85.3, 67.3 and 43.3 for P
falciparum.

Serum samples were obtained from 299 malaria
exposed individuals from Cruzeiro do Sul (CZS group,
n=124), Mancio Lima (ML group, n=88) and Guajara
(GJ group, n=_87). In addition, serum samples from indi-
viduals who have never had malaria were included in the

1
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Fig. 2 Map of Brazil showing the malaria-endemic areas with their respective transmission levels. In detail, the studied areas of Cruzeiro do Sul
(CZS) and Mancio Lima (ML), state of Acre, and Guajara (GJ) state of Amazonas
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study as area control (CO group, n=53). All individuals
from this group were negative for the presence of malaria
parasites as assessed by thick blood films. Non-endemic
control blood samples from 40 individuals from the labo-
ratory staff (Rio de Janeiro, Brazil) who had neither his-
tory of malaria nor contact with malaria transmission
areas, were included as Rio de Janeiro Controls.

Ethics statement

The study protocol was reviewed and approved by the
Oswaldo Cruz Foundation Ethical Committee (CEP-
FIOCRUZ CAAE 46,084,015.1.0000.5248), which
included obtaining the following patients’ written con-
sents for research use of their blood samples. Written
informed consent was obtained from all adult donors
or from donor’s parents in the cases of children. All the
procedures adopted in this study fully complied with spe-
cific federal permits issued by the Brazilian Ministry of
Health.

Epidemiological survey, malaria diagnosis, and blood
sampling

Donors who provided informed consent also completed
an epidemiological survey. In order to evaluate the
degree of malaria exposure, subjects responded to ques-
tions related to personal data such as: age, time of resi-
dence in the endemic area, number of previous malaria
episodes, the time elapsed from the last infection, use of
malaria prophylaxis, and presence of symptoms.

Venous peripheral blood (20 ml) was collected into
heparin or EDTA tubes for antibodies analyses and
molecular diagnosis, respectively. The plasma was stored
at —20 °C, and the pellets, containing peripheral blood
cells collected into EDTA tubes, were mixed with equal
volumes of a cryopreservation solution (0.9% NaCl/4.2%
sorbitol/20% glycerol) and were stored at —70 °C for later
DNA extraction for molecular diagnosis. Thin and thick
blood smears were examined for identification of malaria
parasites by a technician experienced in malaria diagno-
sis from the Laboratory of Malaria Research (Fiocruz),
which is the headquarters of the CEMART (Center for
Malaria Research and Training), a reference center for
malaria diagnosis in the Extra-Amazonian Region for the
Brazilian Ministry of Health. Malaria diagnosis was per-
formed in Giemsa-stained thin and thick blood smears,
and parasitological evaluation was done by examination
of 200 fields at 1,000 x magnification under oil-immer-
sion. Thin blood smears of the positive samples were
examined for species identification. The parasitaemia
was expressed as the number of parasites/ul of blood
in the thick blood smear. The number of parasites/ul of
blood was calculated by multiplying the number of para-
sites counted against 500 leucocytes, and the number
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of leukocytes of the subject and dividing the product
by 500. To increase the sensitivity of the parasite detec-
tion, molecular analyses were performed in all samples.
Briefly, DNA was extracted from the blood samples using
the QIAamp DNA blood midi kit (Qiagen, Germantown,
MD, USA) according to manufacturer instructions, and
Polymerase Chain Reaction (PCR) was performed using
specific primers for genus (Plasmodium sp) and species
(P falciparum and Plasmodium vivax), as previously
described [35]. Positive donors for P. vivax and/or P.
falciparum at the time of blood collection were subse-
quently treated by the chemotherapeutic regimen recom-
mended by the Brazilian Ministry of Health [36].

Recombinant proteins and antibody assays

The multi-stage GMZ2.6¢ construct was created from
GLURPqy_ 500 and MSP-3,., -, fragments genetically
fused to the Pfs48/4545, 1,4, region (6¢c). GMZ2.6¢ and
its fragments were expressed in Lactococcus lactis strain
MG1363 and purified as previously described [9]. Briefly,
L. lactis containing pSS4 was cultured in LAB medium
supplemented 5 mM cysteamine/0.5 mM cystamine.
The recombinant protein in the supernatant of the cul-
ture was purified by affinity chromatography with a 5 ml
HisTrap""“ HP column (GE Healthcare, Sweden) followed
by a 5 ml HiTrap NHS-activated HP column containing
monoclonal antibody mAb45.1 (epitope I), according to
the manufacturer (GE Healthcare, Sweden). To assess
purity in purified proteins, reversed-phase HPLC was
performed, showing a relative purify ~ 95%. Production
of GLURP-RO0, MSP3 and Pfs48/45-6C was done as previ-
ously described [37, 38].

Microtiter 96-well plates (Maxisorp, NUNC, Denmark)
were coated with the recombinant proteins at an optimal
dilution using phosphate-buffered saline at pH 7.2 (PBS)
or a carbonate-bicarbonate buffer at pH 9.6 at 100 pl/
well overnight at 4 °C (Additional file 1: Table S1). The
plates were washed, the uncoated sites were blocked and
then plasma samples diluted 1:100 in dilution buffer were
added in duplicate wells for each individual. The plates
were washed, 100 ul of peroxidase-conjugated mouse
anti-human IgG, IgM, IgA, or IgE (Sigma, St. Louis, MO),
1:1,000 in dilution buffer were added, and the plates were
incubated for 1 h at RT or 37 °C. To detect specific IgG
subclass, plates were incubated with peroxidase-con-
jugated mouse anti-human IgGl, IgG2, IgG3, or IgG4
(clones 4E3 for IgG1, 31-7-4 for IgG2, HP6050 for IgG3
and HP6025 for IgG4; SouthernBiotech, Birmingham,
AL, USA) 1:1,000 in dilution buffer for 1 h at RT or 37 °C.
After washing, 100 pl of a solution of 0.4 mg/ml ortho-
phenylenediamine (OPD, Sigma) and H202 30% (Merck)
in citrate—phosphate buffer at pH 5.0 (24 mM citric acid,
Sigma, and 51 mM dibasic sodium phosphate, Sigma)
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were added to each well, the plates were incubated for
5 min at room temperature in the dark, and then 50 pl/
well of 2 N H2SO4 (Merck) were added. Optical density
(OD) was identified at 492 nm using a SpectraMax 250
ELISA reader (Molecular Devices, Sunnyvale, CA, USA).
Sera from five Rio de Janeiro controls were used to estab-
lish the normal range for each assay. The cut-off values
were determined as the OD mean plus 3 standard devia-
tions (SD) of the Rio de Janeiro controls. The results were
expressed as a semi-quantitative Reactivity Indices (RIs),
which were calculated by the OD mean of each tested
individual divided by cut-off value. Subjects were scored
as responders if the RI against each recombinant protein
was higher than 1.0.

Statistical analyses

Data were stored in the Epi-Info 6 (Centers for Disease
Control and Prevention, Atlanta, GA) data bank software.
Epi-Info and GraphPad Instat (GraphPad Software, Inc)
statistical software programs were used for data analy-
ses. Kruskal-Wallis followed by Mann—Whitney pairwise
tests were used to analyse the differences in distributions
of continuous numerical variables, and the chi-square
analysis was applied to test independence of prevalence
among groups. The Spearman rank coefficient test was
used to analyse the correlation between variables.

Results

Population characteristics

The main characteristics of the studied groups are shown
in Table 1. CZS, ML, and GJ groups were not different in
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terms of gender, age, natural exposure to malaria infec-
tion, the time elapsed since the last malaria episode,
and P. falciparum or P. vivax parasitaemia. However, the
group ML showed a higher number of past malaria epi-
sodes than CZS and GJ, as well as GJ group had a longer
time since symptom onset (number of past malaria epi-
sodes: P=0.01, ML versus CZS; P=0.0008, ML versus
GJ; time of symptoms: P=0.003, G] versus CZS and ML).

All individuals of the CO group were residents of the
studied areas, CZS, ML or GJ but reported no previous
malaria episode, and none had symptoms or circulat-
ing parasites at the time of collection. CO group showed
a higher frequency of females and a lower mean of age
and time of residence in malaria endemic area than CZS,
ML and G]J groups (gender: P=0.008, CO versus CZS;
P=0.03, CO versus ML; P=0.02 CO versus GJ; age and
time of residence in malaria endemic area: P <0.0001, CO
versus CZS, ML and GJ, for all analyses).

Prevalence of antibody response against GMZ2.6c and its
components, GLURP, MSP-3, and Pfs48/45

Considering the prevalence of individuals with detect-
able antibodies that recognize GMZ2.6c¢, regardless anti-
body class (whether IgG, IgM, IgA and/or IgE), GMZ2.6¢c
was shown to be largely recognized by naturally acquired
antibodies in the CZS, ML and GJ groups, and these
three groups showed comparable prevalence of individ-
uals presenting GMZ2.6¢ specific antibodies: 103/124
(83%), 65/88 (74%), and 63/87 (72%), respectively. The
analyses of the prevalence of individuals with detect-
able antibodies that recognize GMZ2.6c components,

Table 1 Personal, clinical, and epidemiological characteristics of the studied populations

CZs ML GJ co
n=124 n=88 n=87 n=>53
Personal Data
Gender Male 66 (53.2%) 44 (50%) 25 (51.7%) 16 (30.2%)
Ferale 58(46.8%) 44 (50%) 42 (48.3%) 37 (69.8%)*
Age (years) 33+152 3534158 369417 228+ 62%
Time of residence in malaria-endemic area (years) 328415 3434166 369417 21,777
Clinical and Epidemiological Data
Number of past malaria episodes 102413 13£133% 894103 NA
Time elapsed since the last malaria episode (months) 60497 28+45 48473 NA
Time of symptoms (days) 444 6+14 848 ¥ NA
Diagnosis P falciparum 25(20.2%) 12(13.6%) 6 (6.7%) NA
P vivax 39(31.4%) 25(28.4%) 11 (12.8%) NA
Parasitaemia (parasites/pl of blood) P falciparum 16,000420,092 5600+3577 8000 5656 NA
P vivax 19,142£17,559 23,294+15507 10,666+ 8326 NA

" P=0.008, CO versus CZS; P=0.03, CO versus ML; P=0.02 CO versus GJ. **P<0.0001,

CO versus CZS, ML and GJ. *** P=0.01, ML versus CZS; P=0.0008, ML versus GJ.

**¥p —0.003, GJ versus CZS; P=0.003, GJ versus ML. n: number of individuals. Age, time of residence in malaria-endemic areas, number of previous malaria episodes,
time elapsed since the last malaria episodes, time of symptoms and parasitaemia represent median =+ IQR (interquartile range) and were compared by Kruskal-Wallis
followed by Mann-Whitney pairwise tests. Prevalence of gender and infective Plasmodium species at the time of collection (diagnosis) inter groups was compared by

Chi-squared tests. NA: Not analysed
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G]J groups (P <0.0001, for both). Not only the frequency
but also the levels of anti-GMZ2.6¢ IgG antibodies were
higher in the CZS group (Fig. 4b). Although a high preva-
lence of individuals with anti-GMZ2.6c IgM antibodies
has been observed, no difference was found when com-
paring the different groups. In contrast, anti-GMZ2.6¢
IgA and IgE antibodies were uncommon.

As showed in Fig. 5, the prevalence of individuals with
IgG, IgM, and IgA antibodies against GLURP were simi-
lar in the three studied groups, except for IgE antibod-
ies against GLURP that were more prevalent in CZS
than in ML and GJ groups (P <0.0001, for both). Simi-
larly, the CZS group showed a higher prevalence of indi-
viduals with IgG against MSP-3 than ML and GJ groups
and IgM antibodies against MSP-3 than GJ group (IgG:
P=0.001, CZS versus ML; P=0.0003, CZS versus GJ.
IgM: P<0.0001 CZS versus GJ). For Pfs48/45, IgG anti-
bodies were more prevalent in CZS than in the ML group
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(P=0.04), while IgE antibodies were more prevalent in
CZS than in the GJ group (P=0.02). The Reactivity Indi-
ces of IgG, IgM, IgA and IgE against GLURP, MSP-3 and
Pfs48/45 were similar when comparing the CZS, ML and
G]J groups (Fig. 6).

Prevalence of individuals presenting IgG1, 1gG2, IgG3,

and IgG4 antibodies to GMZ2.6¢ and to its GLURP, MSP-3,
and Pfs48/45 components, in CZS, ML, and GJ groups

The analyses of the IgG1, IgG2, IgG3 and IgG4 antibod-
ies were performed in all samples with detectable IgG
antibodies. Anti-GMZ2.6¢ antibodies were mainly of cyt-
ophilic subclass in all study groups (P<0.0001, CZS and
GJ, IgG1 versus IgG2 and IgG4; P=0.01, ML IgG1 versus
IgG2; P<0.001, ML IgG1 versus IgG4; P<0.0001, CZS
and GJ IgG3 versus IgG2 and IgG4; P=0.01, ML IgG3
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group (P=0.02), while the frequency of individuals with tests

IgG3 antibodies was not different between the groups.
CZS and ML groups also showed higher levels of IgG1
and IgG3 than of IgG2 and IgG4 antibodies (P <0.0001,
CZS IgG1 and IgG3 versus IgG2 and IgG4; P =0.0002,
ML IgG1 versus IgG2, P=0.01, ML IgG1 versus IgG4;
P <0.0001, ML IgG3 versus IgG2 and IgG4). The GJ group
showed higher levels of IgG3 than of IgG2 and IgG4 anti-
bodies (P <0.0001; for all analyses) (Fig. 8).

As showed in Table 2, GLURP induced mainly a cyt-
ophilic antibody response in CZS group (P <0.0001, IgG1
and IgG3 versus IgG2 and IgG4) whereas, in ML and
GJ groups, GLURP induced mainly an IgGl antibody
response (ML: P<0.0001, IgG1 versus IgG2, IgG3 and
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IgG4; GJ: P<0.0001, IgG1 versus IgG2 and IgG4) as did
MSP-3 in the CZS group (P<0.0001, IgG1 versus IgG2,
IgG3, and IgG4). In the three studied groups, the levels
of anti-GLURP IgG1 antibodies were higher than the lev-
els of IgG2, IgG3, and IgG4 (P <0.0001, for all analyses),
as well as the levels of IgG3 antibodies that were higher
than the levels of IgG2 and IgG4 in CZS group (CZS:
P <0.0001, IgG3 versus IgG2 and IgG4). Also, the levels
of anti-MSP-3 IgG1 antibodies were higher than those of
IgG2, IgG3, and IgG4 in the CZS group (P<0.0001, for
all analyses) (Fig. 9). No difference was observed in IgG1,
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lgG4

IgG2, IgG3, and IgG4 antibody levels between the CZS,
ML, and GJ groups for each of the GMZ2.6c components.

Antibody levels in P. falciparum-infected and non-infected
individuals

The levels of IgG, IgM, IgA, IgE, and IgG subclass anti-
bodies to GMZ2.6c and to its components were com-
pared between 43 P. falciparum-infected and 181
non-infected individuals, regardless of whether indi-
viduals belong to the CZS, ML or GJ group. Levels of
anti-GMZ2.6¢ and anti-GLURP IgG and IgM antibodies
were higher in infected than in non-infected individuals
(GMZ2.6¢c: P<0.0001, for both. GLURP: P<0.0001, for
IgG and P <0.005 for IgM). Levels of cytophilic (IgG1 and
IgG3) antibodies against these antigens were also higher
in the P. falciparum-infected than in the non-infected
(GMZ2.6c: P=0.004 for IgGl; P=0.002, for IgG3.
GLURP: P<0.0001 for IgG1; P=0.02 for IgG3) group. No
difference was observed in antibody levels against MSP-3
and Pfs48/45 between infected and non-infected individ-
uals (Fig. 10).

Associations of antibody responses against GMZ2.6c,
GLURP, MSP-3, and Pfs48/45 to personal, clinical

and epidemiological data

In order to evaluate the associations of antibody
response to GMZ2.6c, GLURP, MSP-3, and Pfs48/45 to
personal, clinical, and epidemiological data, individu-
als from exposed (CZS, ML, and GJ) groups were all
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considered in a single group. Individuals with higher
levels (>75th percentile) of IgG and IgG3 antibodies
against GMZ2.6c were older and presented a higher time
of residence in malaria-endemic areas than individuals
with lower IgG and IgG3 antibody levels (< 75th percen-
tile) (mean +standard deviation: 40 £ 18 versus 33 + 15,
P=0.03, for IgG; 47+ 17 versus 35+ 16, P =0.0002, for
IgG3) (Fig. 11). IgG anti-GMZ2.6¢c antibody levels were
negatively correlated (P=0.01; r= — 0.557) to P. falci-
parum parasitaemia and positively correlated (P=0.02;
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Table 2 Prevalence of individuals presenting IgG subclass that
recognizes GMZ2.6¢c components in studied groups

Groups 1gG1 lgG2 lgG3 19G4
GLURP
CZS  40/46* (87%) 10/46 (21,7%) 33/46* (71,7%) 10/46 (21,7%)
ML 30/34* 7/34 (20,6%) 12/34(353%) 6/34(21,7%)
(88,29%)
GJ 23/24%%* 1/24 (4,2%) 9/24 (37,5%)  2/24(83%)
(95,8%)
MSP-3
S. 28/31%* 0/31 (0%) 8/31(258%)  0/31(0%)
(90,3%)
ML 6/7 0/7 3/7 0/7
(€1) 5/5 1/5 4/5 2/5
Pfs48/45
as 22 0/2 0/2 1/2
ML 2/2 0/2 0/2 0/2
G 3/7 1/7 3/7 4/7

" P<0.0001, IgG1and lgG3 versus IgG2 and IgG4. **P< 0.0001, IgG1 versus
1gG2, IgG3 and IgG4. ***P < 0.0001, IgG1 versuslgG2 and IgG4. ****P <0.0001,
1gG1 versuslgG2, IgG3 and IgG4. Only the IgG positive samples were tested
for subclasses. Prevalence of responders within and between Groups were
compared by Chi-squared tests
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r=0.1349) with the number of previous malaria infec-
tions. Levels of anti-GMZ2.6¢ IgG3 antibodies were also
negatively associated (P=0.02; r= — 0.3007) to parasi-
taemia. Individuals with higher levels (>75th percentile)
of anti-GLURP IgG3 antibodies were also older and pre-
sented a higher time of residence in the malaria-endemic
areas (mean + standard deviation: 46+ 15 versus 36 & 16,
P=0.02) (Fig. 11), but did not show different levels of
parasitaemia when compared to those of low IgG3 anti-
body levels. No association was observed between anti-
body response to MSP-3 and Pfs48/45 and age, gender,
time of exposure, presence of symptoms, number of
previous malaria episodes, time elapsed since the last
malaria episode and current or last infecting plasmodial
species.

Discussion

Given the complexity of the life cycle and of the para-
site-host interactions, as well as the extensive parasite
genetic variability, and the mechanisms it uses to evade
the host immune response, an ideal malaria vaccine
should be directed against antigens expressed in dif-
ferent development stages of the Plasmodium. In this
sense, the recombinant GMZ2.6¢ protein has shown to
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be a promising multi-stage anti-malarial vaccine can-
didate. In this work, the antibody response profiles to
the recombinant Plasmodium falciparum GMZ2.6¢
vaccine candidate in individuals living in Brazilian
malaria-endemic areas, with different levels of trans-
mission, was evaluated. The humoral response against

the GMZ2.6¢ protein and its fragments, GLURP, MSP-
3, and Pfs48/45, was assessed in individuals living in
three cities of the Brazilian Amazon: Cruzeiro do Sul
and Mancio Lima, in the state of Acre, and Guajara, in
the state of Amazonas.
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Individuals were not differently distributed by sex,
age, origin and previous exposure to malaria in Cru-
zeiro do Sul (CZS), Mancio Lima (ML), and Guajara
(GJ), although individuals from ML have reported a
higher number of previous infections, even though ML is
a highly endemic city like CZS. Most of the individuals
reported previous infections by both P. falciparum and P
vivax, but P. vivax was the most prevalent infecting plas-
modial species, reflecting the current malaria scenario in
Brazil, where P. vivax is responsible for 89% of infections
[39].

Most individuals from CZS, ML, and GJ had anti-
GMZ2.6¢ antibodies, regardless of the immunoglobulin
class, indicating that GMZ2.6¢ is widely recognized for
naturally acquired antibodies from resident individuals.
The antigenicity of GMZ2.6¢c seems to be independent of
the endemicity levels, since the prevalence of individuals
with antibodies that recognized GMZ2.6c was similar in
the three study sites, with different endemicity levels.

Sixty-eight individuals (21 in CZS, 23 in ML, and
24 in GJ) had no antibodies that recognized GMZ2.6¢
(nor its individual fragments). The non-detection of
anti-GMZ2.6¢ antibodies in these individuals could be
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associated to the absence of a previous contact with the
parasite. However, of these, only 4 reported no previous
malaria episodes and 10 reported only previous infec-
tion by P vivax. The other individuals reported at least
one P falciparum infection. The non-detection of these
antibodies could also be related to functional exhaustion
among T and B cell subsets, well-described in viral infec-
tions [40—43] and equally considered for malaria [44—49].
Besides atypical memory B cells and the exhausted CD4
T cells, the absence of specific antibodies may depend
on other factors, such as P. falciparum genetic polymor-
phisms, intensity of infection, coinfections, malnutrition,
or human host genetic factors.

Clinical trials in naive subjects and in individuals natu-
rally exposed to malaria in Africa to evaluate the safety
and immunogenicity of GMZ2 showed a more potent
response against GMZ2 when compared to its individ-
ual components [27, 28]. In the present study, a similar
observation was made, where there was a higher preva-
lence of individuals with antibodies and higher levels of
anti-GMZ2.6c antibodies, by comparing to its individual
components, which may suggest an additive effect of
GLURP, MSP-3, and Pfs48/45 when inserted in a same
construct, and that GMZ2.6c may be a more promising
anti-malarial vaccine candidate than its individual com-
ponents. The data obtained in the present study corrobo-
rate a previous report of higher prevalence of individuals
with antibodies anti-GMZ2 antibodies when compared
to those against GLURP and MSP-3, in individuals nat-
urally exposed to malaria in Ethiopia [32]. However, the
possibility that the data observed in the present study
are a simple reflex of the sum of the antibody response
directed towards each of the antigens that make up
GMZ2.6¢, sufficient for individuals with antibody levels
below the detection limit to exceed the threshold, can-
not be excluded. Clarifying this point and evaluating the
possibility of a synergistic effect of anti-GLURP, and anti-
MSP-3 antibodies are ongoing in the laboratory.

Independent studies have evaluated the potential of
humoral immune response against GLURP and MSP-3
in conferring clinical immunity to malaria in Afri-
can endemic areas with different transmission inten-
sities. A wide variety of results regarding the natural
immunogenicity of GLURP and MSP-3 was observed.
Some studies have reported the higher immunogenic-
ity of MSP-3 when compared to GLURP-RO [50, 51],
while GLURP was more immunogenic in other studies
[25, 52, 53]. However, in all of them, both MSP-3 and
GLURP have been considered as endowed with greater
immunogenicity properties. In the present study, both
GLURP and MSP-3 have been shown to be widely rec-
ognized by antibodies, mainly in high-endemicity areas
of CZS and ML.
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In the present study, the prevalence of individuals with
anti-Pfs48/45 antibodies ranged from 24 to 40%. These
prevalences are lower than those (74.7%) observed in the
Central Region of Ghana for the same Pfs48/45 construct
(Pfs48/45.6¢) (37), possibly reflecting differences in expo-
sure to gametocytes as previously reported in a longitudi-
nal study in a hypo-endemic area in Tanzania [54].

In this work, many individuals from the CZS, ML
and GJ groups had IgG and IgM antibodies recognizing
GMZ2.6¢, contrasting with an uncommon IgA and IgE
specific response. The data presented here also showed
that anti-GMZ2.6¢c IgG antibodies were more frequent
and present higher levels in the CZS group when com-
pared to the ML and GJ groups. It is widely accepted
that IgG antibodies are the main mediators of protection
against clinical malaria [10, 55], and its important pres-
ence mainly in the CZS group may be reflecting a higher
degree of anti-parasitic immunity. The higher prevalence
of individuals with antibodies and higher antibody levels
in the CZS group may be due to the genetic background
of the study population since allelic forms of the Major
Histocompatibility Complex (HLA) antigens may influ-
ence the host’s ability to mount a naturally acquired
humoral immune response [23, 56-58]. Additionally, the
genetic variability of P. falciparum isolates circulating at
variable levels in the Brazilian Amazonian Region may
explain this difference in immune response in the CZS
group, since genetic polymorphisms in B epitopes may
influence the immunological properties of the antigen
[59]. This remains to be elucidated.

The role of IgE antibodies in the outcome of malaria
infection remains controversial and poorly understood.
The levels of P. falciparum-specific IgE are proposed to
be associated with protection as well as to participate in
the pathogenesis of malaria [60-63]. Thus, the IgE anti-
body response against GMZ2.6c, GLURP, MSP-3 and
Pfs48/45 was also assessed. The prevalence of individuals
with anti-GMZ2.6c IgE antibodies and the levels of these
antibodies were low (2.3 to 8.9%) in the three studied
groups. However, a relatively high prevalence of individu-
als with IgE antibodies against GLURP and Pfs48/45 was
verified, mainly in CZS. Some studies have reported that
individual anti-Anopheles salivary gland IgE level is posi-
tively correlated with the antiplasmodial IgE antibody
levels, and a hypothesis proposes that, during Anopheles
bite, the injection of saliva containing pharmacologically
active proteins and peptides predisposes individuals to
the development of an antiplasmodial IgE response [64,
65].

It has been proposed that cytophilic IgG1 and IgG3
isotypes are more correlated with protective responses
than the IgG2 and IgG4 (non-cytophilic) antibodies
[10, 55]. Here, the profile of the IgG subclass against
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the GMZ2.6c, GLURP, MSP-3 and Pfs48/45 proteins
was evaluated in all samples presenting IgG antibod-
ies to the studied proteins. Naturally malaria-exposed
individuals predominantly had anti-GMZ2.6¢c IgG1 and
IgG3 cytophilic antibodies, an important fact consider-
ing that it has been proposed that not only the acquisi-
tion of anti-malaria protective immunity would result
from a delicate balance between cytophilic/non cyt-
ophilic antibodies, but also that IgG2 and IgG4 non-
cytophilic antibodies with the same specificity could
block the effector mechanisms of the cytophilic ones
[18, 66, 67]. Indeed, the interaction between cytophilic
antibodies and Fc receptors on phagocytic cells can lead
to cellular activation and to triggering of effector func-
tions such as phagocytosis, cytokine and chemokine
production, cytotoxicity, and the generation of reac-
tive oxygen and nitrogen species [68]. Cytophilic anti-
bodies may also mediate parasite death in cooperation
with mononuclear cells through the antibody-depend-
ent cellular inhibition mechanism (ADCI) besides the
opsonization of P. falciparum merozoites [10, 69, 70].

Studies have shown that the inherent characteris-
tics of plasmodial antigens can influence the molecu-
lar events that lead to the preferential induction of
different IgG subclasses. The presence of both repeti-
tive and polymorphic amino acid sequences predomi-
nantly induces an IgG3 response, whereas the absence
of such polymorphic repeats predominantly induces
IgG1 responses. Polymorphic antigens with no repeti-
tive sequence induce an IgG1 + IgG3 response, with the
predominance of IgG3, whereas conserved repetitive
antigens tend to induce IgG1 or IgG1 + IgG3 responses
[71, 72]. The data here obtained showed a predomi-
nantly cytophilic antibody response (IgG1l+IgG3) to
GLURP, whereas MSP-3 induced a predominantly IgG1
response. These results may be due to the conserved
nonrepetitive characteristic of GLURP contrasting with
the repetitive nature and relatively more polymorphic
of MSP-3 [73-75]. However, factors such as cumulative
malaria exposure, age of individuals, HLA and the poly-
morphism of the FCy receptor have also been shown to
influence the distribution of IgG subclass against plas-
modial antigens [71, 76]. In addition, specific combi-
nations of cytokines and B-cell activators have shown
to induce the switch to certain classes and subclass in
experimental models [77]. In vitro experiments with
human and murine B cells have identified cytokines
that selectively induce the synthesis of a particular
immunoglobulin class by the stimulation of DNA rear-
rangement and selective transcription of CH genes
[78-81].

IgG and IgM antibodies levels against GMZ2.6¢ and
GLURP were higher in parasitized individuals when
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compared to non-parasitized subjects. This result may
reflect the stimulation of the immune system leading to
the production of antiplasmodial antibodies, including
anti-GLURP antibodies, due to infection. This booster, in
response to infection, seems to induce a predominantly
IgG1 and IgG3 antibodies that recognize GMZ2.6¢ and
GLURP.

Classically, levels of antibodies against several plasmo-
dial antigens seem to be associated with age and time of
exposure to malaria in endemic regions [23, 82-88]. In
the present study, individuals with higher levels of IgG
and IgG3 anti-GMZ2.6c (>75th percentile) antibod-
ies were older and presented a longer time of residence
in malaria-endemic areas than individuals with levels of
antibody below the 75th percentile. Negative correla-
tions were observed between parasitaemia and levels of
IgG and IgG3, and a positive one was registered between
the number of previous malaria infections and IgG anti-
bodies against GMZ2.6c. Taken together, these data
indicate that the prevalence of individuals with antibod-
ies that recognize GMZ2.6¢ as well as the anti-GMZ2.6¢
antibody levels increase with exposure to infection and
that these antibodies may contribute to parasite immu-
nity. Considering the cross-sectional design of this work,
additional studies are needed to confirm these find-
ings. Moreover, the evaluation of the functional role of
antibodies against MSP-3 and GLURP in inhibiting the
in vitro growth of P. falciparum and of the anti-Pfs48/45
antibodies in inhibiting fertilization has been currently
conducted in the laboratory and could also help to clarify
this issue.

The analysis of the antibody response against the indi-
vidual (GLURP, MSP-3 and Pfs48/45) proteins consti-
tuting the GMZ2.6¢ vaccine candidate did not provide
evidence of a possible protective role of these antibodies,
since no relationship was verified between prevalence or
levels of specific antibodies and the presence or absence
of parasites in the blood, the presence or absence of
symptoms at the time of collection, parasitaemia, num-
ber of previous malaria episodes, time elapsed since the
last malaria episode, current or last infecting plasmodial
species. Associations between high anti-GLURP and
anti-MSP3 antibody levels and low parasite densities in
malaria patients living in the Central Region of Ghana
have however been reported [33].

Taken together, the data presented here showed that
GMZ2.6¢ protein is widely recognized by naturally
acquired antibodies from individuals living in endemic
areas of Brazil with different levels of transmission. The
higher prevalence of individuals with antibodies that rec-
ognize GMZ2.6¢ and the higher levels of these antibodies
when compared to their individual components may sug-
gest an additive effect of GLURP, MSP-3, and Pfs48/45
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when inserted in a same construct. Also, anti-GMZ2.6¢
antibodies seem to increase with exposure to malaria
infection and may contribute to parasite immunity. These
data highlight the importance of GMZ2.6¢ as a candi-
date for an anti-malarial vaccine. Additional studies in
other endemic areas, with populations with different
genetic backgrounds, besides the evaluation of the func-
tional role of anti-GMZ2.6¢c antibodies, are important
to confirm the potential of GMZ2.6¢ as an anti-malarial
vaccine.
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3.2. Artigo 2 — B-cell epitope mapping of the Plasmodium falciparum
malaria vaccine candidate GMZ2.6¢ in naturally exposed population
of the Brazilian Amazon

A GMZ2.6¢c é uma proteina quimérica candidata a vacina multiestagio contra
Plasmodium falciparum que contém o fragmento de estagio sexuado Pfs48/45-6C
geneticamente fusionado a GMZ2, uma construcdo vacinal de fase assexuada que
consiste na regido N-terminal da Proteina Rica em Glutamato (GLURP) e C-terminal
da Proteina 3 de Superficie de Merozoito (MSP-3). Estudos anteriores mostraram
gue a GMZ2.6¢c é amplamente reconhecida por anticorpos de individuos brasileiros
expostos a malaria e que seus componentes sdo imunogénicos apoés infeccao
natural por P. falciparum. Além disso, anticorpos anti-GMZ2.6c aumentam com a
exposicdo a infec¢cdo e podem contribuir com a imunidade antiparasitaria. Portanto,
identificar epitopos de proteinas reconhecidas por anticorpos pode ser uma
importante ferramenta para compreender a imunidade protetora. Nesse trabalho, nos
identificamos e validamos epitopos de células B imunodominantes da GMZ2.6¢c em
individuos expostos a maléria residentes em é&reas endémicas da Amazbnia
Brasileira. Anticorpos 1gG e subclasses especificos contra epitopos da GLURP,
MSP-3 e Pfs48/45 foram detectados por ELISA utilizando peptideos sintéticos
correspondentes a epitopos de células B previamente descritos para a MSP-3 e
GLURP ou identificados pelo BepiPred 1.0 para a Pfs48/45. Os resultados
mostraram que o0s epitopos immunodominantes foram P11 da GLURP, e MSP-3c e
DG210 da MSP-3. As subclasses IgG1l e IgG3 foram preferencialmente induzidas
contra os epitopos, corroborando com estudos anteriores de que estas proteinas sao
alvos de anticorpos citofilicos, importantes para a aquisicao da imunidade protetora.
A maioria dos individuos apresentou anticorpos IgG detectaveis contra Pfs48/45a
elou Pfs48/45b, validando a predicdo de epitopos lineares de células B. A alta
frequéncia e niveis de anticorpos contra diferentes epitopos derivados da GLURP,
MSP-3 e Pfs48/45 fornece informac¢des adicionais que podem sugerir a relevancia
da GMZ2.6c como candidata a vacina contra malaria.
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Abstract: The GMZ2.6¢ malaria vaccine candidate is a multi-stage P. falciparum chimeric protein that
contains a fragment of the sexual-stage Pfs48/45-6C protein genetically fused to GMZ2, an asexual-
stage vaccine construction consisting of the N-terminal region of the glutamate-rich protein (GLURP)
and the C-terminal region of the merozoite surface protein-3 (MSP-3). Previous studies showed that
GMZ2.6c is widely recognized by antibodies from Brazilian exposed individuals and that its compo-
nents are immunogenic in natural infection by P. falciparum. In addition, anti-GMZ2.6¢ antibodies
increase with exposure to infection and may contribute to parasite immunity. Therefore, identifying
epitopes of proteins recognized by antibodies may be an important tool for understanding protective
immunity. Herein, we identify and validate the B-cell epitopes of GMZ2.6c as immunogenic and
immunodominant in individuals exposed to malaria living in endemic areas of the Brazilian Amazon.
Specific IgG antibodies and subclasses against MSP-3, GLURP, and Pfs48/45 epitopes were detected
by ELISA using synthetic peptides corresponding to B-cell epitopes previously described for MSP-3
and GLURP or identified by BepiPred for Pfs48/45. The results showed that the immunodominant
epitopes were P11 from GLURP and MSP-3c and DG210 from MSP-3. The IgG1 and IgG3 subclasses
were preferentially induced against these epitopes, supporting previous studies that these proteins
are targets for cytophilic antibodies, important for the acquisition of protective immunity. Most
individuals presented detectable IgG antibodies against Pfs48/45a and/or Pfs48/45b, validating
the prediction of linear B-cell epitopes. The higher frequency and antibody levels against different
epitopes from GLURP, MSP-3, and Pfs48/45 provide additional information that may suggest the
relevance of GMZ2.6¢ as a multi-stage malaria vaccine candidate.

Keywords: GMZ2.6¢; epitope mapping; antibodies; malaria; Plasmodium falciparum; vaccine
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1. Introduction

Malaria, an infectious disease caused by Plasmodium parasites, remains a major public
health problem worldwide. In 2021, 247 million cases and 619.000 deaths due to malaria
were estimated globally, most of them caused by P. falciparum [1]. Despite the remark-
able progress in control over the last few years, the emergence of resistant parasites to
artemisinin-based combination therapies (ACTs), the first line of treatment for uncompli-
cated P. falciparum malaria in all endemic countries [2-6], and resistance of Anopheles to
available insecticides [7] highlights the need for an effective vaccine to be implemented,
complementing the existing tools. Recently, the World Health Organization (WHO) recom-
mended the widespread use of the RTS,S/AS01 vaccine among children in regions with
moderate to high P. falciparum transmission [1]. Despite its partial and low efficacy, this
vaccine might prevent about 30% of child deaths [8]. However, vaccine candidates with
a higher protective efficacy should be developed. Considering the complex life cycle, an
ideal malaria vaccine should be directed against antigens expressed in different parasite
development stages.

The GMZ2.6¢ malaria vaccine candidate is a multi-stage P. falciparum chimeric protein
that contains a fragment of the sexual-stage Pfs48/45-6C protein genetically fused to GMZ2,
an asexual-stage vaccine construct consisting of conserved domains of glutamate-rich protein
(GLURP) and merozoite surface protein-3 (MSP-3) [9]. GLURP is expressed in all parasite life
cycle stages in the vertebrate host and may contribute to merozoite invasion and formation
of the parasitophorous vacuole [10,11], MSP-3 is expressed in the erythrocytic stage and is
involved in the invasion of red blood cells, as well as in parasite protection against heme
released from unprocessed hemoglobin released after schizont egress [12,13], and Pfs48/45 is
expressed on the surface of gametocytes and gametes, playing a central role in fertilization [14].
Both GLURP and MSP-3 are targets of cytophilic IgG subclasses (IgG1 and IgG3) able to control
P. falciparum growth in vitro by opsonic phagocytosis [15] and antibody-dependent cellular
inhibition (ADCI) [16-18] correlated to protection against high parasitemia and clinical disease
in individuals living in endemic areas, while naturally acquired antibodies against Pfs48/45
can recognize extra-erythrocytic gametes, reducing transmission by preventing fertilization
and sporogonic development in the mosquito midgut [19].

Previous studies showed that GMZ2.6¢ protein was widely recognized by naturally
acquired antibodies from individuals of Brazilian endemic areas and that its components
(MSP-3, GLURP, and Pfs48/45) are immunogenic in natural infection by P. falciparum. More-
over, anti-GMZ2.6¢ antibodies seem to increase with exposure to malaria infection and
may contribute to parasite immunity [20]. Considering that antibodies recognize several
antigenic determinants of the protein, identifying the contribution of different immun-
odominant B-cell epitopes of antimalarial vaccine candidates that induce specific immune
responses may be an important tool for understanding protective immunity. Therefore,
the present work aimed to identify and validate immunodominant B-cell epitopes of the
P. falciparum chimeric protein GMZ2.6¢ in individuals exposed to malaria living in the
Brazilian Amazon.

2. Materials and Methods
2.1. Study Area and Volunteers

A cross-sectional cohort study was carried out from June to August 2016 and 2018
in three malaria-endemic areas of the Brazilian Amazon: Cruzeiro do Sul (07°37'50”
S/72°40'13"” W) and Mancio Lima (07°36'49"” S/72°53'47" W), both high-risk areas situated
in Jurua Valley, Acre State, the main P. falciparum malaria hotspot in Brazil, and Guajara
(02°58'18"” S/57°40'38"” W), a medium-risk area situated in Amazonas State. Cruzeiro do
Sul, Mancio Lima, and Guajara registered 5.447, 1.432, and 674 cases in 2016, accounting
for 52.6% of all P. falciparum infections in Brazil. Due to the increase in P. falciparum cases in
other municipalities, this number decreased to 24.1% in 2018, with 2.915, 1.719, and 452
P. falciparum infections in Cruzeiro do Sul, Mancio Lima, and Guajara, respectively [21].
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Serum samples from 303 malaria-exposed individuals identified as responders to
GLURP27_5[)() (n = 258), MSP-3155_249 (ﬂ = 170), and/or Pfs48/45291_423 (n = 108) recombi-
nants (Table S1), as previously described [20], were used to investigate specific naturally
acquired antibody response to GLURP, MSP-3, and Pfs48/45 epitopes. In addition, serum
samples from 5 individuals of the laboratory staff (Rio de Janeiro, Brazil) who had neither
history of malaria nor contact with malaria transmission areas were included in our study
(Rio de Janeiro controls).

2.2. Epidemiological Survey

Donors providing informed consent answered an epidemiological survey. To evaluate
the degree of malaria exposure, subjects responded to questions related to personal data
such as age, time of residence in the endemic area, number of previous malaria episodes,
time elapsed from the last infection, use of malaria prophylaxis, and presence of symptoms.

2.3. Blood Sampling and Malaria Diagnosis

Venous peripheral blood (20 mL) was collected into Heparin or EDTA tubes for
antibodies analysis or molecular diagnosis, respectively. The plasma was stored at —20 °C,
and the pellets, containing peripheral blood cells collected into EDTA tubes, were mixed
with equal volumes of a cryopreservation solution (0.9% NaCl/4.2% sorbitol /20% glycerol)
and were stored at —70 °C until use.

Thin and thick blood smears were examined for identification of malaria parasites by
a technician experienced in malaria diagnosis from the Laboratory of Malaria Research
(Fiocruz), which is the headquarters of the CEMART (Centre for Malaria Research and
Training), a reference center for malaria diagnosis in the Extra-Amazonian Region for the
Brazilian Ministry of Health. Thick blood smears from all the subjects were stained with
Giemsa, and a total of 200 microscopic fields were examined under a 1000-fold magnifica-
tion. Thin blood smears of the positive samples were examined for species identification.
The parasite density was determined by counting the parasites in a predetermined num-
ber of white blood cells in the thick blood films, and the number of blood parasites per
milliliter was calculated [22]. To increase the sensitivity of the parasite detection, molecular
analysis using specific primers for genus (Plasmodium sp.) and species (P. falciparum and
P. vivax) was performed in all samples, as previously described [23]. Positive donors for
P. vivax and/or P. falciparum at the time of blood collection were subsequently treated by
the chemotherapeutic regimen recommended by the Brazilian Ministry of Health [24].

2.4. B-Cell Epitope Prediction of Pfs48/45

The prediction of linear B-cell epitopes of Pfs48/45591428 (UniProt: Q8I6T1) was
carried out using the program BepiPred 1.0 [25]. This method is based on the combination of
hidden Markov and propensity scale models, which consider hydrophilicity and secondary
structure prediction. The server outputs a prediction score for each amino acid for each
input FASTA sequence. To identify potential linear B-cell epitopes was used the cut-off
value of 0.35, ensuring a sensibility of 49% and specificity of 75% to this approach. Linear
B-cell epitopes are predicted to be located at the residues with the highest scores. Sequences
with a BepiPred score above 0.35 were considered potential linear B-cell epitopes in regions
that could be accessed by naturally acquired antibodies.

2.5. Synthetic Peptides

B-cell epitope mapping was performed using four synthetic peptides of MSP-3155_549
(MSP-3a, MSP-3b, MSP-3¢, and DG210) and 13 synthetic peptides of GLURP7_500 (P1, P2,
P3, P4, P5, P6, P7, P8, P9, P10, P11, S2, and S3), previously described [26,27]. Moreover,
two synthetic peptides of Pfs48/45591 428 (Pfs48/45a and Pfs48/45b) identified by predic-
tion of linear B-cell epitopes were used (Figure 1). The selected sequences were synthesized
by fluorenylmethoxycarbonyl (F-moc) solid-phase chemistry (GenOne Biotechnologies,
Brazil). Analytical chromatography of the peptide demonstrated a purity of >95%.
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Figure 1. Amino acid sequence and linear epitopes of GMZ2.6¢ hybrid protein. Amino acid sequence
of PFGLURP (orange), PfMSP-3 (green), and Pfs48/45 (blue). Bold letters represent linear epitopes.
Orange, green, and blue lines represent PfGLURP, PfMSP-3, and Pfs48/45 epitopes, respectively.

2.6. Enzyme-Linked Immunosorbent Assay

Microtiter 96-well plates (Maxisorp, NUNC, Roskilde, Denmark) were coated with
5 ug/mL of each synthetic peptide in carbonate-bicarbonate buffer, pH 9.6, at 100 uL/well
overnight at 4 °C. The plates were washed with phosphate-buffered saline 0.05% Tween20
(PBST), and the uncoated sites were blocked with 5% powdered milk containing PBST for
1hat 37 °C. Serum samples diluted 1:100 in dilution buffer (1% powdered milk containing
PBST) were added in duplicate wells, and plates were incubated for 1 h at 37 °C. The plates
were washed, 100 pL of peroxidase-conjugated mouse anti-human IgG (Sigma, St. Louis,
MO, USA) 1:1000 in dilution buffer was added, and the plates were incubated for 1 h at
37 °C. To detect specific IgG subclass, plates were incubated with peroxidase-conjugated
mouse anti-human IgG1, IgG2, IgG3, and IgG4 (Clones: 4E3, 31-7-4, HP6050, and HP6025
for IgG1, IgG2, IgG3, and IgG4, respectively; SouthernBiotech, Birmingham, AL, USA)
1:1000 in dilution buffer for 1 h at 37 °C. After washing, 100 uL of a solution of 0.4 mg/mL
orthophenylenediamine (OPD, Sigma) and H,O, 30% (Sigma) in citrate-phosphate buffer
(24 mM citric acid, Sigma, and 51 mM dibasic sodium phosphate, Sigma), pH 5.0, were
added to each well, the plates were incubated for 5 min at room temperature in the dark,
and then 50 puL/well of 2N H»SO4 (Sigma) were added. Optical density was identified at
492 nm using a SpectraMax 250 ELISA reader (Molecular Devices, Sunnyvale, CA, USA).
Samples of non-endemic controls obtained from 5 individuals of the laboratory staff (Rio
de Janeiro controls) were used to establish the normal range for each assay. The cut-off
values were determined as the mean optical density (OD) plus 3 standard deviations of the
Rio de Janeiro controls. The results were expressed as the reactivity index (RI), which was
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calculated by the OD mean of each tested sample divided by the cut-off value. Subjects
were scored as responders if the RI against each epitope was higher than 1.0.

2.7. Statistical Analysis

Data were stored in the Epi-Info version 6 data bank system (Centers for Disease Control
and Prevention, Atlanta, GA, USA) and analyzed using Epi-Info version 6 and GraphPad
Prism (GraphPad Sftware, Inc., San Diego, CA, USA) software programs. Normality tests were
performed in all variables using the one-sample Kolmogorov-Smirnov test. The chi-square
analysis was applied to compare the prevalence among groups. Kruskal-Wallis, followed
by uncorrected Dunn’s test (for multiples comparisons) or Mann-Whitney test (comparisons
between two groups), was used to analyze differences in distributions of continuous numerical
variables. The Spearman rank coefficient test was used to analyze the correlation between
variables. A two-sided p-value of <0.05 was considered statistically significant.

3. Results
3.1. Population Characteristics

The studied population was composed of 303 individuals living in three malaria-
endemic areas of the Brazilian Amazon (Table 1). The population age ranged from 12
to 88 years old (median: 32 years; interquartile range: 28-34) and presented a similar
frequency of female (47.5%) and male (52.5%) individuals. Most participants (99%) were
naturally exposed to malaria infection throughout the years (median: 31 years; interquartile
range: 28-34), and 295 (97.4%) reported one or more previous malaria episodes. Among
those who remembered the Plasmodium species, previous episodes were attributed only to
P. falciparum (12 cases), to P. vivax (50 cases), or both parasites (199 cases). The number of
reported past malaria episodes varied greatly among participants, ranging from 0 to 100
(median: 8; interquartile range: 6-10). The time elapsed since the last malaria infection
ranged from 0 to 684 months (median: 12 months; interquartile range: 6-12). At the
time of blood sampling, 145 individuals (47.8%) presented symptoms that started 1 to
30 days earlier (median: 4 days; interquartile range: 2—4), with headache, fever, and
chills the most frequent ones. A total of 135 individuals (44.5%) had detectable parasites,
53 (17.5%) were infected with P. falciparum (median parasitemia: 8000 parasites/uL of
blood; interquartile range: 4000-12,000), and 82 (27%) were infected with P. vivax (median
parasitemia: 20,000 parasites/uL of blood; interquartile range: 7000-32,000).

Table 1. The studied population’s personal, clinical, and epidemiological characteristics.

Personal Data n =303

Sex Male 159/303 (52.5%)
Female 144/303 (47.5%)

Age (years) 32 (28-34)

Time of residence in malaria-endemic area (years) 31 (28-34)

Clinical And Epidemiological Data

Number of past malaria episodes 8 (6-10)
Time elapsed since the last malaria episode (months) 12 (6-12)
Time of symptoms (days) 4(24)
Diagnosis P. falciparum 53 (17.5%)
P. vivax 82 (27%)
Parasitemia (parasites/uL of blood) P. falciparum 8000 (4000-12,000)
P. vivax 20,000 (7000-32,000)

Age, time of residence in malaria-endemic area (years), number of past malaria episodes, time elapsed since the
last malaria episode (months), time of symptoms (days), and parasitemia (parasites/pL of blood) are represented
by median (interquartile range). n: number; %: percentage.
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3.2. Frequencies and IgG Levels of Pre-Identified Linear B-Cell Epitopes of GLURP27-500
and MSP-3155_249

Firstly, amino acid sequences from GLURP,7_500 (P1, P2, P3, P4, P5, P6, P7, P8, P9,
P10, P11, S2, and S3) and MSP-3155_249 (MSP-3a, MSP-3b, MSP-3¢, and DG210) previously
identified as B-cell epitopes to validate their immunodominance in the studied population
were selected. The frequencies of individuals with IgG antibodies that recognized at least
one of the peptides were 70.9% and 64.7% for GLURP and MSP-3, respectively. The fre-
quency of IgG antibody response varied depending on the peptide, showing that P11 from
GLURP7_500 and MSP-3c and DG210 from MSP-3155 249 were preferentially recognized
by antibodies from exposed individuals (Figure 2). Although lower, the frequencies of
individuals with IgG antibodies against epitopes P3, P4, P5, P6, P7, and S3 were higher
than the frequencies of individuals with IgG antibodies against epitopes P1, P2, P9, and S2
(Figure 2).

PfGLURP epitopes

50 — — T T T 1

40

304

204

Frequency of IgG respponders (%)

LA AR S L S AR P P A

PAMSP-3 epitopes

60 - h i

401

Frequency of IgG respponders (%)

>
(oqf'-’
A

Figure 2. Frequency of individuals presenting IgG antibodies against epitopes derived from
GLURP»7.500, MSP-3155.249. Frequency of IgG responders to PFGLURP and PfMSP-3 epitopes.
a: p <0.0001 P11 versus all PFGLURP epitopes; b: p < 0.05 P3 versus S2, p < 0.005 P3 versus P1 and P9,
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Reactivity Index (log 2)

p < 0.0005 P3 versus P2; c: p < 0.005 P4 versus S2, p < 0.0005 P4 versus P1, P2, and P9; d: p < 0.05 P5
versus S2, p < 0.0005 P5 versus P1, P2, and P9; e: p < 0.05 P6 versus P9 and S2, p < 0.005 P6 versus
P1, p < 0.0005 P6 versus P2; f: p < 0.05 P7 versus S2, p < 0.0005 P7 versus P1, P2, and P9; g: p < 0.05
S3 versus P9 and S2, p < 0.005 S3 versus P1, p < 0.0005 S3 versus P2; h: p < 0.0001 MSP-3c versus
MSP-3a, p = 0.0004 MSP-3c versus MSP-3b; i: p < 0.0001 DG210 versus MSP-3a, p = 0.0001 DG210
versus MSP-3b.

Regarding the magnitude of response to epitopes among responders, higher levels of
IgG antibodies against epitopes P1, P3, P4, P11, and S3 were observed. No difference was
observed in IgG antibody levels between MSP-3155 249 epitopes. However, MSP-3 epitopes
MSP-3a, MSP-3c, and DG210 induced higher IgG antibody levels than GLURP epitopes P2,
P5, P6, P7, P8, P9, P10, and S2 (Figure 3).
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Figure 3. Levels of IgG antibodies (reactivity index) against GLURP,7_509 and MSP-3155_249 epitopes.
Reactivity indices are individual values. The dashed red line represents the positivity limit. Lines
represent the median. a: p < 0.05 P1 versus P2, P5, P7, and P8; p < 0.005 P1 versus P6, P9, P10, and
S2; b: p < 0.05 P3 versus P2 and S3; p < 0.005 P3 versus P5, P7, and P8; p < 0.0005 P3 versus P6, P9,
P10, and S2; c: p < 0.05 P4 versus P6, P9, and S2; p < 0.005 P4 versus P10; d: p < 0.05 P11 versus P2,
P5, P7, and P8; p <0.005 P11 versus S2; p < 0.0005 P11 versus P6, P9, and P10; e: p < 0.05 S3 versus
P9 and P10; f: p < 0.05 MSP-3a versus P2, P5, P7, and P8; MSP-3b versus P5 and S2; MSP-3c and
DG210 versus P2; p < 0.005 MSP-3b versus P6, P9, and P10; MSP-3c and DG210 versus P5, P7, and PS8;
p < 0.0005 MSP-3a versus P6, P9, and P10; MSP-3c and DG210 versus P6, P9, P10, and S2.

No association was observed among frequency of responders or IgG antibody levels
and age, sex, time of exposure, presence of symptoms, number of reported previous malaria
episodes, the time elapsed since the last malaria episode, and current or last infecting
plasmodial species.

3.3. IgG Subclasses Distribution against the Immunodominant Epitopes of GLURP27-500
and MSP-3155_Z49

To evaluate the balance between cytophilic and non-cytophilic antibodies, immun-
odominant epitopes derived from GLURP,7_500 (P1, P3, P4, P11, and S3) and MSP-3155_349
(MSP-3a, MSP-3b, MSP-3c, and DG210) were selected. The results showed that epitopes P1,
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P3, P11, and S3 of GLURP and MSP-3b, MSP-3¢, and DG210 of MSP-3 were preferentially
recognized by IgG1 and IgG3 cytophilic antibodies, while epitopes P4 of GLURP and
MSP-3a of MSP-3 were preferentially recognized by antibodies of the IgG1 subclass. No
difference was observed between IgG1, IgG2, IgG3, and IgG4 antibody levels in responders
to P3, P4, MSP-3a, MSP-3b, and MSP-3c. However, higher IgG1 than IgG3 antibody levels
against P1 and IgG1 than IgG2, IgG3, and IgG4 antibody levels against P11 were detected.
In addition, IgG1 and IgG3 were higher than IgG4 antibody levels against S3 and 1gG2
antibody levels against DG210 (Figure 4).

Responders (%) Reactivity index (median)
I 1gG1 [J1gG2 [ 1gG3 [[]1gG4 ® IgG1 #®1gG2  ®IgG3 ® 1gG4
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Figure 4. Frequency and levels of IgG subclasses against the immunodominant epitopes from
GLURP;7_500 and MSP-3155_549. The bars represent the frequency of responders, and the circles with
broken red lines represent IgG subclasses levels (median). Significant differences among subclass
frequencies were indicated by * and significant differences among subclasses levels were indicated by
+; (*; +) p < 0.05; (**; ++) p < 0.005; (***; +++) p < 0.0005.

IgG1 antibody levels against P1 and P11 were positively correlated with age and
time of residence in malaria-endemic area (P1: p = 0.002; r = 0.530; for both; P11: p = 0.02;
r=0.207; p = 0.03; r = 0.201; respectively). In addition, IgG3 antibody levels against DG210
were associated with the number of previous malaria episodes (p = 0.034; r = 0.240), while
IgG1 antibody levels against P3 were negatively correlated with time elapsed since the last
malaria episode (p = 0.024; r = —0.316).
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3.4. Experimental Validation of Predicted Linear B-Cell Epitopes of Pfs48/45591-428

Two sequences were predicted as potential linear B-cell epitopes on Pfs48/45,91_428
(Pfs48/45a and Pfs48/45b) and selected for experimental validation. Most responders to
Pfs48/45,91_478 recombinant protein presented detectable IgG antibodies against epitopes
Pfs48/45a and/or Pfs48/45b. A higher frequency of individuals presenting IgG antibodies
against Pfs48/45b than Pfs48/45a was observed. However, low IgG antibody levels were
detected in epitopes, without differences between Pfs48/45a and Pfs48/45b (Figure 5).

Pfs48/45 epitopes

B
a5

Reactivity Index (log 2)

°
Gg? o

L ¢

Figure 5. Frequency and levels of IgG antibodies against predicted Pfs48/45591_48 epitopes. (A) Fre-
quencies of IgG responders to Pfs48/4591_4pg epitopes. * p = 0.0097. (B) Levels of IgG antibodies to
Pfs48/45,91_428 epitopes. Reactivity indices are individual values. The dashed red line represents the
positivity limit. Lines represent the median.

The analyses of IgG subclasses were performed in all samples with detectable IgG
antibodies against Pfs48/45a or Pfs48/45b. The frequencies of IgG1, IgG2, IgG3, and IgG4
against Pfs48/45a were 21%, 0%, 37% and 9%, respectively, and against Pfs48/45b were
43%, 11%, 26%, and 21%, respectively. The data showed a higher frequency of individuals
presenting IgG3 than IgG4 antibodies against Pfs48/45a (p = 0.002) and IgG1 than IgG2,
IgG3, and IgG4 antibodies against Pfs48/45b (p < 0.0001, p = 0.03 and p = 0.007 versus IgG2,
IgG3, and IgG4, respectively). No difference was observed in IgGl, IgG2, IgG3, and IgG4
antibody levels against Pfs48/45 epitopes.

3.5. Frequencies and 1gG Antibody Levels in Non-Infected and Infected by P. vivax and
P. falciparum Individuals

Frequencies and IgG antibody levels to GLURP7_500, MSP-3155249, and Pfs48 /45291428
epitopes were compared between non-infected and infected by P. vivax and P. falciparum
individuals. The results showed higher frequencies of individuals responders to P7 and P8
infected by P. falciparum when compared with P. vivax-infected individuals. Responders
to S3 epitope infected by P. vivax were less frequent than non-infected and P.falciparum-
infected individuals. Individuals infected by P. falciparum presented a higher frequency of
response to MSP-3a, MSP-3b, and MSP-3c epitopes than non-infected and P.vivax-infected
individuals, while the frequency of responders to DG210 infected by P. falciparum was
higher than non-infected individuals (Table 2). No difference was observed in frequencies
of responders to P1, P2, P3, P4, P5, P6, P9, P10, P11, S2, Pfs48/45a, and Pfs48/45b between
individuals non-infected and infected by P. vivax or P. falciparum.

78



Vaccines 2023, 11, 446

10 of 17

Reactivity Index (log 2)

Table 2. IgG antibody response in non-infected and P. vivax- or P. falciparum-infected individuals.

NI PV PF

P7 Responders 37/148 (25%) 10/65 (15.4%) 15/45 (33.3%) 2
Non-responders 111/148 (75%) 55/65 (84.6%) 30/45 (66.7%)
P8 Responders 30/152 (19.7%) 6/63 (9.5%) 11/43 (25.6%) ©
Non-responders ~ 122/152 (80.3%) 57/63 (90.5%) 32/43 (74.4%)

S3 Responders 41/161 (25.5%) 3/61 (4.9%) © 11/36 (30.6%)
Non-responders  120/161 (74.5%) 58/61 (95.1%) 25/36 (69.4%)
MSP-3a Responders 15/91 (16.5%) 6/43 (14%) 20/36 (55.6%) d
Non-responders 76/91 (83.5%) 37/43 (86%) 16/36 (44.4%)
MSP-3b Responders 20/90 (22.2%) 11/44 (25%) 19/36 (52.8%) ©
Non-responders 70/90 (77.8%) 33/44 (75%) 17/36 (47.2%)

MSP-3c Responders 42/94 (44.7%) 16/42 (38.1%) 24 /34 (70.6%) f
Non-responders  52/94 (55.3%) 26/42 (61.9%) 10/34 (29.4%)
DG210 Responders 38/93 (40.9%) 23/42 (54.8%) 24/35 (68.6%) 8
Non-responders 55/93 (59.1%) 19/42 (45.2%) 11/35 (31.4%)

NI: non-infected individuals; PV: P. vivax-infected individuals; PF: P. falciparum-infected individuals. * p = 0.02
PE versus PV; ® p = 0.02 PF versus PV; € p = 0.0006 NI versus PV, p = 0.0005 PF versus PV; ¢ p < 0.0001 NI versus
PFE, p = 0.01 PV versus PF; ¢ p = 0.0008 NI versus PF, p = 0.01 PV versus PF; f p =0.009 NI versus PF, p = 0.004 PV
versus PF; 8 p = 0.005 NI versus PF.

IgG antibody levels against P1 were higher in P. vivax and P. falciparum-infected than
in non-infected individuals. In addition, P. falciparum-infected individuals presented higher
IgG antibody levels than P. vivax-infected and non-infected individuals against DG210 than
non-infected individuals against Pfs48/45b (Figure 6). No difference was observed in antibody
levels against P2, P3, P4, P5, P6, P7, P8, P9, P10, P11, S2, S3, MSP-3a, MSP-3b, MSP-3¢, and
Pfs48/45a epitopes between non-infected and infected by P. vivax or P. falciparum individuals.

P1 DG210 Pfs48/45b
8 - 6
—_— —
4 — . & 8 &
g H
4 : X
24 3 -
£ £
2 Fd
1 3 B} H
s z ;
0.5 & &
0.25 0.25 T + T

Figure 6. Levels of IgG antibodies (reactivity index) against P1, DG210, and Pfs48/45b epitopes in non-
infected and infected by P. vivax and P. falciparum individuals. Reactivity indices are individual values.
The dashed red line represents the positivity limit. Lines represent the median. NI: non-infected
individuals; PV: P. vivax-infected individuals; PF: P. falciparum-infected individuals. P1: * p = 0.02
NI versus PV, ** p = 0.002 NI versus PF; DG210: * p = 0.01 NI versus PF, ** p = 0.001 PV versus PF;
Pfs48/45b: ** p = 0.002 NI versus PF.

4. Discussion

The GMZ2.6¢ malaria vaccine candidate is a multi-stage P. falciparum chimeric pro-
tein that contains the sexual-stage Pfs48/4591_428 fragment genetically fused to GMZ2, an
asexual-stage vaccine construction consisting of GLURP,7_509 and MSP-3155_249 antigens [9].
The GMZ2.6¢ and its components were widely recognized by naturally acquired antibodies
from Brazilian exposed individuals [20]. Antibodies recognize and bind their target protein
antigens by surface-accessible sites, known as antigenic determinants or epitopes [28]. The
identification of B-cell epitopes of proteins is an important tool for the development of
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epitope-based vaccines [29], diagnostic tests [30], immunotherapy [31], and understanding
specific immune responses against pathogens. This work identified and validated the im-
munodominant B-cell epitopes of GLURP,7_500, MSP-3155-249, and Pfs48/45591_4p8 antigens,
components of GMZ2.6¢ malaria vaccine candidate in individuals exposed to malaria in
the Brazilian Amazon.

The studied population was composed of individuals living in three malaria-endemic
areas of the Brazilian Amazon, Cruzeiro do Sul and Mancio Lima, Acre State, and Guajara,
Amazonas State. The highly variable range of age, time of residence in the endemic area,
reported number of previous malaria episodes, and the time elapsed from the last infection
indicated different degrees of exposure among the studied individuals, an important
determinant of protection against clinical malaria [32,33]. Most of the individuals reported
previous infections by both P. falciparum and P. vivax, but P. vivax was the most prevalent
infecting plasmodial species, reflecting the current malaria scenario in Brazil, where 89% of
the recorded cases are due to P. vivax infection [34].

GLURP and MSP-3 were identified as targets of naturally acquired antibodies capable
of mediating parasite killing in cooperation with monocytes [35,36] associated with malaria
protection in several epidemiological statuses [37-42]. Considering the protective role of
antibodies against GLURP and MSP-3, the antigenicity of these proteins has been evaluated
in epitope mapping studies. In the present work, 13 peptides derived from GLURP,7_509
previously predicted as potential B-cell epitopes [27], four peptides derived from MSP-
3155-249, a polypeptide recognized by antibodies from clinical immune individuals utilizing
clones from a DNA library, and its three overlapping peptides [26,35] were used.

Epitope P11 was identified as the immunodominant of the GLURP with both higher
frequency of responders and IgG antibody levels in the studied population. Likewise,
P11 was identified as the immunodominant B-cell epitope of the GLURP in individuals
living in Rondoénia State, also in the Brazilian Amazon [43], and Saimiri sciureus monkeys
immunized with a hybrid protein containing the RO region of GLURP and the C-terminal
region of MSP-3 [44]. In contrast, only 29% of clinical immune Liberian adults present
antibodies against P11, while the immunodominant epitopes were P1, P3, P4, and S3 [27].
The differences in the immunodominance of GLURP B-cell epitopes may be due to poly-
morphisms in the RO region of GLURP when isolates from different geographic areas were
compared [45], genetic restriction of the antibody response against GLURP-RO epitopes [43]
or differences transmission intensities [46] between endemic areas.

Although with low frequency, the responding individuals displayed high levels of
IgG antibodies against the P1, P3, P4, and S3 GLURP epitopes. Interestingly, P1, P3, and
P4 contain a common motif (EPFPXQXHK) that appears to be targeted by cross-reactive
antibodies [27]. Similarly, affinity-purified antibodies to S3 can recognize the 54 peptide
derived from the C-terminal R2 region of GLURP [27]. This finding may suggest that the
high antibody levels against these peptides could be the result of cross-reactivity.

The linear peptide containing the amino acid sequence of DG210 from MSP-3 was
also shown to be widely recognized by high levels of naturally acquired IgG antibod-
ies. Interestingly, similar frequency and antibody levels to peptide MSP-3c were found,
suggesting that antibody response against DG210 may primarily target this epitope in
the studied population. Many seroepidemiological studies demonstrated distinct profiles
of antibody response to peptides derived from MSP-3CT. Peptide MSP-3b is the major
B-cell epitope in hyperimmune individuals [26,35], while subjects with diverse degrees of
exposure showed no differences between prevalence and antibody levels against MSP-3b,
MSP-3¢, and MSP-3d [47]. Antibodies induced after immunization with MSP-3CT LPS
were directed against peptides MSP-3c and MSP-3d [48,49], but similar antibody levels
against all peptides were found.

It is widely accepted that cytophilic IgG1 and IgG3 isotypes are the main mediators
of the protective humoral response against P. falciparum blood-stage antigens, promoting
Fc-mediated effector functions as antibody-dependent cellular inhibition (ADCI) [50,51],
opsonic phagocytosis [52,53], antibody-dependent respiratory bursty (ADRB) [54] and
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complement activation [55,56]. In contrast, non-cytophilic IgG subclasses (IgG2 and IgG4)
with the same specificity could block these effector mechanisms [57]. In our cohort, all the
immunodominant epitopes of GLURP and MSP-3 are primarily targeted by IgG1 and/or
IgG3 antibodies—predominantly IgG3 isotype against epitope S3 and IgGl isotype against
other epitopes. The prevalence of cytophilic antibodies against MSP-3 and GLURP epitopes
was also observed in exposed individuals from Africa [47,58] and immunized European
volunteers [48] associated with protection. It is known that genetic background, degrees of
exposure of the population, and malaria transmission levels may influence the distribution
of IgG subclasses against plasmodial antigens [59]. However, these data suggest that
intrinsic characteristics of these antigens might be the major factor that determines antibody
cytophilic IgG subclasses response, driving to B-cell activation by the binding of CD40 to
CD40L expressed on the surface of activated T cells providing the costimulatory signal and
cytokines release, influencing the IgG class switching [60,61].

Correlation analysis of the immune response and epidemiological data showed that
IgG1 antibody levels against GLURP epitopes P1 and P11 were positively correlated with
age and time of residence in malaria-endemic area, while IgG3 antibody levels against
MSP-3 epitope DG210 were associated with the number of previous malaria episodes. In
addition, IgG1 antibody levels against GLURP epitope P3 were negatively correlated with
time elapsed since the last malaria episode. These may reflect the cumulative exposure of
these individuals to P. falciparum infections and possibly maturation of the immune system
over time [17] but did not provide evidence of a possible protective role of these antibodies
since no relationship was verified between the prevalence or levels of specific antibodies
and the presence or absence of parasites in the blood, the presence or absence of symptoms
at the time of collection, and parasitemia. A detailed evaluation of the functional activity of
specific antibodies against these peptides is currently being conducted in our laboratory
and may generate further evidence of their possible protective role.

The Pfs48/45 antigen is one of the most well-characterized antibody targets of P. falciparum
gametocytes. Several studies showed that antibodies against Pfs48/45 displayed a trans-
mission reduction activity in the standard membrane-feeding assay (SMFA) [62,63], and
antibodies against the conformational epitope I in the 6c domain of Pfs48/45 have strong
transmission block potential in genetically diverse parasite strains and multiclonal infec-
tions [64,65]. Transmission-blocking antibodies are known to often target conformational-
dependent epitopes [66], and no linear B-cell epitopes against Pfs48/45 have been described.
Here, we identified two potential linear B-cell epitopes (Pfs48/45a: Pfs48/45358 366 and
Pfs48/45b: Pfs48/4538_391) of Pfs48/45-6¢c domain using in silico BepiPred algorithm [25].
Most of the responders to Pfs48/45591_478 recombinant protein (68.5%) presented detectable
IgG antibodies against Pfs48/45a and/or Pfs48/45b peptides, validating the prediction of
linear B-cell epitopes. These frequencies are comparable to those found for GLURP,7_509
(70.9%) and MSP-3155_249 (64.7%) peptides in this study, as well as other P. falciparum anti-
gens [67-69]. A higher frequency of responders to Pfs48/45b was observed, despite no
difference between the antibody levels against both epitopes. Interestingly, antibody levels
against Pfs48/45a and Pfs48/45b were similar to those against Pfs48/45,91_478 recombi-
nant protein [20]. These findings indicate that although the minority of B-cell epitopes are
linear (~10%) [70], they might be an interesting antibody target. However, the most potent
transmission-blocking epitope in Pfs48/45-6¢ is conformational, and the production of a
non-properly folded protein did not elicit functional antibodies in mice [71]. Further, the
immunization with full-length Pfs48/45 has revealed that a larger number of antibodies
with no transmission-blocking potential recognize the 6¢ domain of Pfs48/45 [72]. Addi-
tional studies are needed to better understand the humoral immune response against these
epitopes and their possible transmission-blocking activity.

Studies have revealed that the high transmission-blocking efficacy of the monoclonal
antibody 85RF45.1 is due to its ability to block the normal function of Pfs48/45 or its
binding partners [72], and several IgG subclasses may contribute to the transmission-
blocking activity. Curiously, the high frequency of IgG1 and IgG3 against Pfs48/45b
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and Pfs48/45a, respectively, and the less proportion of IgG2 and IgG4 antibodies to both
epitopes suggest a possible role of the classical complement activation pathway. Although
there is no evidence of the relevance of the anti-Pfs48/45 antibody-complement system
interaction in transmission-blocking immunity, antibodies against the sexual-stage antigen
Pfs230 showed an increase in transmission-blocking activity in the presence of human
complement system proteins [73].

Specific antibodies against sexual-stage antigens are also related to age and serve
as markers of exposure, increasing according to gametocyte densities [62,74,75], but no
correlation with epidemiological parameters was found in this study. This finding is
not surprising since, in malaria-endemic areas, infections are determined by microscopic
parasite counts, and gametocytes normally occur at low densities. In addition, no other
higher-sensitive method to detect gametocytes was used.

In conclusion, the data presented here showed that P11 from GLURP, MSP-3¢, and
DG210 from MSP-3, and the predicted epitopes Pfs48/45a and Pfs48/45b from Pfs48 /45591
were widely recognized by antibodies from individuals living in endemic areas of Brazil.
Combined immunoinformatic and experimental approach strategies identified several
linear B-cell epitopes from GLURP7_500, MSP-3155_249, and Pfs48 /45291428 fragments that
composed GMZ2.6¢, providing additional information that may suggest its relevance as a
multi-stage malaria vaccine candidate. Further studies are needed to assess the potential of
specific antibodies against GMZ2.6¢ epitopes in the inhibition of P. falciparum growth and
transmission-blocking activity.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/vaccines11020446 /s1, Table S1: IgG reactivity index for GLURP,
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3.3. Resultados complementares

3.3.1. Ensaio de Imunofluorescéncia

Anticorpos 1gG de 20 individuos das areas endémicas de malaria estudadas
com altos niveis de anticorpos IgG especificos contra GLURP e MSP-3 foram
purificados por cromatografia de afinidade usando colunas Hi-Trap Proteina G de
1mL (GE Healthcare Life Sciences), de acordo com as instru¢des do fabricante. Em
resumo, amostras de plasma foram centrifugadas (14.000 RPM por 5 minutos), o
sobrenadante foi filtrado em um filtro de 0.45um (Millipore) e adicionado numa
coluna equilibrada com tampéo fosfato de sodio 0.02M, pH 7, a uma taxa de fluxo de
ImL/min. A fracdo IgG foi eluida com tampéo 0.1M glicina/HCL, pH 2.7, com a
mesma taxa de fluxo. As fracdes eluidas foram imediatamente neutralizadas com 1M
Tris/HCL, pH 9, e dialisadas contra PBS. Os anticorpos especificos anti-GLURP e -
MSP-3 foram purificados do IgG total por cromatografia de afinidade utilizando
colunas Hi-Trap NHS-activated de 1mL (GE Healthcare Life Sciences) contendo 1mg
de GLURP-RO ou MSP-3-C-terminal acoplados a coluna de acordo com as
instrugBes do fabricante. IgG total foi adicionado nas colunas com GLURP e MSP-3
equilibrada com tampéo fosfato de sodio 0.02M, pH 7, a uma taxa de fluxo de
ImL/min. Anticorpos IgG especificos ligados a coluna foram eluidos com tampéo
0.1M glicina/HCL, pH 2.7, com a mesma taxa de fluxo. As fragbes eluidas foram
imediatamente neutralizadas com 1M Tris/HCL, pH 9, e dialisadas contra PBS.
Também foram purificados anticorpos IgG do plasma de 5 individuos de area néo
endémica de maléaria no Rio de Janeiro (NIG - controle negativo) e de 1 pool de
imunoglobulinas de Africanos hiperimunes (PIAG — controle positivo). Os anticorpos
purificados foram esterilizados em filtro 0.22um (Millipore), quantificados utilizando
NanoDrop™ Lite (Thermo Fisher Scientific) e armazenados a -20°C até a sua

utilizacao.

Os parasitos Plasmodium falciparum (cepa D10) foram cultivados em
hemacias humanas do tipo O+, em um hematocrito de 4% em meio RPMI-HEPES
(Sigma-Aldrich) suplementado com 0.5% (w/v) de Alboumax™ (Invitrogen), e mantidos a
37°C na mistura ideal de gases (5% de O2, 5% de CO2 e 90% de N2) (160). A cultura
foi sincronizada pelo tratamento com sorbitol (Sigma-Aldrich), como descrito
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anteriormente (161). O isolamento dos merozoitos foi realizado como descrito
previamente (162), esquizontes foram tratados com 10uM do inibidor de protease E64
(Sigma-Aldrich) por cerca de 12 horas. Apds isso, a cultura foi filtrada em filtro de
1.2um/32mm (Millipore) e a hemozoina foi removida através da passagem do filtrado

em coluna magnética LS (Miltenyi Biotec).

Os merozoitos isolados foram incubados por 1h com 100 ug/ml de anticorpos
purificados anti-MSP-3 ou -GLURP, além de IgG total dos controles positivo e
negativo a 37°C. O complexo merozoitos e anticorpos foi lavado 3 vezes com
tampéao fosfato salina 1X (Phosphate Buffered Saline — PBS) e fixado nas laminas
com 4% de paraformaldeido (ProSciTech) por 30 minutos. Apds secagem, as
laminas foram bloqueadas com PBS 1x contendo 3% de Albumina de Soro Bovina
(Bovine Serum Albumin — BSA) (Sigma-Aldrich) por 1h. As laminas foram lavadas
com PBS 1X e incubadas com anticorpo anti-lgG humana diluido (1:2000) em PBS
1X contendo 3% de BSA por 30 minutos. Em seguida, as laminas foram lavadas e
incubadas com anticorpo anti-lgG de camundongo conjugado com Alexa594 diluido
(1:1000) em PBS 1X contendo 3% de BSA por 30 minutos. As laminas foram
lavadas, montadas em meio de montagem Vectashield (Vecta Laboratories)
contendo 0.1 pg/ml 4', 6—diamidino-2-phenylindole (DAPI, Invitrogen), seladas e
mantidas a 4°C sob o abrigo de luz até a obtencéo das imagens. As imagens foram
capturas utilizando o microscopio invertido Nikon Eclipse Ti Confocal (Nikon) com a
objetiva de 100x 1.45, e tratadas utilizando o software ImageJ (National Institute of
Health).

Verificamos que os anticorpos IgG naturalmente adquiridos dirigidos as
regides RO da GLURP e C-terminal da MSP-3 de individuos residentes nas areas
endémicas estudadas e as IgGs purificadas do controle positivo reconheceram a
proteina nativa em ensaios de imunofluorescéncia. Como esperado, as IgGs

purificadas do controle negativo ndo reconheceram o parasito (Figura 10).
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Figura 10: Anticorpos anti-GLURP e anti-MSP-3 s&o capazes de reconhecer a

proteina nativa do parasito. NIG: Controle negativo; PIAG: Controle positivo. Barra de escala
representa 5 pym.

3.3.2. Avaliacdo da resposta imune celular contra a proteina GMZ2.6¢ e
seus componentes (MSP-3, GLURP e Pfs48/45).

Aproximadamente 16mL de sangue foram coletados por via endovenosa em
tubos vacuntainer com heparina (Becton & Dickinson). As células mononucleares do
sangue periférico (Peripheral blood mononuclear cells - PBMCs) foram isoladas por
centrifugacdo em gradiente ficoll-hypaque usando o Histopaque densidade
1,077g/ml (Sigma-Aldrich), na proporcéo 2:1 e centrifugado por 30 minutos a 400 x g
a temperatura ambiente. As células foram lavadas trés vezes com PBS 1X,
ressuspendidas em Soro Fetal Bovino (SFB) (Gibco, Thermo Fisher Scientific Inc.)
inativado com 10% de Dimetilsulfoxido (DMSO) (Sigma-Aldrich) e transferidas para

tubos de criopreservacgdo. Os tubos foram armazenados em recipientes Mr. Frosty™
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(Nalgene, Sigma-Aldrich) a -70°C por pelo menos 12 horas e transferidas para o

nitrogénio liquido (N2), onde permaneceram até o momento do uso.

O descongelamento das amostras criopreservadas foi realizado pela imerséo
em banho-maria a 37°C, seguido da adicdo de 0,5mL, 1mL, 2mL e 4mL de solucao
de descongelamento (RPMI 1640 contendo 2mM L-glutamina (Sigma-Aldrich)
suplementado com 10% de SFB) em intervalos de 1 minuto. Apés isso, as amostras
foram lavadas duas vezes e ressuspendidas em 1mL de meio RPMI 1640 completo
(10mM de Hepes (Sigma-Aldrich), 1mM de piruvato de sodio (Gibco Industries, Inc.),
200U/mL de penicilina e 200pug/mL de estreptomicina (Gibco Industries, Inc.), 55uM
de 2-mercaptoetanol (Gibco Industries, Inc.) e 2g/L de bicarbonato de sodio (Sigma-
Aldrich), suplementado com 10% de SFB) para contagem das células. Para a
contagem das células, 5uL de suspensao celular foram adicionados em 95uL de azul
de tripan 0.2% (Sigma-Aldrich). Um volume de 10uL dessa solucéo foi adicionado na
camara de Neubauer (Bright-line, Electron Microscopy Sciences) e células viaveis e
nao viaveis foram contadas em microscopio 6tico (Olympus BH2, Global Medical
Instrumentation Inc.) em aumento de 40X. As amostras foram ajustadas para 2,5 x
10° de células/100uL para posterior utilizacdo para avaliacdo das populacdes
celulares ex-vivo e ap0s cultura na auséncia e presencas dos estimulos GMZ2.6¢
(10pg/mL), GLURP-RO (10upg/mL), MSP-3-C-terminal (10pug/mL) e Pfs48/45-6C
(10upg/mL), e os mitbgenos PMA (50ng/mL) e lonomicina (250ng/mL) por 96 horas a
37°C em uma atmosfera de 5% de COz, e ELISpot para mapeamento dos epitopos

de célulaT.

3.3.2.1. Imunofenotipagem das subpopula¢des linfocitarias

Para a imunofenotipagem das populacdes linfocitarias por citometria de fluxo,
as células (ex vivo e apoés cultura celular) de 18 individuos expostos a infec¢do nao
parasitados (Grupo EXP) e 8 individuos parasitados por P. falciparum (Grupo PF)
foram incubadas com 100uL de PBS 1X suplementado com 1% de SFB contendo
anticorpos monoclonais direcionados a moléculas de superficie celular por 40
minutos a 4°C sob o abrigo da luz (Anti-CD69 PE-Cy, anti-CD3 APC-H7, anti-CD4
PE, anti-CD8 BV650, anti-CD19 BV421, anti-CD4 PerCP Cy 5.5, anti-CD45 RA PE-

Cy7, anti-CD45 RO BB515, anti-CD197 PE e anti-CD62L APC — BD cat — 335792,
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56016, 561844, 563821, 562440, 560650, 560675, 564529, 560765 e 559772,
respectivamente, BD Biosciences). Apdés a marcacdo, as células ex vivo foram
lavadas e fixadas com paraformaldeido 2% (Sigma-Aldrich) por 30 minutos, lavadas,
ressuspendidas em 300uL de PBS 1X e mantidas a 4°C sob o abrigo da luz até
serem adquiridas. As células provenientes da cultura celular, ap6s marcacédo, foram
lavadas e incubadas com 100puL de tampédo de Anexina V contendo Anexina V e 7-
AAD (BD Biosciences) por 15 minutos a 4°C sob o abrigo da luz, ressuspendidas em
300uL de tampédo de anexina V e rapidamente adquiridas. As células foram
adquiridas pelo citbmetro de fluxo CytoFlex (BeckmanCoulter) da Plataforma de
Citometria de Fluxo do Instituto Oswaldo Cruz e os dados obtidos foram analisados
no software Flow Jo (TreeStar). As andlises estatisticas foram realizadas usando o
software GraphPadPrism (GraphPad Software, Inc) e as diferencas foram verificadas
pelos testes One-Way ANOVA seguido do Tukey’s posttest para multiplas andlises e
teste T de Student para diferencas entre dois grupos, sendo um valor de p<0.05

considerado estatisticamente significativo.

3.3.2.1.1. Caracteristicas da populacéo estudada

A resposta celular foi avaliada em individuos expostos n&o infectados e
infectados por P. falciparum. Nao observamos quaisquer diferencas em relacédo a
género, idade, tempo de residéncia em &rea endémica, numero de episddios

anteriores e tempo decorrido desde a ultima infeccdo de malaria (Tabela 2).
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Tabela 2: Caracteristicas pessoais e epidemiolégicas dos grupos EXP e PF

para avaliacdo da resposta imune celular contra as proteinas recombinantes

GMZ2,6¢c, GLURP, MSP-3 e Pfs48/45.

EXP (n=18) PF (n=8)

Dados pessoais
Género Masculino 11 (61.1%) 4 (50%)

Feminino 7 (38.9%) 4 (50%)
Idade 32.9+16.2 36.3+11.2
Tempo de residéncia em &rea endémica 30.8+17 28.7+£16.2
de malaria (anos)
Dados clinicos e epidemiolégicos
Ndmero de episddios anteriores de malaria 9+7.4 15.3+9.3
Tempo decorrido desde o Ultimo episédio 34.1+28.4 12.2+10.5

de malaria (meses)

3.3.2.1.2. Avaliacdo da viabilidade celular ex vivo e ap6s cultivo de 96h

A viabilidade das células mononucleares de sangue periférico foi avaliada
pela contagem de células coradas por azul de tripan apés o descongelamento.
Individuos expostos ndo infectados apresentaram uma maior frequéncia de células
vidveis (93.78% + 0.95) quando comparado aos individuos parasitados por P.
falciparum (90% + 1.35) (p = 0.039).

Apbs o cultivo de 96h, as PBMCs foram marcadas com 7-AAD e Anexina V e
a andlise da viabilidade celular foi realizada por citometria de fluxo (Figura 11).
Nenhuma diferenca significativa foi observada entre a frequéncia de linfécitos viaveis
de individuos dos grupos EXP e PF apds o cultivo de 96h na auséncia ou presenca

de diferentes estimulos (Figura 12).
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Figura 11: Representacdo gréafica da estratégia utilizada para quantificar o
percentual de linfocitos viaveis (7-AADAnexina V') apdés cultura de 96h na
auséncia ou presenca de diferentes estimulos.
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Figura 12: Avaliacdo da viabilidade celular ap6s cultivo de 96h na auséncia ou

presenca dos estimulos GMZ2.6¢c, GLURP, MSP-3, Pfs48/45 e PMA/lonomicina.
As barras representam as médias e as linhas o desvio padrédo. EXP: Grupo exposto a malaria ndo
parasitado; PF: Grupo exposto a malaria parasitado por P. falciparum.

Nossos resultados mostraram uma reducdo na viabilidade celular apds a
cultura de 96h quando comparado a viabilidade apdés o descongelamento, e essa
reducdo da viabilidade é independente da presenca ou do estimulo utilizado.
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3.3.2.1.3. Avaliacdo das populacdes de linfocitos T CD4*, T CD8* e B

As populacdes de linfécitos T CD4*, T CD8* e B (CD19*) de individuos
expostos néo parasitados e parasitados por P. falciparum ex vivo e estimuladas por
96h na auséncia e presenca dos estimulos GMZ2.6¢c, GLURP, MSP-3, Pfs48/45 e

PMA/ionomicina foram avaliadas por citometria de fluxo (Figura 13).
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Figura 13: Representacdo grafica das estratégias de gates utilizadas para a
guantificacdo do percentual de linfécitos T CD4* (CD3*CD4*), CD8* (CD3*CD8*)
e B (CD19*) ex vivo (A) e apds cultura de 96h na auséncia ou presenca de
diferentes estimulos (B).

Nos experimentos ex vivo, os linfocitos T CD4* foram encontrados em maior
frequéncia quando comparadas com os linfécitos T CD8* (p < 0.0005) e linfocitos B
(p < 0.0005) nos grupos estudados. Da mesma forma, linfécitos T CD8* foram
encontrados em maior frequéncia quando comparados aos linfécitos B nos grupos
EXP (p < 0.0005) e PF (p =
significativa entre as frequéncias de linfocitos T CD4*, T CD8" e B nos grupos
estudados (Tabela 3).

0.0006). Nao observamos nenhuma diferenca
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Tabela 3: Frequéncias de linfocitos T CD4*, T CD8* e B ex vivo dos individuos

dos grupos EXP e PF.

68.03 + 8.99 71.91 +6.29
2434+ 7.4 22.03+4.74
11.51 +£3.99 9.74 +5.41

EXP: Grupo exposto a malaria ndo parasitado; PF: Grupo exposto a malaria parasitado por P.
falciparum.

N&o observamos diferenca significativa no percentual de células T CD4* na
auséncia ou presenca dos diferentes estimulos nos grupos estudados. Entretanto,
individuos do grupo PF apresentaram maiores percentuais de linfocitos T CD4* apos
os estimulos com GMZ2.6¢ (p = 0.0139), GLURP (p = 0.02), MSP-3 (p = 0.0369) e
Pfs48/45 (p = 0.022) quando comparados com individuos do grupo EXP. Individuos
do grupo EXP apresentaram percentuais semelhantes de linfocitos T CD8* na
auséncia ou presenca de diferentes estimulos, enquanto um maior percentual de
linfécitos T CD8* no grupo PF foi observado apds o estimulo com GLURP quando
comparado as células ndo estitumuladas e estimuladas com GMZ2.6¢c, MSP-3 e
Pfs48/45 (p < 0.0005 para todas as analises). Quando comparamos as frequéncias
de células T CD8* entre os dois grupos, observamos um menor percentual no grupo
PF apos o estimulo com a GMZ2.6¢ (p = 0.033) e maior percentual apos o estimulo
com a GLURP (p = 0.004). N&o observamos diferencas significativas entre o
percentual de linfocitos B nos dois grupos estudados na auséncia ou presenca dos

diferentes estimulos (Figura 14).
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Figura 14: Avaliacdo das populacGes de linfécitos T CD4*, CD8* e B apés
cultivo de 96h na auséncia ou presenca dos estimulos GMZ2.6¢c, GLURP, MSP-

3, Pfs48/45 e PMA/lonomicina. As barras representam as médias e as linhas o desvio padr&o.

EXP: Grupo exposto a malaria ndo parasitado; PF: Grupo exposto a malaria parasitado por P.
falciparum.
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3.3.2.1.4. Avaliacdo da ativacado celular ex vivo e apdés cultivo de 96h na
auséncia ou presenca dos estimulos GMZ2.6¢c, GLURP, MSP-3, Pfs48/45
e PMA/lonomicina

A ativacao celular ex vivo e ap0s cultura na auséncia ou presenca de
diferentes estimulos foi avaliada através da expressdo do marcador de ativagao

CD69 por citometria de fluxo (Figura 15).
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Figura 15: Representacdo grafica das estratégias de gates utilizadas para a

guantificacdo do percentual de linfécitos T CD4* (CD3*CD4*CD69*), CD8*
(CD3*CD8"CD69") e B (CD19*CD69*) ativados.
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Os grupos EXP e PF apresentaram perfis semelhantes de ativacdo de
linfécitos T CD4* ex vivo, entretanto observamos maiores percentuais de ativacédo de
linfécitos T CD8* (p = 0.001) e B (p = 0.008) no grupo PF quando comparado ao
grupo EXP. Apos o cultivo de 96h, podemos observar um maior percentual de
linfécitos T CD4* e B ativados na auséncia (p = 0.0122 e p = 0.0026 para linfécitos T
CD4* e B, respectivamente) e presenca do estimulo GMZ2.6¢ (p = 0.0204 e p =
0.0162 para linfocitos T CD4* e B, respectivamente) no grupo PF quando comparado
ao grupo EXP, enquanto nenhuma diferenca estatistica foi observada no perfil de
ativacdo dos linfocitos T CD8* nos dois grupos na auséncia ou presenca de
diferentes estimulos e linfocitos T CD4* e B estimulados com GLURP, MSP-3 e
Pfs48/45. Adicionalmente, verificamos um menor percentual de linfocitos B ativados
nas células ex vivo guando comparadas as células estimuladas com GMZ2.6¢ (p =
0.0292) e Pfs48/45 (p = 0.0119) no grupo PF (Tabela 4).

Tabela 4: Ativacao celular dos linfécitos T CD4*, T CD8* e B de individuos dos
grupos EXP e PF ex vivo e ap6s 96h de cultura na auséncia ou presenca dos
estimulos GMZ2.6¢c, GLURP, MSP-3, Pfs48/45 e PMA/lonomicina.

0.46+0.4 0.59+0.4 1.74+1.8 0.43+0.2 1.21+04% 3.72+0.8""
0.56 + 0.2 209+2.1 4.1+3.2 0.79+0.2° 289+24 7.58+3.3¢
0.49+0.3 29829 516 4.1 092+0.2° 43+438 9.89+48"'
0.49+0.3 21422 3.98 +3.6 0.65+0.2 3.22+25 6.87 £ 2.6
0.58+0.4 3.11+£35 7.05+£6.7 0.87+£0.2 3.56 £ 3.3 9.28+4.2
0.89+1.2 3.32+x4.1 6.04 £5.6 1.11+0.3 484 +£4.6 10.51+5.9
83.23+5.2 87.1+10.7 87.89+12.9 77+11.2 88.46 £ 7.2 96.65+2.1

EXP: Grupo exposto a malaria ndo parasitado; PF: Grupo exposto a malaria parasitado por P.
falciparum; lon: lonomicina. # p = 0.001 CD8*CD69* PF versus EXP ex vivo; ° p = 0.008 CD8*CD69*
PF versus EXP ex vivo; ¢ p = 0.0122 CD4*CD69* PF versus EXP e ¢ p = 0.0026 CD19*CD69" PF
versus EXP sem estimulo; ¢ p = 0.0204 CD4*CD69* PF versus EXP e ' p = 0.0162 CD19*CD69* PF
versus EXP GMZ2.6¢c; * p = 0.0292 CD19+CD69+ ex vivo versus GMZ2.6c e p = 0.0119
CD19+CD69+ ex vivo versus Pfs48/45.
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3.3.2.1.5. Caracterizacao funcional das populacdes de linfécitos T CD4* e
CD8* ex vivo

As subpopulacdes de linfécitos T CD4* e CD8* foram caracterizadas como
naive (CD45RA*CD45R0O"), em transicdo naive/memoria (CD45RA*CD45R0O") e
memoria (CD45RA CD45R0O™") de acordo com a expressao das diferentes isoformas
do antigeno leucocitario comum CD45RA e CD45R0O. Além disso, as células T de
memoria foram caracterizadas como células de memaria central (CD197*CD62L") e
memoria efetora (CD197-CD62L") de acordo com a expressao das moléculas CCR7
e CD62L (Figura 16).
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Figura 16: Representacdo grafica das estratégias de gates utilizadas para a
guantificacdo do percentual das subpopulagdes de linfécitos T CD4* e CD8*
naive (CD45RA*CD45R0O"), em transicdo naive/memaoria (CD45RA*CD45R0O") e
de meméria (CD45RACD45R0"), assim como as subpopulacdes de linfécitos T
de memoria central (CD45RO*CD197*CD62L*) e efetora (CD45RO*CD197
CD62LY).
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A caracterizacdo de linfocitos T CD4* e CD8* demonstrou percentuais
semelhantes de células naive, em transicdo naive/memoria e de memoria nos dois
grupos estudados. Nos grupos EXP e PF um menor percentual de células T CD4*
em transicdo naive/memoria foi observado quando comparado aos percentuais de
células T CD4* naive e de memoria (p < 0.005 para todas as analises). Entretanto,
somente no grupo EXP um maior percentual de linfocitos T CD4* de memoria
qguando comparado ao percentual de linfocitos T CD4* naive foi observado (p <
0.0005). Em relacdo aos linfocitos T CD8*, observamos maiores percentuais de
células T CD8* naive nos dois grupos estudados (p < 0.0005 para todas as
analises). Contudo, somente 0 grupo exposto apresentou um maior percentual de
linfécitos T CD8* de memodria quando comparado ao percentual de células T CD8*

em transicdo naive/memoria (p < 0.0005) (Figura 17).

p < 0.0005
< 0.0005 < 0.0005
80 - — 1 T
60
. _{
‘+ 404
a
(@]
201
0 T T T T
B — — * -
EXPp bE CD45RA+CD45RO+
I cp45RA'CD45RO
B Cp45RACD45RO”
p < 0.0005
100 A 1
< 0.0005 D < 0.0005
80 < 0.0005
1
2 o] |
R
[e0]
(a]
o 40A
20 I

0 T

1
EXP PE

Figura 17: Subpopula¢cdes de linfécitos T CD4* e CD8* naive, em transicao

naive/memaria e de memaria nos grupos EXP e PF ex vivo. As barras representam
as médias e as linhas o desvio padrdo. EXP: Grupo exposto a maléria ndo parasitado; PF: Grupo
exposto a malaria parasitado por P. falciparum. CD45RA*CD45RO™: naive; CD45RA*CD45RO™:

Transicdo naive/memoria; CD45RA CD45R0O*: memoria.
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Os linfocitos T CD4* e CD8* de memoria foram ainda caracterizados como
linfécitos T de memoaria central e efetora. Podemos observar um maior percentual de
células T CD4* de memoria efetora no grupo EXP quando comparado ao percentual
de células T CD4* de memodria central (p < 0.0005) enquanto nenhuma diferenca
significativa foi observada no grupo PF. Entretanto quando comparamos os dois
grupos, observamos uma reducdo no percentual de células T CD4* de memoria
efetora (p = 0.0143) e aumento no percentual de células T CD4* de memodria central
(p = 0.0162) no grupo PF. Em relag&o aos linfécitos T CD8*, um maior percentual de
linfécitos T CD8* de memodria efetora quando comparado ao percentual de linfocitos
T CD8* de memodria central foi observado nos dois grupos (p < 0.0005). No grupo
PF, um maior percentual de linfocitos T CD8* de memoria central foi observado

guando comparado ao grupo EXP (p = 0.0287) (Figura 18).
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Figura 18: Subpopulacdes de linfécitos T CD4* e CD8* de memoria central e

efetora nos grupos EXP e PF ex Vvivo. As barras representam as médias e as linhas o
desvio padrdo. EXP: Grupo exposto a malaria ndo parasitado; PF: Grupo exposto da malaria
parasitado por P. falciparum.CD197*CD62L*: memoria central; CD197-CD62L": memodria efetora.
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3.3.2.1.6. Caracterizacao funcional das populacdes de linfécitos T CD4* e
CD8" ap6s cultivo de 96h na auséncia ou presenca dos estimulos
GMZ2.6¢c, GLURP, MSP-3, Pfs48/45 e PMA/lonomicina

A caracterizagcdo funcional das subpopula¢ées de linfécitos T CD4* e CD8*
também foi realizada apos cultivo de 96h na auséncia ou presenca dos estimulos
GMZz2.6¢c, GLURP, MSP-3, Pfs48/45 e PMA/lonomicina. Nao observamos diferencas
significativas entre os percentuais de linfécitos T CD4* naive, em transicdo
naive/memoria e de memoéria entre os dois grupos na auséncia ou presenca de

diferentes estimulos (Figura 19).
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Figura 19: Subpopulacdes de

CD45R0O*: memodria.

PF

linfocitos T CD4* naive, em transicdo
naive/memaria e de memoria nos grupos EXP e PF apds cultivo de 96h na
auséncia e presenca dos estimulos GMZ2.6c, GLURP, MSP-3, Pfs48/45 e

PMA/lonomicina. As barras representam as médias e as linhas o desvio padrdo. EXP: Grupo
exposto a malaria ndo parasitado; PF: Grupo exposto a malaria parasitado por P. falciparum; lon:
lonomicina. CD45RA*CD45RO": naive; CD45RA*CD45RO"*: Transicdo naive/memoéria; CD45RA
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Entretanto, quando comparamos o0s percentuais de linfocitos T CD4* de
memoria central e efetora nos dois grupos, observamos maiores percentuais de
linfécitos T CD4* de memoria central no grupo PF quando comparado ao grupo EXP
apos o cultivo na auséncia (p = 0.0316) e presenca dos estimulos GMZ2.6¢ (p =
0.0065), GLURP (p = 0.0033) e Pfs48/45 (p = 0.0086). Além de um menor
percentual de linfocitos T CD4* de memdria efetora no grupo PF quando comparado
ao grupo EXP apds o cultivo na auséncia (p = 0.0098) e presenca dos estimulos
GMZz2.6¢ (p = 0.006), GLURP (p = 0.0003), MSP-3 (p = 0.0115) e Pfs48/45 (p =
0.0022) (Figura 20).
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Figura 20: Subpopulacdes de linfocitos T CD4* de memdéria central e efetora
nos grupos EXP e PF apds cultivo de 96h na auséncia e presenca dos

estimulos GMZ2.6c, GLURP, MSP-3, Pfs48/45 e PMA/lonomicina. As barras
representam as médias e as linhas o desvio padrdo. EXP: Grupo exposto a malaria ndo parasitado;
PF: Grupo exposto a malaria parasitado por P. falciparum; lon: lonomicina. CD197*CD62L*: memoria
central; CD197-CD62L": memdria efetora.
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Também ndo observamos diferencas significativas entre os percentuais de
linfécitos T CD8* naive e de memoaria entre 0s dois grupos na auséncia ou presenca
de diferentes estimulos. No entanto, um maior percentual de linfécitos T CD8* em
transicdo naive/memoria ap0s o estimulo com Pfs48/45 quando comparado ao

branco no grupo PF foi observado (p = 0.0426) (Figura 21).
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Figura 21: Subpopulacdes de linfécitos T CD8* naive, em transicao
naive/memaria e de memdria nos grupos EXP e PF apés cultivo de 96h na

auséncia e presenca dos estimulos GMZ2.6¢c, GLURP, MSP-3, Pfs48/45 e

PMA/lonomicina. As barras representam as médias e as linhas o desvio padrdo. EXP: Grupo
exposto a malaria ndo parasitado; PF: Grupo exposto a malaria parasitado por P. falciparum; lon:
lonomicina. CD45RA*CD45RO": naive; CD45RA*CD45RO"*: Transicdo naive/memoéria; CD45RA
CD45R0O*: memodria.
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Quando comparamos os percentuais de linfécitos T CD8* de memdria central
e efetora nos dois grupos, observamos maiores percentuais de linfécitos T CD8* de
memoria central no grupo PF quando comparado ao grupo EXP apo6s o cultivo na
auséncia (p = 0.0236) e presenca dos estimulos GMZ2.6¢ (p = 0.0391), GLURP (p =
0.0088) e Pfs48/45 (p = 0.012). Além de um menor percentual de linfécitos T CD8*
de memodria efetora no grupo PF quando comparado ao grupo EXP apds o cultivo na
presenca dos estimulos GLURP (p = 0.013) e Pfs48/45 (p = 0.017) (Figura 22).
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Figura 22: Subpopulacdes de linfocitos T CD8" de memdéria central e efetora
nos grupos EXP e PF apds cultivo de 96h na auséncia e presenca dos

estimulos GMZ2.6c, GLURP, MSP-3, Pfs48/45 e PMA/lonomicina. As barras
representam as médias e as linhas o desvio padrdo. EXP: Grupo exposto a malaria ndo parasitado;
PF: Grupo exposto a maléria parasitado por P. falciparum; lon: lonomicina. CD197*CD62L*: memdria
central; CD197-CD62L": memodria efetora.
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3.3.2.2. Identificacdo e validacao de epitopos de célula T da GMZ2.6c.

Potenciais epitopos de células T das sequéncias da GLURP-R0, MSP-3-C-
terminal e Pfs48/45-6¢ foram identificados utilizando o Banco de Dados de Epitopos
Imunes (Immune Epitope DataBase - IEDB), como ferramenta de andlise que utiliza
os algoritmos ANN aka NetMHC (163,164) para calcular a afinidade de ligacdo de
peptideos a diferentes alelos dos Antigenos Leucocitarios Humano (Human
Leukocyte Antigen — HLA) por meio de redes neurais artificiais e matrizes de
pontuacdo, SMM (165) para calcular matrizes a partir de dados de afinidade
guantitativos de peptideos que se ligam a moléculas de MHC e Comblib (166) um
conjunto de preditores que foram derivados de medi¢cdes de afinidade de ligacao de
bibliotecas de peptideos combinatérios contra um painel de alelos de MHC. Doze
sequéncias com pontuacdo média consenso inferior a 20% e, pelo menos 50% da
frequéncia de ligacdo ao HLA foram identificadas como potenciais epitopos de célula
T (Tabela 5) e foram comercialmente sintetizadas (GenOne Biotechnologies) para
validacdo pelo ensaio de ELISpot.

Tabela 5: Peptideos usados no ensaio de ELISpot.

Pool Peptideo Sequéncia Aminoacidos
MSP-3 Classe | (Mpp ) Mp 1 SSYDYILGWEF 188 - 198
Pp 1 KSAYMTVTI 417 - 425
Pfs48/45 Classe | Pp 2 HTFTDSLDISL 308 - 318
(Ppp ) Pp3 KLFGIVGSI 394 - 402
Pp4 GSIPKTTSF 400 - 408
Pfs48/45 Classe |I Pp5 LEPSNIVYLDSQINIGDI 364 - 381
(Ppp 1) Pp6 IIPDCFFQVYQPESEELE 348 - 365
Gp1l KVQNHFESL 206 - 214
Gp 2 KSNKVQNHF 203 - 211
GLU?gpglﬁsse ! Gp 3 LVSENVPSGL 141 - 150
Gp 4 KQNSQIPSL 369 - 377
Gp5 ETNIQEQLY 252 - 360

Os ensaios de ELISpot foram realizados utilizando o kit comercial ELISpot
Plus: Human IFN-y (ALP) (MabTech) seguindo as indicacbes do fabricante.

Brevemente, culturas celulares foram realizadas em duplicatas em placas de
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nitrocelulose pré-sensibilizadas com anticorpo monoclonal de captura anti-IFN-y
(Clone D1K). As placas foram bloqueadas com meio RPMI 1640 suplementado com
10% de SFB por 30 minutos e lavadas quatro vezes com PBS 1X. As células (2,5 x
10%/poco) foram adicionadas nas placas na presenca de meio sem estimulo, 10ug/ml
de cada pool de peptideos ou anticorpo monoclonal CD3-2 como controle positivo.
As células foram estimuladas por 24 horas a 37°C em uma atmosfera de 5% de COo..
ApoOs a estimulagéo, as placas foram lavadas quatro vezes com PBS 1X e incubadas
com 1ug/ml de anticorpo biotinilado anti-IFN-y humano (Clone 7-B6-1) diluido em
PBS 1X contendo 0.5% de SFB por 1 hora e 30 minutos a 37°C. As placas foram
lavadas quatro vezes com PBS 1X e incubadas com Estreptavidina conjugada com
fosfatase alcalina diluida (1:1000) em PBS 1X contendo 0.5% SFB por 1 hora em
temperatura ambiente. As placas foram lavadas quatro vezes e reveladas com 1-
step NBT/BCIP. A reacdo foi parada pela lavagem da membrana com agua
destilada. Os Spots formados pelas células secretoras de IFN-y foi contado com o
Immunospot reader (Cellular Technology Ltd) usando o Immunospot Software. Os
resultados obtidos no ensaio de ELISpot foram expressos como células formadoras
de spot (Spot-forming cells — SFC) por 250.000 células. Individuos foram
considerados respondedores quando a média do nimero de spot dos po¢cos com
estimulo diminuido da média do nimero de spot dos pogcos sem estimulo foi maior
do que 20 SFC/2,5 X 10° células. Os dados foram armazenados no bando de dados
Epi-Info 6 (Centers for Disease Control and Prevention) e analisados no
GraphPadPrism (GraphPad Software, Inc). A diferenca entre as frequéncias de
respondedores foi avaliada pelo teste qui-quadrado e o teste T de Student foi usado
para comparar as médias de SFC/2,5 X 10° células de cada pool de peptideos. As
associagdes entre os dados clinicos e epidemioldgicos e individuos respondedores e

nao respondedores foram realizadas utilizando o teste de Mann-Whitney.

Células de 31 individuos expostos a infe¢cao nao parasitados (Grupo EXP) e 8
individuos parasitados por P. falciparum (Grupo PF) foram utilizadas nos ensaios de
ELISpot. Ndo observamos quaisquer diferencas em relacdo a género, idade, tempo
de residéncia em éarea endémica e tempo decorrido desde a ultima infeccdo de
maléria, entretanto, individuos do grupo EXP apresentaram um menor numero de

infeccBes anteriores de malaria que o grupo PF (p = 0.0389) (Tabela 6).
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Tabela 6: Caracteristicas pessoais e epidemiolégicas dos grupos EXP e PF

para o mapeamento de epitopos de células T da GMZ2.6c.

EXP (n=31) PF (n=8)

Dados pessoais
Género Masculino 14 (45.2%) 4 (50%)

Feminino 17 (54.8%) 4 (50%)
Idade 35.5+13.7 36.3+11.2
Tempo de residéncia em area endémica 349+13.4 28.7£16.2
de maléria (anos)
Dados clinicos e epidemiolégicos
Numero de episddios anteriores de 7.9+7.5*% 15.3+9.3
malaria
Tempo decorrido desde o Ultimo episodio 51+84 12.2+105

de malaria (meses)

p = 0.0389 EXP versus PF.

As frequéncias de individuos respondedores para os pools Mpp |, Ppp |, Ppp
Il e Gpp | foram, respectivamente: 16.1% (5/31), 38.7% (12/31), 29% (9/31) e 12.9%
(4/31) no grupo EXP e; 75% (6/8), 0% (0/8), 25% (2/8) e 25% (2/8) no grupo PF
(Figura 23).
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Figura 23: Frequéncia de individuos respondedores para os pools de

peptideos Mpp |, Ppp I, Ppp Il e Gpp | nos grupos EXP e PF. Diferengas estatisticas
de respondedores de diferentes pools de peptideos no mesmo grupo estdo representadas por * e
diferencas estatisticas de respondedores do mesmo pool de peptideos em grupos diferentes estao
representadas por +. (*; +) P < 0.05; (**; ++) P < 0.005.
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Individuos do grupo EXP apresentaram uma maior frequéncia de resposta
para o pool Ppp | quando comparados aos pools Mpp | (p =0.04) e Gpp | (p = 0.02),
enquanto no grupo PF, uma maior frequéncia de respondedores para o pool Mpp | (p
= 0.001 para Ppp I; p = 0.04 para Ppp Il e Gpp |) foi observada. Quando
comparamos 0s grupos EXP e PF, verificamos que individuos parasitados por P.
falciparum apresentaram uma maior frequéncia de resposta contra o pool Mpp | (p =
0.001) e menor frequéncia de resposta contra o pool Ppp | (p = 0.03). Nenhuma
diferenga foi observada nos nimeros de SFC/2,5 X 10° células entre os individuos
respondedores para cada pool de peptideos (Grupo EXP: Mpp 1 =26.9+6.4; Ppp | =
40.1 = 20.3; Ppp Il = 39.5 + 29.8; Gpp | = 45.5 + 20.6; Grupo PF: Mpp | = 41.3 *
32.1; Ppp Il =23 £ 3.5; Gpp | = 34.2 £ 7.4) (Figura 24). Curiosamente, individuos do
grupo EXP respondedores para os pools Mpp | e Gpp | possuiam maior tempo
desde a ultima infeccdo de malaria que os individuos néo respondedores (Mpp I: 84
e 17; Gpp I. 72 e 20.5, medianas para respondedores e ndo respondedores,

respectivamente).

Controle positivo
rrl

EXP

PF

Figura 24: Imagens representativas dos poc¢os das placas de ELISpot
mostrando a producédo de IFN-y apés estimulacdo com os pools de peptideos
Mpp I, Ppp |, Ppp Il e Gpp I, além dos pocos ndo estimulados (Branco) e

controle positivo (Anti-CD3). O ndmero de spots representa o numero de células T
produtoras de IFN-y.
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3.3.3. Avaliacdo da diversidade dos genes que codificam as proteinas
PfGLURP, PfMSP-3 e Pfs48/45 e seu impacto nos epitopos de

células B e T.

Amostras de 67 individuos parasitados por P. falciparum foram utilizadas para
a avaliacdo da diversidade dos genes que codificam as proteinas PfGLURP, PIMSP-
3 e Pfs48/45.

O DNA foi extraido das amostras de sangue utilizando o Kit QIAmMp® DNA
Blood MiniKit (QIAgen), de acordo com as instru¢des do fabricante e estocado a -
20°C até o momento do uso. Os segmentos génicos correspondentes a GLURP7o-
1500 € MSP-3463-.747 foram amplificados através da técnica de Nested Reacdo em
Cadeira da Polimerase (Polymerase Chain Reaction — PCR), enquanto os
segmentos génicos correspondentes a Pfs48/45ss9-1284 foram amplificados através
da técnica de Semi-Nested PCR, utilizando oligonucleotideos especificos (Tabela 7)
previamente descritos (133,148,167,168).

Tabela 7: Iniciadores utilizados para a amplificacdo dos genes PfGLURP, PfMSP-3
e Pfs48/45.

Gene Iniciadores Sequéncia dos iniciadores
Senso (DA153) 5 -ATGAGAAACCTTTTCCATAT- 3
PfGLURP Anti-senso (PF55) 5 -TGCTTCATGCTCGCTTTTTTCCGAT-3’
Senso (PF61) 5 -TACAAGTGAGAATAGAAATAAAC- 3
Anti-senso (PF62) 5 -CACAGTTTCTTCATGTTCGACAGT- 3’
Senso (M3F/O) 5 -ATGAAAAGTTTTATAAATATTACTCTTC- 3’
PfMSP-3 Anti-senso (M3R/1) 5 -AATGATTTTTAAAATATTTGGATAATTC- 3’
Senso (DA151.2) 5 -CATGAAAGGGCAAAAAATGCTTA- 3
Anti-senso (DA152.2) 5 -CATTTTCCTTAGATATATTTTCC- 3’
Senso (F533) 5 -AGTGCTATGGTACATGTACG- 3’
Pfs48/45 Senso (F600) 5 -TCATGAGCTAAATATATAATAATATTGC- 3
Anti-senso (R1327) 5 -CAAATGATCTTTTTACATATTTGCC- 3’

Fonte: Pratt-Riccio et al., 2013 (133); Pattaradilokrat S et al., 2016 (148); Anthony TG et al., 2007
(167); Roussilhon C et al., 2007 (168).
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As reagdes de PCR foram realizadas em um volume final de 25uL, contendo
2uL de DNA gendmico dos isolados plasmodiais ou produto da primeira reacéo,
2,5uL de tampéo 10X, 1.5mM de cloreto de magnésio (MgCl2), 0.2mM de cada
DNTP, 0.5uM de cada iniciador (GenOne Biotechnologies) e 2.5U de AmpliTaqg
Gold™ DNA Polimerase (Applied Biosystems) para todos os genes. As reacfes
foram submetidas a ciclagens de temperaturas especificas (Tabela 8) para cada par
de primer nos termocicladores PCR-T100 (Bio-Rad), ProFlex PCR System® (Applied
Biosystems) ou GeneAmp PCR System 9700 (Applied Biosystems). Em todas as
reacdes foram utilizados um controle negativo (sem DNA) e um controle positivo

(DNA extraido de cultivo in vitro de P. falciparum, cepa W2).

Ao final da reagao, 15uL do produto de PCR em 3uL de tampao de amostra
(6X Loading Dye, Thermo Fisher Scientific) foram separados por eletroforese em gel
de agarose 2% (Sigma-Aldrich) em tampéo TAE 1X (0.04M Tris-acetato, 0.001M
EDTA, Sigma-Aldrich) contendo 0.3pg/mL de Brometo de Etidio (Sigma-Aldrich), a
uma corrente constante de 95 V/cm durante aproximadamente 45 minutos. Para a
estimativa do peso molecular dos fragmentos amplificados foram utilizados os
marcadores de peso molecular de 1kb e 100 pb (Thermo Fisher Scientific). Os
fragmentos foram visualizados utilizando o transiluminador High Performace UV

transilluminator (UVP).

Tabela 8: Condicbes de ciclagem para amplificacdo dos genes PfGLURP,
PfMSP-3 e Pfs48/45.

35 ciclos para PfGLURP e PIMSP-3
e 45 ciclos para Pfs48/45

P{GLURP (Dfligfﬁégs) 94°C - 10’ | 94°C-01" 48°C-01 72°C-2 | 72°C-5
(52552%02) 94°C - 10’ | 94°C-01 55°C-01 720C-2' | 72°C-5

PIMSP-3 (Mlce,a;gfnjzg/l) I 7202%,,_ " | 72oc-10
(DAlzsafzig(ffsz.z) 94°C-10" | 94°C—-1"  53°C-1" 72°C-2" | 72°C 10

Pfe48/45 (Fggf;fj;?) 94°C - 10" | 94°C- 01" 52°C-01 72°C-1 | 72°C—10'
(Ffogfgff;) 94°C - 10 | 95°C-01’ 58°C-01 72°C-2 | 72°C—10
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Os produtos de PCR foram purificados utilizando o kit comercial Wizard® SV
Gel and PCR Clean-Up System (Promega), seguindo as indica¢des do fabricante.
Apos a purificacdo foi realizada a quantificacdo do DNA, utilizando o fluorémetro
Qubit (Invitrogen). Para determinacdo das sequéncias exatas dos nucleotideos,
todas as amostras amplificadas foram entdo submetidas a reacdo de
sequenciamento proposto por Sanger et al. (1977) utlizando o kit de
sequenciamento Big Dye Terminator Cycle Ready Reaction versao 3.1 (Applied
Biosystems) em condigcdes previamente padronizadas pela Plataforma de

Sequenciamento da Fundacdo Oswaldo Cruz (PDTIS/Fiocruz).

As sequéncias nucleotidicas obtidas de cada amostra foram analisadas
utilizando os programas provenientes do pacote DNASTAR (Lasergene Software). O
programa BLAST (Ferramenta de Busca de Alinhamento Local Basico — Centro
Nacional de InformagBes Biotecnoldgicas - NCBI) foi utilizado para verificar a
similaridade e identificar os polimorfismos em relagédo a sequéncia referéncia 3D7
depositada no NCBI. O alinhamento da sequéncia consenso com a sequéncia
referéncia foi realizado pelo programa MegAlign 7.0.0 (DNASTAR/Lasergene
Software) utilizando o algoritmo do programa Clustal X2 e Clustal Omega sendo feito
um ajuste manual através do programa EditSeq 7.0.0 (DNASTAR/Lasergene
Software). A fim de estimar a diversidade genética intrapopulacional, as sequéncias
génicas que codificam PIGLURP, PfMSP-3 e Pfs48/45 foram analisadas utilizando o
software DnaSP v6 (169) com base nos parametros de numero de sitios
segregantes (S), diversidade nucleotidica (1), numero médio de diferencas
nucleotidicas (k), numero de haplétipos (h) e diversidade haplotipica (Hd). Para
testar a teoria neutra da evolucdo, os valores D de Tajima foram calculados
utilizando o numero total de mutacdes também estimadas com o software DnaSP v6.
O teste Tajima prediz as forcas de selecdo e demogréaficas que atuam sobre uma
populagdo. Valores positivos podem ser sugestivos de sele¢do positiva ou
balanceadora. Essa forca mantém os alelos em frequéncias equilibradas. Por outro
lado, valores negativos sugerem selecdo purificadora ou expanséo populacional
recente (170).

A estrutura 3D da proteina GMZ2.6c¢ foi predita utilizando o servidor Robetta
(171). O servidor Robetta permite a modelagem de estruturas 3D de proteinas

através de abordagens ab initio e por comparagao. Esse servidor € continuamente

113



avaliado pelo CAMEO (Modelo de Avaliacdo Automatizada Continuada) e
estabelece critérios de avaliacdo de qualidade de previsdo da estrutura proteica
(171,172). A qualidade das estruturas proteicas geradas foi analisada pelo sistema
MolProbity, amplamente utilizado para validacdo de proteinas e acidos nucleicos, a

fim de escolher o melhor modelo preditivo das proteinas de interesse (173).

3.3.3.1. Amplificacédo dos segmentos génicos de PfGLURP79-1500, PfMSP-
3463-747 € Pfs48/45g59-1284

Para avaliar o perfil polimorfico das regides génicas que codificam as
proteinas PfGLURP, PfMSP-3 e Pfs48/45 foram utilizados 67 isolados coletados nos
municipios de Cruzeiro do Sul, Mancio Lima e Guajard com diagndstico positivo para
P. falciparum por microscopia e confirmado por PCR. Um total de 42, 28 e 50
isolados foram amplificados para PfGLURP, PIMSP-3 e Pfs48/45, respectivamente.
Todos os isolados apresentaram apenas um fragmento de aproximadamente 1300
pb para a PfGLURP, 200 pb para a PfMSP-3 e 780 pb para a Pfs48/45 (Figura 25,
26 e 27). As amostras amplificadas foram purificadas, quantificadas e submetidas a

reacdo de sequenciamento.

~1300 pb

Figura 25: Amplificacdo por PCR da regido RO do gene PfGLURP. Gel de agarose
(2%) mostrando o tamanho do fragmento dos produtos de PCR de aproximadamente 1300 pb. Linha
1: Marcador de peso molecular de 1kb; Linha 2: Isolado de P. falciparum proveniente de Cruzeiro do
Sul, Mancio Lima e Guajarg; Linha 3: Controle positivo (DNA extraido de cultivo in vitro de P.
falciparum); 4: Controle negativo (sem DNA).
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~200 pb ——>

Figura 26: Amplificacdo por PCR da regido C-terminal do gene PfMSP-3. Gel de
agarose (2%) mostrando o tamanho do fragmento dos produtos de PCR de aproximadamente 200 pb.
Linha 1: Marcador de peso molecular de 1kb; Linhas 2 a 13: Isolados de P. falciparum provenientes
de Cruzeiro do Sul, Mancio Lima e Guajard; Linha 14: Controle positivo (DNA extraido de cultivo in
vitro de P. falciparum); 15: Controle negativo (sem DNA).

~780 pb—>

Figura 27: Amplificacdo por PCR da regido 6¢c do gene Pfs48/45. Gel de agarose
(2%) mostrando o tamanho do fragmento dos produtos de PCR de aproximadamente 780 pb. Linha 1:
Marcador de peso molecular de 1kb; Linha 2: Controle negativo (sem DNA); Linha 3: Controle positivo
(DNA extraido de cultivo in vitro de P. falciparum); Linhas 4 a 10: Isolados de P. falciparum
provenientes de Cruzeiro do Sul, Mancio Lima e Guajara.

3.3.3.2. Andlise do polimorfismo genético da PFGLURP

Todos os 42 (23 de Cruzeiro do Sul, 14 de Mancio Lima e 5 de Guajard)
isolados amplificados para PfGLURP foram sequenciados e apresentaram cerca de
99% de similaridade com a cepa referéncia PF3D7 (PF3D7_1035300). Entretanto,
em nossas analises, foram encontrados 33 polimorfismos de base Unica (Single
Nucleotide Polymorphisms — SNPs), sendo dois (6%) SNPs sinénimos (Synonyms
Single Nucleotide Polymorphisms - sSNPs) nas posi¢cdes T591A e A1557G e 31
(94%) SNPs nao sinbnimos (Non-Synonyms Single Nucleotide Polymorphisms -
nsSNP) nas posicdes: G263C, T264C, A268G, G272C, A277T, A279C, T284C,
G290T, T299C, A373C, G430A, T444G, T580A, T599A, T620G, C622G, A642C,
T667C, A750T, A8B05G, A850G, G925C, G926A, A940C, C1012T, A1067G, G1207A,
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T1308G, A1553T, T1554G e A1556T (Tabela 9). Com excecdo dos SNPs nas
posicdes T264C, A279C, G430A, A750T, T1308G e A1557G, os demais ocorreram
em pelo menos 2 isolados. Além disso, foi possivel observar que 4 polimorfismos
apresentaram 2 SNPs no mesmo codon (G263C _T264C, A277T_A279C,
G925C_G926A e A1553T_T1554G). Os nsSNP A373C e T599A foram 0s mais
frequentes, presentes em 42 (100%) isolados, enquanto o nsSNP A850G esta
presente em 41 (97.6%) isolados. Apenas dois SNPs sindnimos foram encontrados,
T591A e A1557G, presentes em 26 (619 %) e 1 (2,4 %) dos isolados,
respectivamente. Em relacdo as areas endémicas estudadas, 25 (G263C, A268G,
G272C, A277T, T284C, T299C, A373C, G430A, T444G, T580A, T591A, T599A,
T620G, C622G, A642C, T667C, A805G, A850G, G925C_G926A, A940C, C1012T,
A1067G, T1308G, T1554G e A1556T), 22 (A268G, A373C, T580A, T591A, T599A,
T620G, C622G, A642C, T667C, A750T, AB05G, A850G, G925C_G926A, A940C,
C1012T, A1067G, G1207A, A1553T, T1554G, A1553T_T1554G, A1556T e A1557G)
e 20 (G263C_T264C, A268G, G272C, A277T_A279C, T284C, G290T, T299C,
A373C, T444G, T580A, T591A, T599A, T620G, C622G, A642C, A805G,
G925C_G926A, A940C, C1012T e A1067G) polimorfismos foram encontrados em

isolados de Cruzeiro do Sul, Mancio Lima e Guajard, respectivamente.
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Tabela 9: Polimorfismos encontrados no gene que codifica a regido RO da
PfGLURP: posicdes dos nucleotideos e respectivas substituicdes de

aminoéacidos.

PIGLURP
Localizagao Cadon Codon Frequéncia (n=42)
Posi¢&o no Gene AA Selvagem Mutado
G263C S88T AGT ACT 2 (4.7%)
G263C_T264C S88T AGT ACC 1 (2.4%)
A268G N90D AAT GAT 9 (21.4%)
G272C RO1T AGA ACA 3 (7.1%)
A277T K93* AAA TAA 3 (7.1%)
A277T_A279C K93Y AAA TAC 1 (2.4%)
T284C 195T ATC ACC 2 (4.7%)
G290T GI7T GGT GIT 2 (4.7%)
T299C L100S TTA TCA 2 (4.7%)
A373C K125Q AAA CAA 42 (100%)
G430A E144K GAA AAA 1 (2.4%)
T444G S148R AGT AGG 2 (4.7%)
T580A S194T TCT ACT 26 (61.9%)
T591A 11971 ATT ATA 26 (61.9%)
T599A V200E GTA GAA 42 (100%)
T620G V207G GTA GGA 26 (61.9%)
C622G Q208E CAA GAA 26 (61.9%)
A642C L214F TTA TTC 26 (61.9%)
T667C S223P TCC cce 26 (61.9%)
A750T L250F TTA TTT 1 (2.4%)
A805G K269E AAA GAA 30 (71.4%)
A850G K284E AAG GAG 41 (97.6%)
G925C_G926A G309Q GGA CAA 31 (73.8%)
A940C K314Q AAA CAA 31 (73.8%)
C1012T P338S CCA TICA 13 (30.9%)
A1067G Q356R CAG CGG 6 (14.3%)
G1207A E403K GAA AAA 2 (4.7%)
T1308G N436K AAT AAG 1 (2.4%)
A1553T H518L CAT CIT 1 (2.4%)
T1554G H518Q CAT CAG 2 (4.7%)
A1553T_T1554G H518L CAT CIG 1 (2.4%)
A1556T E519V GAA GIA 3 (7.1%)
A1557G ES19E GAA GAG 1 (2.4%)

AA: Aminoécido; n: Nimero; S: Serina; T: Treonina; N: Asparagina; D: Acido Aspartico; R: Arginina; K:
Lisina; I: Isoleucina; G: Glicina; V: Valina; L: Leucina; Q: Glutamina; Y: Tirosina; E: Acido Glutamico;
F: Fenilanina; P: Prolina; A: Alanina; H: Histidina; C: Cisteina; *: C6don de parada.
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3.3.3.3. Analise do polimorfismo genético da PFIMSP-3

Todos os 28 (13 de Cruzeiro do Sul, 9 de Mancio Lima e 6 de Guajard)
isolados amplificados para a PIMSP-3 foram sequenciados e apresentaram cerca de
99% de similaridade com a cepa referéncia PF3D7 (PF3D7_1035400). Entretanto,
em nossas analises, foram encontrados 3 nsSNPs nas posi¢cfes: T499C, A500C e
A506G (Tabela 10). Com exceg¢do do nsSNP na posicdo A500C, os demais
ocorreram em todos os isolados amplificados. O nsSNP A500C estava presente em
somente 9/28 (32.1%) isolados e em conjunto com o nsSNP T499C. Todos os
polimorfismos foram encontrados nas trés localidades, no entanto, o nsSNP A500C
foi encontrado em 2/13 (15.4%), 4/9 (44.4%) e 3/6 (50%) dos isolados de Cruzeiro

do Sul, Mancio Lima e Guajard, respectivamente.

Tabela 10: Polimorfismos encontrados no gene que codifica a regidao C-
terminal da PfMSP-3: posicdes dos nucleotideos e respectivas substituicdes

de aminoacidos.

PfMSP-3
Localizacao o 3 .
i Codon Codon Frequéncia (n=28)
Posi¢&o no Gene AA Selvagem Mutado
T499C Y167H TAT CAT 28 (100%)
T499C_A500C Y167P TAT CCT 9 (32.14%)
A506G K169R AAG AGG 28 (100%)

AA: Aminoécido; n: Nimero; R: Arginina; K: Lisina; P: Prolina; H: Histidina.

3.3.3.4. Analise do polimorfismo genético da Pfs48/45

De 50 amostras amplificadas para a Pfs48/45, 45 foram sequéncias e
apresentaram 100% de similaridade com a sequéncia referéncia PF3D7
(PF3D7_1346700), nao apresentando nenhum SNP na regido genética que codifica o
dominio Il da Pfs48/45.
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3.3.3.5. Diversidade genética encontrada na populacéo estudada

A analise das sequéncias obtidas demonstrou que nenhum isolado manteve
sua sequéncia idéntica a cepa referéncia 3D7 para a PIGLURP. Considerando a
sequéncia referéncia como variante selvagem (VS), os SNPs observados nos
isolados resultaram em 25 variantes (Tabela 11). Dentro dos isolados estudados, a
variante V10g (Variante 10 do gene PfGLURP) foi a mais frequente (28.57%),
seguida da V13g (14.28%), enquanto as variantes V1g, V29, V3g, V4qg, V5g, V6g,
V7g, V8g, V9g, V1lg, V12g, V14g, V15g, V16g, V17g, V18g, V19g, V20g, V21g,
V229, V23g, V249 e V25g apresentaram menor frequéncia. E possivel observar que
as variantes V10g e V13g estdo presentes nas 3 localidades, enquanto as outras
estdo presentes em somente 1 municipio (V1g, V29, V4g, V5g, V6g, V7g, V8g,
V18g, V19q, V21g, V249 e V25g em Cruzeiro do Sul; V9qg, V11g, V12g, V14g, V16g,
V179, V22g e V23g em Mancio Lima; V3g, V15g e V20g em Guajara). Os
alinhamentos podem ser conferidos no Anexo VI.
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Tabela 11: Variantes da PFGLURP e suas frequéncias na populagcéo estudada.

Variantes Sequéncias Cruzeiro do Sul Méncio Lima Guajara Total
(n =23) (n =14) (n=5) (n=42)
VS GTAGAATGTAGTTTTTCATAAAGGACAGTATAA 0/23 (0%) 0/14 (0%) 0/5 (0%) 0/42 (0%)
Vig CTAGTATTCCGTAAAGGCCAGGCACCAGTATAA 1/23 (4.34%) 0/14 (0%) 0/5 (0%) 1/42 (2.38%)
V29 CTACAATGTCGTTTATCATAAGGGATAGTATAA 1/23 (4.34%) 0/14 (0%) 0/5 (0%) 1/42 (2. 38%)
V3g CCGCTCCTCCGTAAAGGCCAGGCACCAGTATAA 0/23 (0%) 0/14 (0%) 1/5 (20%) 1/42 (2. 38%)
Vag GTAGAATGTCGTTTATCATAAGGGCCAGTATAA 1/23 (4.34%) 0/14 (0%) 0/5 (0%) 1/42 (2. 38%)
V5g GTACTACGTCGTAAAGGCCAGGCACCAGTTATAA 1/23 (4.34%) 0/14 (0%) 0/5 (0%) 1/42 (2. 38%)
V6g GTAGAATGTCATAAAGGCCAGGCACCAGTATAA 1/23 (4.34%) 0/14 (0%) 0/5 (0%) 1/42 (2. 38%)
V7g GTAGAATGTCGGTTATCATAAGGGATAGTATAA 1/23 (4.34%) 0/14 (0%) 0/5 (0%) 1/42 (2. 38%)
V8g GTGGAATGTCGTAAAGGCCAGGCACCAGTATAA 1/23 (4.34%) 0/14 (0%) 0/5 (0%) 1/42 (2. 38%)
V9g GTAGAATGTCGTAAAGGCCTGGCACCAGTATAA 0/23 (0%) 1/14 (7.14%) 0/5 (0%) 1/42 (2. 38%)
V10g GTAGAATGTCGTAAAGGCCAGGCACCAGTATAA 6/23 (26.1%) 5/14 (35.7%) 1/5 (20%)  12/42 (28.57%)
Viilg GTAGAATGTCGTTTATCATAGACAACAGTATAA 0/23 (0%) 1/14 (7.14%) 0/5 (0%) 1/42 (2. 38%)
V129 GTAGAATGTCGTTTATCATAAGCACCAGTATAA 0/23 (0%) 1/14 (7.14%) 0/5 (0%) 1/42 (2. 38%)
V13g GTAGAATGTCGTTTATCATAAGGGATAGTATAA 4/23 (17.39%) 1/14 (7.14%) 1/5 (20%) 6/42 (14. 28%)
V14g GTGGAATGTCGTTTATCATAAGGGATGGTATAA 0/23 (0%) 1/14 (7.14%) 0/5 (0%) 1/42 (2. 38%)
V15g GTGGAATGTCGTTTATCATAAGGGATAGTATAA 0/23 (0%) 0/14 (0%) 1/5 (20%) 1/42 (2. 38%)
V169 GTGGAATGTCGTAAAGGCCAGGCACCGATATAA 0/23 (0%) 1/14 (7.14%) 0/5 (0%) 1/42 (2. 38%)
V17g GTAGAATGTCGTTTATCATAAGGGATAGTATAG 0/23 (0%) 1/14 (7.14%) 0/5 (0%) 1/42 (2. 38%)
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Tabela 11: (Continuacé&o) Variantes da PFGLURP e suas frequéncias na populacdo estudada.

Variantes Sequéncias Cruzeiro do Sul Méncio Lima Guajara Total
(n =23) (n =14) (n=5) (n=42)
V18g GTAGAATGTCGTAAAGGCCAGGCACCGGTATAA 1/23 (4.34%) 0/14 (0%) 0/5 (0%) 1/42 (2. 38%)
V19g GTAGAATGTCGTTTATCATAAGGGATGGTATAA 1/23 (4.34%) 0/14 (0%) 0/5 (0%) 1/42 (2. 38%)
V209 GTAGAATGTCGGAAAGGCCAGGCACCGGTATAA 0/23 (0%) 0/14 (0%) 1/5 (20%) 1/42 (2. 38%)
V21g GTGGAATGTCGTAAAGGCCAGGCACCAGGATAA 1/23 (4.34%) 0/14 (0%) 0/5 (0%) 1/42 (2. 38%)
V229 GTGGAATGTCGTAAAGGCCAGGCACCGATTTTA 0/23 (0%) 1/14 (7.14%) 0/5 (0%) 1/42 (2. 38%)
V23g GTGGAATGTCGTAAAGGCCAGGCACCGATTGTA 0/23 (0%) 1/14 (7.14%) 0/5 (0%) 1/42 (2. 38%)
V249 GTAGAATGTCGTAAAGGCCAGGCACCAGTAGAA 2/23 (8.7%) 0/14 (0%) 0/5 (0%) 2142 (4.76%)
V25¢g GTGGAATGTCGTTTATCATAAGGGATAGTATTA 1/23 (4.34%) 0/14 (0%) 0/5 (0%) 1/42 (2. 38%)

VS: Variante selvagem; n: Nimero; Vng: Variante n da PfGlurp.
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A analise das sequéncias obtidas demonstrou que nenhum isolado manteve
sua sequéncia idéntica a cepa 3D7 para a PfMSP-3. Considerando a sequéncia
referéncia como variante selvagem (VS), os SNPs observados nos isolados
resultaram em apenas 2 variantes (Tabela 12), identificadas nas 3 localidades. As
variantes VIm e V2m estavam presentes em 67.9% e 32.1% dos isolados
estudados, respectivamente. Em cruzeiro do Sul, uma maior frequéncia da variante
V1m foi encontrada (84.6%), enquanto nas outras localidades a distribuicdo das
variantes foi bem homogénea (Mancio Lima - V1im: 55.6%; V2m: 44.4%; Guajara —

V1im: 50%; V2m: 50%). Os alinhamentos podem ser conferidos no Anexo VI.

Tabela 12: Variantes da PfMSP-3 encontras e suas frequéncias na populagcao
estudada.

Variantes Sequéncias Cruzeiro do Sul Mancio Lima  Guajara Total
(n=13) (n=9) (n=6) (n=28)
VS TAA 0/14 (0%) 0/9 (0%) 0/6 (0%) 0/28 (0%)
Vim CAG 11/13 (84.6%) 5/9 (55.6%)  3/6 (50%)  19/28 (67.9%)
V2m CCG 2/13 (15.4%) 4/9 (44.4%) 316 (50%) 9/28 (32.1%)

VS: Variante selvagem; n: Namero; Vnm: Variante n da PfMSP-3.

3.3.3.6. Analise genética intrapopulacional

A andlise genética intrapopulacional da PfGLURP mostrou maior diversidade
nucleotidica (11) em Guajara (0.00862 + 0.00195) quando comparada a Cruzeiro do
Sul (0.00547 + 0.00052) e Mancio Lima (0.00546 + 0.00087). A diversidade de
haplétipos (Hd) também foi maior em Guajara (1.000 + 0.126) quando comparada a
Cruzeiro do Sul (0.913 £ 0.043) e Mancio Lima (0.890 + 0.081). Para avaliar se ha
pressao seletiva no gene da PfGLURP foi realizado o teste D de Tajima. Os valores
foram positivos entre 0.34747 (Cruzeiro do Sul), 0.53829 (Mancio Lima) e 0.44941
(Guajara), e ndo se mostraram significativos, sugerindo que nao ha selecéo

significativa na regido génica que codifica 0 dominio RO da PfGLURP (Tabela 13).
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Tabela 13: Diversidade genética intrapopulacional do gene PfGLURP em

Cruzeiro do Sul, Mancio Lima e Guajara.

Parametros Cruzeiro do  Mancio Lima Guajara Total
Sul (n =23) (n=14) (n=5) (n=42)
N° de Sitios Segregantes (S) 24 20 22 31
Diversidade nucleotidica () + DP 0.00547 + 0.00546 + 0.00862 + 0.00565 +
0.00052 0.00087 0.00195 0.00046
Numero médio de diferencas 7.10672 7.09890 11.20000 7.33914
nucleotidicas (k)
N° de haplétipos (h) 14 10 5 25
Diversidade haplotipica (Hd) = DP 0.913+0.043 0.890+0.081 1.000+0.126 0.905+0.036
Test Tajima (D) 0.34747" 0.53829"™ 0.44941" 0.06406"

DP: Desvio padrdo; ": Nao significativo (p >0.10);

A analise genética intrapopulacional da PIMSP-3 mostrou que, assim como a
PfGLURP, a diversidade nucleotidica (1) foi maior em Guajara (0.00311 £+ 0.00067)
guando comparada a Cruzeiro do Sul (0.00146 + 0.00073) e Mancio Lima (0.00288 +
0.00047). Da mesma forma, a diversidade haplotipica (Hd) foi maior em Guajara
(0.600 + 0.129) quando comparada com Cruzeiro do Sul (0.282 + 0.142) e Mancio
Lima (0.556 + 0.90). Para avaliar se ha pressao seletiva no gene PfMSP-3 foi
realizado o teste D de Tajima. Os valores do teste D de Tajima foram: -0.274929,
1.40117 e 1.44510 nos isolados de Cruzeiro do Sul, Mancio Lima e Guajara e nao se
mostraram significativos, sugerindo que ndo ha selecdo significativa na regido

génica que codifica 0 dominio C-terminal da PfTMSP-3 (Tabela 14).
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Tabela 14: Diversidade genética intrapopulacional do gene PfMSP-3 em

Cruzeiro do Sul, Mancio Lima e Guajara.

Parametros Cruzeiro do  Mancio Lima Guajara Total
Sul (n =13) (n=9) (n =6) (n =28)
N° de Sitios Segregantes (S) 2 2 2 2
Diversidade nucleotidica () £+ DP 0.00146 + 0.00288 + 0.00311 + 0.00234 +
0.00073 0.00047 0.00067 0.00035
Numero médio de diferencas 0.28205 0.55556 0.60000 0.45238
nucleotidicas (k)
N° de haplétipos (h) 2 2 2 2
Diversidade haplotipica (Hd) = DP 0.282+0.142 0.556+0.90 0.600+0.129 0.452 +0.067
Test Tajima (D) -0.27429" 1.40117" 1.44510" 1.212636"

DP: Desvio padrdo; ": Nao significativo (p >0.10);

3.3.3.7. Substituicdo de aminoacidos de PfGLURP e PfMSP-3 nos

isolados brasileiros

As sequéncias de aminoacidos da PfGLURP obtidas nesse estudo foram
alinhadas e comparadas com a sequéncia referéncia 3D7 e com isolados
provenientes de diferentes regides da Africa, Asia e Américas (Tabela 15). Podemos
observar alterac6es de aminoacidos que ocorreram em nosso estudo e em outros
isolados da Africa, Asia e Américas (K125Q, S194T, V200E, V207G, Q208E, L214F,
S223P, K269E, K284E, G309Q e K314Q). Entretanto, também foram identificadas
trocas de aminoéacidos presentes apenas nesse estudo (S88T, N90D, R91T, KO3y,
95T, G97V, L100K, E144K, S148R, L250F, P338S, Q356R, E403K, N436K, H518L
e E519V/Q), assim como ndo encontramos algumas trocas de aminoacidos
identificadas previamente em outras localidades (F110L, D113N, N123X, E138K,
D189G, 1197V, N361Y, K369R, N392Y, D422N e A506S).
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Tabela 15: Sitios de aminoacidos polimodrficos da regido RO da PfGLURP presentes no Brasil e em outras regides do mundo.

GLURP
Strain
88 90 91 93 95 97 100 110 113 123 125 138 144 148 189 194 197* 200 207 208 214 223 250 269 284 309 314 338 356 361 369 392 403 422 436 506 518 519*
3D7 S N R K | G L F D N K E E S D S | \% \ Q L S L K K G K P Q N K N E D N A H E
| L N E G E E
1 Q E E Q Q
11 Q G E
FUP.SP L N X E E E
B1870 Q E E Q Q
MO Q E E R
7G8 L E T \Y E G E F P E E Q Q
B1 Q T E G E F P E E Q Q
GB4 Q G E Q
KH1 Q E E
KH2 Q E E
NF54
HB3 Q T E G E F P E E Q Q
M6 G E R
D25 Q E S
M5.3 Q E E R
M14 Q E E R R
K1 Q E E Q Y Y
D50 Q K E E
M1 Q E R N
M4 Q E E
D28 Q E
D4403 Q G
D7 Q
BEAisolates S/T N/D R/T K/Y/* I/T G/N L/K Q E/K  S/R S/T E V/G Q/E F/L S/P LFF KE KE G/Q KQ P/S QR E/K N/K H/L E/NV/Q
AEB= areas endémicas brasileiras. I=M7201, IT. II= B1804, B1882. lll= L1, D41, H1, B1866. Os sitios em rosa representam os sitios de troca de aminoacidos que

ndo estao presentes neste estudo. Sitios marcados com * representam substituicdes sindnimas. Os sitios em azul representam as trocas de aminoacidos que estao
presentes em comum com este estudo e os outros isolados. Sitios em branco significam trocas de aminoacidos observadas apenas neste estudo (Adaptado do
banco de dados Centro Nacional de Informacgédo Biotecnoldgica (National Center for Biotechnology Information - NCBI)).
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As sequéncias de aminoacidos da PfMSP-3 obtidas nesse estudo também
foram alinhadas e comparadas com a sequéncia referéncia 3D7 e com isolados
provenientes de diferentes regides da Africa, Asia e Américas (Tabela 16). Podemos
observar que em nosso estudo encontramos somente uma substituicdo de
aminoacido previamente descrita (K169R), enquanto alguns polimorfismos ja
descritos (E161G, K162Q/R, A163V, K164E, N165K/E, A166D/Y, E168Q, F198S,
K222E e E245G) ndo estavam presentes nos isolados de Cruzeiro do Sul, Mancio
Lima e Guajara. No entanto, nesse estudo foram encontradas duas trocas de
aminoacidos na mesma posi¢cado (Y167P/H) ndo evidenciada em nenhum isolado

descrito na literatura.

Tabela 16: Sitios de aminoacidos polimérficos daregido C-terminal da PfMSP-3

presentes no Brasil e em outras regiées do mundo.

MSP-3
Cepa
161 162 163 164 165 166 167 168 169 198 222 245
3D7 E K A K N A Y E K F K E
| Q \Y E K D R
1l G \Y E K D R
Nigerian051 \% E E Y Q R
Nigerian077 G Vv E E Y Q R
Nigerian002 G Vv E E Y Q R
K1-S22 G \Y E K D R G
K1-S23 G \Y K D R S
K1-C5 G \Y E K D R E
K1-C43 R \Y E K D R
K1-C33 Q \ E K D
AK152 G E D
Isolados AEB P/H R

AEB= areas endémicas brasileiras. I= AK158, AK152 d56, AK144 d40, AK092 d0, K1-k81,
Nigerian089, Nigerian 050, Thai036, Thais008, Thai094b, Thail00, Thai045. Il= KH1, IT, AK182,
AK221 d0, AK183_d19, AL174 dO, AK155 dO, AK150 d42, AK127_d45, AK062_d84, AK042_doO,
AK246_d0, K1-S18, K1-S7, K1-K62, K1-K47, K1-C22, K1-C14, K1-C8, K1-C3, K1-C2, Nigerian161,
Nigerian160, Nigerian152, Nigerian100, Nigerian035, Thai074, Thai013, Thai0ll, Thai006, Thai056,
Thai023, FVO, K1-C25, K1-C9. Isolados K1-C11, K1-S2, K1S16, HB3, GB4 = 3D7. Os sitios em rosa
representam os sitios de troca de aminoacidos que ndo estdo presentes neste estudo. Os sitios em
azul representam as trocas de aminoacidos que estdo presentes em comum com este estudo e os
outros isolados. Sitios em branco significam trocas de aminoacidos observadas apenas neste estudo
(Adaptado do banco de dados Centro Nacional de Informacédo Biotecnoldgica (National Center for
Biotechnology Information - NCBI)).
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3.3.3.8. Modelagem molecular e impacto dos polimorfismos nos

potenciais epitopos de célulasBe T

A modelagem molecular da GMZ2.6¢c foi realizada utilizando o servidor
Robetta a partir da sequéncia referéncia P. falciparum 3D7 (Figura 28). Notando a
diversidade genética encontrada nos genes de interesse desse estudo e o fato de
gue os SNPs nao-sindbnimos identificados podem ter impacto sobre o dobramento
das proteinas, assim como interferir na imunogenicidade de epitopos, as sequéncias
completas das proteinas PfGLURP e PfMSP3 foram analisadas para a avaliacdo do
impacto desses polimorfismos nos epitopos previamente identificados (Artigo 2 e
Resultados complementares 3.3.1.3).

Dentre os epitopos previamente identificados para a PFGLURP e PfMSP-3, 9
(P6, P7, P10, P11, S2, S3, MSP-3a, MSP-3b e DG210) apresentaram score abaixo
de 0.5 e foram descartados das andlises. Considerando os polimorfismos que
ocorreram dentro dos epitopos de células B (P2: L250F; P4: K284E; P5: K314Q e
G309Q; e P10: E403K), analisamos os scores de predicdo dos epitopos para
verificar se esses polimorfismos impactavam sua antigenicidade. Apenas
polimorfismos que ocorreram na PfGLURP estavam inseridos em epitopos lineares
de células B preditos. Aos analisarmos os polimorfismos dentro das regides dos
epitopos preditos, L250F e K284E resultaram em uma pequena diminuicdo no score
de predicdo. Quando K314Q ocorre sozinho, ha uma ligeira diminuicdo no score de
predicdo, no entanto, quando esse polimorfismo ocorre em conjunto com G309Q um
aumento do score de predicdo é observado. Interessantemente, G309Q sozinho
resulta em um grande aumento na pontuagéo predita. Curiosamente, o polimorfismo
E403K resulta em um aumento no score de predicdo do epitopo P10, entretanto, seu

score continua abaixo do ponto de corte de nosso estudo (0.5).

Dentre os epitopos de células T preditos (Tabela 4), foram encontrados
polimorfismos somente nos epitopos Gpl e Gp2 da PfGLURP. No epitopo Gpl
identificamos o polimorfismo L214F, ocorrendo sozinho ou em conjunto do
polimorfismo Q208E, que também esta presente na sequéncia do epitopo Gp2. Os
epitopos da PfMSP-3 e Pfs48/45 foram conservados e ndo apresentaram nenhum

polimorfismo dentro de suas regides.
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Figura 28: Estrutura de modelagem e analise in silico de epitopos da GMZ2.6c¢.
Modelo em 3D da GMZ2.6c meramente ilustrativo, indicando os polimorfismos encontrados (em
vermelho) nos epitopos de células B (em verde) e T (em azul).
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4. DISCUSSAO

Dada a complexidade do ciclo de vida e das interacdes parasito-hospedeiro,
bem como a extensa variabilidade genética dos parasitos e 0os mecanismos de
evasao da resposta imune do hospedeiro, uma vacina ideal contra a malaria deve
ser dirigida contra antigenos expressos em diferentes fases de desenvolvimento do
P. falciparum. Nesse contexto, a proteina recombinante GMZ2.6¢c demonstrou ser

uma promissora candidata a vacina antimalarica multiestagio.

Baseado nesse racional e considerando os diferentes trabalhos que apontam
a GMZ2 (99-104,174) e Pfs48/45 (119,155,159) como potenciais candidatas a
vacina de estagio sanguineo e bloqueadora de transmisséo, respectivamente, nosso
estudo objetivou avaliar o perfil das respostas imune humoral (Artigo 1) e celular
contra a proteina recombinante GMZ2.6¢ e seus componentes (MSP-3, GLURP e
Pfs48/45) em individuos residentes em areas endémicas de malaria da Amazonia
Brasileira, identificar e validar os epitopos de células B (Artigo 2) e T
imunodominantes nas populagbes estudadas e, avaliar a extensao dos
polimorfismos genéticos parasitario e sua influéncia na resposta imune especifica,
gerando dados que possam ressaltar o potencial da GMZ2.6c como uma candidata

a vacina antimaléarica.

A resposta humoral contra a proteina recombinante GMZ2.6c e seus
fragmentos (MSP-3, GLURP e Pfs48/45) foi avaliada em individuos que vivem em
trés municipios da Amaz6nia Brasileira: Cruzeiro do Sul (CZS) e Méancio Lima (ML),
no estado do Acre, e Guajara (GJ), no estado do Amazonas. A maioria dos
individuos de CZS, ML e GJ, possuiam anticorpos contra a GMZ2.6c, independente
da classe, indicando que a GMZ2.6c € amplamente reconhecida por anticorpos
naturalmente adquiridos de individuos residentes nessas localidades. A
antigenicidade da GMZ2.6¢ parece ser independente dos niveis de endemicidade,
visto que a prevaléncia de individuos com anticorpos que reconheciam a GMZ2.6¢
foi similar nas trés areas de estudo. Somente 68/299 (22.7%) dos individuos néo
possuiam anticorpos contra a GMZ2.6¢c (ou seus fragmentos individuais). A nao
deteccdo de anticorpos anti-GMZ2.6¢ nesses individuos poderia estar associada a
auséncia de um contato prévio com o parasito. Contudo, apenas 4 individuos nao
reportaram episédios anteriores de maléria e 10 reportaram infec¢cdes anteriores
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apenas por P. vivax. A ndo deteccdo desses anticorpos poderia também estar
relacionada com a exaustdo funcional de subconjuntos de células T e B, bem
descrito em infec¢des virais e igualmente considerado para malaria (175-181). Além
das células B de memodria atipicas e da exaustdo de células T CD4, a auséncia de
anticorpos especificos pode depender de outros fatores, como a intensidade da

infeccdo, coinfec¢bes, desnutricdo, ou fatores genéticos do hospedeiro humano.

Ensaios clinicos em individuos naive e naturalmente expostos a malaria na
Africa para avaliar a seguranca e imunogenicidade da GMZ2 mostraram uma
resposta mais potente contra a GMZ2 quando comparado com seus componentes
individuais (99,100). No presente estudo foi feita uma observagdo semelhante, uma
maior prevaléncia de individuos com anticorpos e niveis mais elevados de
anticorpos anti-GMZ2.6¢c comparado aos seus componentes individuais, o que pode
sugerir um efeito aditivo de GLURP, MSP-3 e Pfs48/45 quando inseridos numa
mesma construcdo, e que GMZ2.6¢ pode ser uma candidata a vacina antimalarica
mais promissora do que seus componentes individuais. Os resultados obtidos no
presente estudo corroboram com dados anteriores no qual a maior prevaléncia de
individuos com anticorpos anti-GMZ2 quando comparados a aqueles contra a
GLURP e MSP-3 foi observada em individuos naturalmente expostos a malaria na
Etiopia (104).

Estudos independentes avaliaram o potencial da resposta imune humoral
contra GLURP e MSP-3 em conferir imunidade clinica a malaria em areas
endémicas da Africa com diferentes niveis de transmissdo. Em todos eles, GLURP e
MSP-3 demonstraram grandes propriedades imunogénicas (117,140,141,182,183).
No presente estudo, GLURP e MSP-3 demonstraram ser amplamente reconhecidas
por anticorpos naturalmente adquiridos, principalmente nas areas de alta
endemicidade de CZS e ML. Entretanto, a prevaléncia de individuos com anticorpos
anti-Pfs48/45 variou entre 24-40%. Essas prevaléncias sdo inferiores aquelas
observadas na Regido Central da Gana para a mesma construcao (Pfs48/45.6c)
(184), possivelmente refletindo diferencas na exposicdo a gametocitos, como
relatado previamente em um estudo longitudinal em uma é&rea hipoendémica da
Tanzania (119).
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Os dados apresentados nesse estudo mostraram que anticorpos IgG anti-
GMZ2.6¢c sdo mais frequentes e apresentam niveis mais elevados no grupo CZS
guando comparados aos grupos ML e GJ. Considerando que € amplamente aceito
gue anticorpos IgG sao os principais mediadores de protecdo contra a malaria
clinica (107,185), podemos supor que sua importante presenca, principalmente no
grupo CZS, pode refletir um grau de imunidade antiparasitaria mais elevado. A maior
prevaléncia e niveis de anticorpos no grupo CZS pode estar relacionada ao
background genético da populacdo estudada, uma vez que as formas alélicas do
HLA podem influenciar a capacidade do hospedeiro de montar uma resposta
imunolégica (120,186-188).

Individuos naturalmente expostos a malaria possuiam, predominantemente,
anticorpos citofilicos 1gG1 e IgG3 contra a GMZ2.6¢ (e seus fragmentos individuais),
um importante fato se considerarmos que a aquisi¢cdo da imunidade protetora contra
a malaria resulta de um delicado balanco entre anticorpos citofilicos/néo citofilicos e,
gue anticorpos nao citofilicos 1gG2 e IgG4 com a mesma especificidade podem
bloquear mecanismos efetores (121,122,189,190). De fato, a interacdo entre 0s
anticorpos citofilicos e receptores Fc de células fagociticas podem levar a ativacao
celular e desencadear funcdes efetoras como fagocitose, producdo de citocinas e
guimiocinas, citotoxicidade, e a geracdo de espécies reativas de oxigénio e
nitrogénio (191). Anticorpos citofilicos também podem mediar a morte do parasito em
cooperacdo com mondocitos através do mecanismo de ADCI, além da opsonizacao

dos merozoitos de P. falciparum (68,107,192).

Nossos dados mostraram que GLURP-RO em individuos naturalmente
expostos a infeccdo malarica induz uma resposta anticorpo predominante citofilica
(IgG1 e 1gG3), enquanto a MSP-3 induz uma resposta predominantemente IgG1.
Fatores como a cumulativa exposi¢cdo a maléria, a idade dos individuos, o HLA e o
polimorfismo dos FcR tém mostrado influenciar a distribuicdo das subclasses de IgG
contra antigenos plasmodiais (143,145,148,193-195). Além disso, combinacdes
especificas de citocinas e ativadores de células B tém mostrado induzir o switch
para certas classes e subclasses em modelos experimentais (196). Experimentos in
vitro com células B humanas e murinas tém identificado citocinas que induzem
seletivamente a sintese de uma particular classe de imunoglobulina pela

estimulacao do rearranjo do DNA e transcricdo seletiva de genes Cn (197-199).
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Os niveis de anticorpos IgG e IgM contra a GMZ2.6¢c e GLURP foram maiores
em individuos parasitados quando comparados com individuos ndo parasitados.
Esse resultado pode refletir a estimulacdo do sistema imune levando a producgéo de
anticorpos antiplasmodiais, entre 0s quais anticorpos anti-GLURP, devido a
infeccdo. Esse booster, em resposta a infeccdo parece induzir uma resposta
anticorpos predominantemente citofilica (IgG1 e IgG3) que reconhecem GMZ2.6¢ e
GLURP.

Niveis de anticorpos contra diversos antigenos plasmodiais parecem estar
associados a idade e tempo de exposicdo em areas endémicas (120,168,200-205).
No presente estudo, individuos com altos niveis de anticorpos 1gG e IgG3 anti-
GMZ2.6¢c eram mais velhos e apresentavam um maior tempo de residéncia em
areas endémicas de maléria. Além disso, pudemos observar uma correlacdo
negativa entre a parasitemia e niveis de anticorpos IgG e IgG3 e uma correlacéo
positiva entre o numero de infec¢des anteriores de malaria e os niveis de anticorpos
IgG contra a GMZ2.6¢. Esses dados indicam que a prevaléncia de individuos com
anticorpos que reconhecem a GMZ2.6¢c e seus niveis aumentam com a exposi¢ao
ao parasito e podem contribuir para a imunidade antimalarica. Entretanto, a resposta
anticorpo contra as proteinas individuais (GLURP, MSP-3 e Pfs48/45) que
constituem a GMZ2.6¢c ndo forneceu evidéncias de um possivel papel protetor

desses anticorpos.

O mapeamento de epitopos de células B foi realizado em todas as amostras
gue apresentaram anticorpos IgG para cada uma das proteinas recombinantes.
Foram utilizados 13 peptideos derivados da GLURP27-500 previamente preditos como
potenciais epitopos de células B (114), quatro peptideos derivados da MSP-3155.249,
um polipeptideo reconhecido por anticorpos de individuos clinicamente imunes
utilizando clones de uma biblioteca de DNA e seus trés peptideos sobrepostos
(121,122) e, dois peptideos derivados da Pfs48/45 identificados nesse estudo por

predicéo in silico.

O epitopo P11 foi identificado como epitopo de células B imunodominante da
GLURP com uma alta frequéncia de respondedores e niveis de anticorpos IgG na
populagdo estudada. Esses dados corroboram com estudos anteriores em que P11

foi identificado como o epitopo imunodominante da GLURP em individuos residentes
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do estado de Rondbénia, também na Amazobnia Brasileira (120), e em macacos
Saimiri sciureus imunizados com uma proteina hibrida contendo a regido RO da
GLURP e C-terminal da MSP-3 (206). Em contraste, somente 29% de adultos
clinicamente imunes da Libéria apresentaram anticorpos contra P11, enquanto 0s
epitopos imunodominantes foram P1, P3, P4 e S3 (114). As diferencas na
imunodominancia dos epitopos de células B da GLURP pode ser devido aos
polimorfismos na regido RO da GLURP nos isolados de P. falciparum de diferentes
areas geograficas (133), as restricbes genéticas da resposta de anticorpos contra
epitopos da GLURP-RO0 (120) ou as diferencas na intensidade de transmissao entre

as areas endémicas (207).

Apesar da baixa prevaléncia de respondedores, os peptideos P1, P3, P4 e S3
induziram niveis elevados de anticoros IgG. Interessantemente, os epitopos P1, P3
e P4 possuem um motivo em comum (EPFPXQXHK) que parece ser alvo de
anticorpos com reatividade cruzada (208). Da mesma forma, anticorpos purificados
por afinidade contra o epitopo S3 podem reconhecer o peptideo S4 derivado da
regido R2 da GLURP (205). Esses dados podem sugerir que os altos niveis de
anticorpos contra esses epitopos pode ser resultado de anticorpos com reatividade

cruzada.

Em nosso estudo, o peptideo linear contendo a sequéncia de aminoacidos da
DG210, derivado da MSP-3, também foi amplamente reconhecido por altos niveis de
anticorpos IgG naturalmente adquiridos. Interessantemente, as prevaléncias e niveis
de anticorpos contra os epitopos MSP-3c e DG210 foram semelhantes, sugerindo
gque a resposta anticorpos contra DG210 pode ser direcionada principalmente contra
este epitopo na populacdo de Cruzeiro do Sul, Mancio Lima e Guajara. Diversos
estudos soroepidemiologicos demonstraram perfis distintos de resposta anticorpos
contra epitopos derivados do regido C-terminal da MSP-3. O peptideo MSP-3b € o
epitopo imunodominante em individuos hiperimunes (121,122), enquanto individuos
com diversos graus de exposicdo nao apresentaram diferenca na prevaléncia e
niveis de anticorpos contra os epitopos MSP-3b, MSP-3c e MSP-3d (209).
Anticorpos induzidos ap6s imunizacdo com MSP-3CT LPS foram dirigidos contra os
peptideos MSP-3c e MSP-3d (144,216), mas niveis semelhantes de anticorpos

contra todos os peptideos foram observados.
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Nossos dados mostram que todos os epitopos imunodominantes da GLURP e
MSP-3 sdo, principalmente, alvos de anticorpos citofilicos 1gG1 e/ou 1gG3 na
populacdo de estudo — predominantemente IgG3 contra o epitopo S3 e IgG1 contra
0S outros epitopos. A prevaléncia de anticorpos citofilicos contra os epitopos
derivados da MSP-3 e GLURP também foi observada em individuos expostos a
infeccdo natural na Africa (209,210) e em voluntarios Europeus imunizados (149)
associados com protecédo clinica contra a malaria por P. falciparum. Sabe-se que o
background genético, graus de exposi¢cdo da populacdo ao parasito e a intensidade
de transmissdo de maléaria podem influenciar a distribuicdo das subclasses de IgG
contra antigenos plasmodiais (193). Em conjunto, esses dados sugerem que
caracteristicas intrinsecas desses antigenos podem ser o principal fator que
determina o perfil de resposta de anticorpos IgG citofilicos, levando a ativacdo de
células B pela ligacdo de CD40 a CD40L expresso na superficie de células T CD4*
ativadas, fornecendo o sinal coestimulatorio e liberac&o de citocinas que influenciam

o switching da subclasse de IgG (211,212).

A andlise de correlagdo da resposta imune e os dados epidemiol6gicos
mostraram que o0s hiveis de anticorpos IgG1 contra os epitopos P1 e P11 da GLURP
estavam positivamente correlacionados com a idade a tempo de residéncia em area
endémica de malaria, enquanto os niveis de anticorpos IgG3 contra o epitopo
DG210 da MSP-3 estavam associados com o numero de infec¢cdes anteriores de
malaria. Além disso, os niveis de anticorpos IgG1 contra o epitopo P3 da GLURP
foram negativamente correlacionados com o tempo desde a Ultima infeccdo de
maléria. Esses dados podem refletir a exposicdo cumulativa destes individuos a
infeccdes por P. falciparum e, possivelmente, a maturagdo do sistema imune ao
longo do tempo (140), mas nao forneceram evidéncias de um possivel papel protetor
desses anticorpos, uma vez que nao foi observada qualquer relacdo entre a
prevaléncia ou niveis de anticorpos especificos e a presenca ou auséncia de

parasitos no sangue, sintomas e parasitemia no momento da coleta.

A maioria dos individuos respondedores para a proteina recombinante
Pfs48/45 (68.5%) apresentou anticorpos IgG detectaveis contra os dois epitopos
preditos, validando a predi¢&o in silico de epitopos lineares de células B. Uma maior
frequéncia de individuos com anticorpos anti-Pfs48/45b foi observada, apesar de

nenhuma diferenca nos niveis de anticorpos contra o0s dois epitopos.
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Interessantemente, os niveis de anticorpos contra Pfs48/45a e Pfs48/45b foram
similares aqueles contra a proteina recombinante (109). Esses resultados indicam
gue embora uma minoria de epitopos de células B sejam lineares (~10%) (213) eles
podem ser um interessante alvo de anticorpos. Contudo, o epitopo de atividade de
blogueio de transmissdo mais potente da Pfs48/45 €& conformacional (214) e, a
producdo de uma proteina desnaturada ndo induziu anticorpos funcionais em
camundongos (215). Além disso, a imunizacdo com a Pfs48/45 revelou que muitos
anticorpos sem atividade de bloqueio de transmissdo reconhecem a regidao 6¢ da
Pfs48/45 (216). Estudos adicionais sdo necessarios para a melhor compreenséo da
resposta humoral contra esses epitopos e sua possivel atividade de bloqueio de

transmissao.

Estudos revelaram que a alta efichcia no bloqueio de transmissdo do
anticorpo monoclonal 85RF45.1 contra o epitopo | € devido a sua habilidade de
bloguear a funcao da Pfs48/45 (216), e diversas subclasses de IgG podem contribuir
com a atividade de bloqueio de transmissdo. Curiosamente, a maior frequéncia de
individuos com anticorpos IgG1 e IgG3 contra os epitopos Pfs48/45a e Pfs48/45b,
respectivamente, e a menor propor¢cdo de anticorpos 1gG2 e IgG4 contra os dois
epitopos sugerem um possivel papel da via classica de ativagcdo do sistema
complemento. Embora, até o momento, ndo existem evidéncias da importancia da
interacdo entre anticorpos anti-Pfs48/45 e o sistema complemento na atividade de
blogueio de transmisséo, anticorpos contra outros antigenos de fase sexuada, como
Pfs230, mostraram ter a sua atividade bloqueadora de transmissdo aumentada na

presenga de componentes do sistema complemento humano (72).

Anticorpos especificos contra antigenos de fase sexuada também estdo
relacionados com idade e podem ser utilizados como marcadores de exposicao,
aumentando de acordo com a densidade de gametdcitos (217-219), entretanto,
nenhuma correlagdo com parametros epidemiolégicos foi encontrada nesse estudo.
Esse achado nao é surpreendente visto que em areas endémicas de maléria as
infeccbes sdo determinadas por contagem de parasitos por microscopia e,
normalmente, gametocitos ocorrem em baixas densidades. Além disso, nesse
estudo, nenhum outro método mais sensivel para deteccdo de gametdcitos foi

utilizado.
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A resposta imune celular foi avaliada utilizando PBMCs de individuos
expostos a infeccdo malarica ndo parasitados e parasitados por P. falciparum,
criopreservadas para os estudos ex vivo, logo apdés o descongelamento, e in vitro,
apos a cultura celular na auséncia e presenca dos estimulos GMZ2.6¢c, GLURP,
MSP-3, Pfs48/45 e os mitdgenos PMA e lonomicina.

Nossos dados mostraram uma alta viabilidade celular apdés o
descongelamento das amostras, menor em individuos parasitados por P. falciparum
gue em individuos ndo parasitados. A perda significativa da viabilidade celular em
individuos parasitados pode estar relacionada a macica ativagéo policlonal quando
estimulada in vivo pelos antigenos parasitarios induzindo a morte de diferentes tipos
celulares. De fato, elevados percentuais de PBMCs em processo de apoptose tém
sido descritos no decurso da infeccdo malarica humana (220-222). Em
contrapartida, apos cultura das PBMCs na auséncia ou presenca de diferentes
estimulos, observamos uma extensa reducao na viabilidade celular de linfécitos sem
diferenca significativa entre o percentual de células viadveis entre os individuos
parasitados e nao parasitados. Esses dados mostram que a reducdo da viabilidade
dessas células € independente do estimulo utilizado e pode ser devido ao tempo
prolongado de cultivo e a privacdo ou competicdo por fatores essenciais para a

sobrevivéncia dessas células (223).

Estudos em modelos experimentais de camundongos tem demonstrado o
papel essencial de células T CD4* e CD8" na resposta protetora contra a malaria na
fase eritrocitica (224—-227). Ademais, a imunizagdo de humanos com baixas doses
de eritrécitos infectados por P. falciparum foi capaz de induzir uma resposta
protetora contra parasitos do estagio sanguineo, mediada por linfécitos T CD4* e
CD8* antigeno-especificas produtoras de IFN-y (228). Considerando o importante
papel da resposta imune mediada por células T, avaliamos a resposta de células T
CD4* e CD8", assim como o perfil de ativacdo e caracterizagdo funcional desses
tipos celulares. Observamos uma maior proporcdo de células T CD4* estimuladas
com os antigenos GMZ2.6¢, GLURP, MSP-3 e Pfs48/45 no grupo parasitado por P.
falciparum quando comparado ao grupo nao parasitado. Esses dados podem sugerir
a expanséo de linfécitos T CD4* especificos contra os antigenos GLURP, MSP-3 e
Pfs48/45 durante a infeccdo malarica e que a construcao vacinal GMZ2.6¢ contendo

esses trés antigenos também foi capaz de estimular linfécitos T CD4* especificos
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nos individuos parasitados por P. falciparum. De fato, linfécitos T CD4* séao
componentes fundamentais para a regulacdo da resposta imune do hospedeiro no
decurso da infec¢cdo pelo Plasmodium (229,230). As células T CD4* sao ativadas
apos o encontro com células apresentadoras de antigeno via MHC de classe Il e se
diferenciam em diferentes subconjuntos. As células com perfil Thl sdo as principais
secretoras de TNF-a e IFN-y, essenciais para a resposta imune protetora contra o
Plasmodium (228,229). Além disso, linfocitos T auxiliar foliculares (Tfh) s&o
indispensaveis para a ativacao de linfécitos B, estimulando a mudanca de classe e
maturacao de afinidade (46,51,229). Todavia, individuos previamente expostos nao
parasitos e parasitados por P. faciparum ndo apresentaram diferenca significativa no
percentual de células T CD4* na auséncia e presenca dos estimulos GMZ2.6c,
GLURP, MSP-3 e Pfs48/45, indicando que a infec¢cdo por P. falciparum e nao os
estimulos foi responséavel pelo aumento do percentual de linfocitos T CD4* apés o
estimulo com GMZ2.6¢c, GLURP, MSP-3 e Pfs48/45. Esses resultados corroboram
com um estudo recente em que individuos expostos imunizados com a GMZ2 nao
apresentaram diferenca significativa na propor¢do de linfécitos T CD4* total e
secretores de citocinas pro- e anti-inflamatoérias antes e apds a imunizagéo (231),
sugerindo que a exposicdo natural continua ao parasito pode influenciar na ativagéao

saturada de linfocitos T e/ou na ativagéo prévia de células dendriticas (232).

Em nosso estudo elevados percentuais de células T CD8* foram encontrados
apos o estimulo com GLURP no grupo parasitado por P. falciparum, enquanto
nenhuma diferenca foi observada no grupo néo parasitado. Curiosamente, a
proteina GLURP, dentre os componentes da GMZ2.6¢c, é a Unica também expressa
na fase pré-eritrocitica, estando presente no vacuolo parasitéforo de esquizontes
hepéticos (124,125). Sabe-se que linfocitos T CD8* sdo capazes de eliminar
hepatocitos infectados através da liberacdo de granzima B e perforinas (61,62), bem
como inibir o desenvolvimento intra-hepatico do parasito pela producdo de IFN-y e
TNF-a (47), apés o reconhecimento de peptideos derivados do parasito
apresentados por moléculas de MHC de classe | de células apresentadoras de
antigenos ou hepatécitos infectados (230), e que linfocitos T CD8+ especificos
contra antigenos pré-eritrociticos ja& foram descritos no sangue de individuos
residentes em areas endémicas de malarica (233—-235) e apés vacinagéo (236—-238).
Esses dados sugerem que durante o estagio pré-eritrocito da infeccdo, células T

CD8* especificas contra GLURP podem ser ativadas e persistirem durante o estagio
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sanguineo. Entretanto, ndo podemos excluir o fato de que uma robusta resposta de
células T CD8* contra diversos antigenos de fase eritrocitica € ativada
principalmente no bago como foi demonstrado em diferentes modelos experimentais
de roedor (239,240). Além disso, foi recentemente demonstrado que linfécitos T
CD8* podem diretamente provocar a lise de reticulocitos infectados via MHC de
classe | na malaria por P. vivax (241,242). Apesar do aumento do percentual de
linfécitos T CD8+ apds estimulo com GLURP, uma diminuicdo no percentual desses
linfécitos apds estimulo com GMZ2.6¢ foi observado no grupo parasitado por P.
falciparum quando comparado ao grupo ndo parasitado. Uma hipétese para esse
resultado € que a conformacdo da GMZ2.6c pode estar influenciando o
processamento e subsequente apresentacdo de epitopos via MHC de classe | para
os linfécitos T CD8*. De fato, foi demonstrado que a estrutura tridimensional da
proteina GP120 do Virus da Imunodeficiéncia Humana (Human Immunodeficiency
Virus - HIV) (243), bem como, MSP-1 de P. falciparum (244) determina a
imunodominancia de seus epitopos, e essa modulacdo pode ser resultado do

processamento proteolitico da proteina (245,246).

E amplamente aceito que a resposta imune humoral desempenha um papel
fundamental na protecdo contra as formas sanguineas do Plasmodium (47). O
desenvolvimento da resposta imune humoral requer o reconhecimento do antigeno
do parasito pelos linfécitos B através do receptor BCR seguido da ativacdo dessas
células pela interacdo com células T CD4"*, levando a proliferacdo e diferenciacéo
dos linfocitos B em plasmaocitos (247). Nossos resultados ndo demonstraram
diferencas significativas entre o percentual de linfécitos B nos individuos néo
parasitados e parasitados por P. falciparum ex vivo e apos o cultivo, contrastando
com estudos anteriores em que um menor percentual de células B no sangue
periférico de individuos durante a infeccdo aguda por P. falciparum e P. vivax foi
observada (248,249). Também nédo observamos diferenca significativa no percentual
de linfécitos B na auséncia e presenca de diferentes estimulos. Esses dados
corroboram com um estudo recente em que nenhuma diferenca no perfil de células
B foi observado apds imunizagdo com GMZ2 em individuos com exposicao prévia ao
P. falciparum, e que a protecdo observada na Infeccdo Malarica Humana Controlada
(Controlled Human Malaria Infection - CHMI) pode estar associada a imunidade
naturalmente adquirida ao parasito (231). Em contrapartida, estudos anteriores

detectaram células B de memodria especificas contra a GMZ2 em criancas e adultos
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imunizados residentes em areas endémicas de maléaria, apesar da forte reatividade
decorrente da intensa exposicdo prévia (100,101). E importante enfatizar que em
nosso estudo, ndo caracterizamos as subpopulages de linfécitos B. Sabe-se que
individuos residentes em areas endémicas de maldria apresentam um atraso no
desenvolvimento das células B de memoria contra antigenos de fase sanguinea,
atribuido a expanséo de células B de memdria atipicas em resposta a exposicao
cumulativa ao parasito (179-181,247). As células B de memdria atipicas possuem
uma menor resposta proliferativa e capacidade de diferenciacdo em plasmécitos
secretores de anticorpos (180,250), que aliado as baixas frequéncias de células B de
memoéria antigeno-especificas no sangue periférico (251) pode estar associado a
semelhante resposta de células B na auséncia e presenca de diferentes estimulos.

A baixa ativacdo celular nos dois grupos, independente da presenca ou
auséncia de estimulos, pode ser devido a maioria dos linfécitos T e B ativados
serem submetidos a morte celular induzida por ativagéo, levando essas células ao
processo de apoptose (252,253). Curiosamente, no grupo parasitado por P.
falciparum, tanto as amostras cultivadas na auséncia quanto na presenca do
estimulo GMZ2.6¢, apresentaram uma maior ativacdo de linfécitos T CD4* e B
guando comparado ao grupo nao parasitado. Esse resultado pode ser devido a
exaustdo de células T CD4* e B (atipicas) durante a infeccdo malérica,
potencializada apés estimulo com antigenos derivados do parasito, enquanto a
conformacdo da proteina GMZ2.6¢c pode levar ao reconhecimento de diferentes
epitopos. Estudos tem demonstrado a expansdo de células T CD4* (CD45RA+)
expressando PD-1 e LAG-3 e de células B de memodria atipicas em individuos
expostos a transmissdo continua e parasitados por P. falciparum, fornecendo
evidéncias de que a infeccdo por esse parasito provoca alteracBes fenotipicas
indicativas de exaustdo celular (180,254), bem como a reducdo da resposta
proliferativa de células T CD4* especificas e secrecéo de IFN- y e TNF-a em modelo
experimental de roedor (255). Importantemente, nesse estudo utilizamos a
expressdo de CD69 para avaliar a ativacdo celular. Tem sido demonstrado que
apesar de uma forte ativacdo prévia de células T durante a infeccdo por P.
falciparum, a ativacao recente pode ser modulada negativamente pela expressao de
CTLA-4 e PD-1, associado ao quadro clinico da infec¢éo (256).
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A infeccdo pelo Plasmodium induz uma resposta de células T CD4* e CD8*
antigeno especificas ap6s a apresentacdo de epitopos derivados do parasito por
células apresentadoras de antigeno via moléculas de MHC de classe | ou Il, sinal co-
estimulatério e producao de citocinas (257). Apds a resolucédo da infeccédo, a maioria
das células efetoras sofrem apoptose enquanto as células T de memodria sdo
mantidas e capazes de responder rapidamente a infec¢cdes secundarias (62). Em
nosso estudo, perfis semelhantes de células T CD4* e CD8* naive, em transicdo
naive/memoria e de memoaria foram encontrados nos individuos néo parasitados e
parasitados por P. falciparum, ex vivo ou apos o cultivo independente do estimulo.
Entretanto, quando caracterizamos as células de memdria em central e efetora
observamos maiores percentuais de linfocitos T CD4* e CD8* de memoaria central no
grupo parasitado por P. falciparum quando comparado ao grupo ndo parasitado
apos o cultivo na auséncia ou presenca dos estimulos GMZ2.6¢, GLURP e Pfs48/45,
enquanto o percentual de células T CD4* (independente da auséncia ou presenca
de estimulos) e CD8" (apds estimulo com GLURP e Pfs48/45) de memodria efetora
estavam reduzidos nos individuos parasitados por P. falciparum. Diante desse
resultado, algumas hipoteses podem ser levadas em consideracdo. O fato de que
uma maior proporcéao de linfécitos T CD4* de memoria efetora ex vivo no grupo EXP,
engquanto no grupo PF nenhuma diferenca significativa entre os dois fendtipos foi
encontrada pode sugerir que a infecgédo por P. falciparum por si pode levar a uma
reducdo das células de memoria efetora. No entanto, independente da auséncia ou
presenca de diferentes estimulos observamos a inversdo desse perfil fenotipico no
grupo nao parasitado, indicando que ndo somente a infeccdo, mas a exposicao
prévia pode levar a reducdo das células T de memoria efetora. Por outro lado, ndo
encontramos diferenca significativa no perfil fenotipico dos linfécitos T CD4* e CD8*
cultivados na auséncia ou presenca de estimulos e essa reducdo de células de
memoria efetora pode ser somente um reflexo do cultivo prolongado levando a morte
por apoptose das células T com esse fen6tipo na auséncia de estimulo, bem como a
estimulacdo cronica (62,258,259), ou resultado da exaustdo celular caracterizada
por uma reduzida capacidade de proliferacdo e funcbes efetoras em resposta a
antigenos do parasito (255). Outra hipotese reside no fato de estudos em modelo
experimental de camundongo e em individuos expostos ao P. falciparum terem
demonstrado que as subpopulagfes de linfécitos T CD4* e CD8* de memoria ndo
tem o perfil alterado em resposta a reinfeccdo ou exposi¢cdo crdnica, mas sim a

producdo de citocinas parece apresentar uma resposta mais significante
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(180,258,260). De fato, células T CD4* e CD8* de memoaria efetora produtoras de
IFN-y especificas contra MSP-1 de P. falciparum estam associadas com a exposi¢ao
ao parasito (261), enquanto as células T de memoria central produtoras de TNF-a e
IL-2 estdo associadas com a proliferacdo de células T e reducdo de parasitemia
(262). Em nosso estudo o sobrenadante das culturas celulares foram armazenados
no -70 °C para posterior avaliacdo do perfil de citocinas frente aos diferentes

estimulos.

Apesar do vasto conhecimento acerca da resposta imune humoral,
relativamente poucos epitopos de célula T localizados em um pequeno namero de
antigenos de P. falciparum foram identificados e caracterizados detalhadamente
(263). O maior obstaculo na identificacdo de epitopos de células T consiste no fato
de que genes que codificam moléculas HLA de classe | e Il sdo extremamente
polimérficos e estdo sob uma forte pressao seletiva pelos parasitos da maléaria (264).
As formas alélicas do HLA podem ter diferentes afinidades de ligacdo que
contribuem para a aquisicdo varidvel da resposta imune (186). Assim, um dos
pontos mais relevantes para o desenvolvimento de uma vacina a maléria é identificar
epitopos de células T que podem interagir de forma promiscua com multiplas
moléculas do HLA (265). Em nosso estudo, 12 peptideos foram preditos como
epitopos promiscuos de HLA classe | (5, 1 e 4 derivados da GLURP, MSP-3 e
Pfs48/45, respectivamente) e Il (2 derivados da Pfs48/45) e, divididos em 4 pools.

Os quatros pools de peptideos induziram uma resposta IFN-y em individuos
com exposicao prévia ao parasito com frequéncias que variam entre 13% e 39%.
Esses dados corroboram com estudos anteriores que as infeccbes prévias por
malaria podem desencadear resposta de células T especifica mesmo na auséncia
do parasito (235,266). Individuos parasitados com P. falciparum apresentaram
frequéncias semelhantes de respondedores para os pools Ppp Il e Gpp | que
individuos previamente expostos ao parasito, entretanto nenhum deles apresentou
resposta especifica de célula T para o pool Ppp |, enquanto uma alta frequéncia de
resposta de IFN-y (75%) foi observada contra o pool Mpp |. Esses dados podem ser
um reflexo da estimulacdo do sistema imune, levando a ativagdo de clones
especificos de células T, sugerindo que a maior frequéncia de individuos
respondedores a Mpp | no grupo infectado por P. falciparum pode ser devido a um

booster na resposta imunolégica especifica previamente existente em individuos
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naturalmente expostos a infeccdo malarica, corroborando com dados anteriores
mostrando que a resposta proliferativa e secrec¢do de IFN-y a apos estimulagdo com
um longo peptideo sintético (MSP3-LPS) e seus peptideos sobrepostos foram
potencializadas em individuos imunizados residentes em Burquina Faso (267).
Importantemente, a andlise de predicdo in silico indicou que esses epitopos sao
reconhecidos por cerca de 50-60% dos alelos de HLA de classe | ou Il mais comuns
mundialmente com afinidades de ligacdes distintas. Sabe-se que peptideos restritos
a determinados alelos induzem uma resposta de células T em individuos que
possuem o alelo de HLA correspondente (266). Em nosso estudo, ndo foi realizada a
caracterizagdo dos antigenos leucocitarios humanos nos individuos de Cruzeiro do
Sul, Mancio Lima e Guajara. Estudos serdo necessarios para avaliar a restricdo por
moléculas do HLA de classe | e Il desses epitopos e a presenca desses alelos na

populacéo estudada.

Individuos residentes em areas endémicas de maléria da Amazonia Brasileira
gue possuiam uma resposta IFN-y contra os pools Mpp | e Gpp | apresentaram um
maior tempo desde a ultima infec¢do de malaria quando comparado a individuos néo
respondedores. Esses dados podem indicar um possivel papel protetor de clones
especificos de células T contra o epitopo Mp | e os epitopos inseridos dentro do pool
Gpp |. Apesar de estudos demonstrarem a presenca de epitopos de célula T
imunogénicos em individuos naturalmente expostos a malaria e imunizados com
longos peptideos sintéticos derivados da GLURP e MSP-3 (209,210), ndo ha
evidéncias do papel dessas células na protecéo contra a infeccdo malarica. De fato,
enquanto anticorpos especificos tem, classicamente, demonstrado mediar protecédo
contra a fase eritrocitica e as manifestagfes clinicas em humanos, alguns trabalhos
mostram o papel crucial de resposta de células T antigeno especificas no controle
da infeccéo de fase sanguinea (62,228,268), apesar dos eritrocitos ndo expressarem
moléculas de HLA. Estudos adicionais serdo necessarios para melhor compreensao
e caracterizacdo da resposta de células T contra o epitopo Mp | e os epitopos

inserido no pool Gpp I.

Considerando que a extensa diversidade genética exibida pelo P. falciparum
pode ser um fator importante para a evasao do parasito ao sistema imune do
hospedeiro, a presenca de polimorfismos nas regifes genéticas que codificam as

proteinas que compdem a GMZ2.6c pode modular a resposta imune especifica.
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Assim, a identificacdo e avaliacdo de polimorfismos nas regides potencialmente
antigénicas dos componentes da GMZ2.6¢c em isolados de P. falciparum que

circulam em areas endémicas Brasileiras é de fundamental importancia.

A andlise por PCR evidenciou a presenca de apenas um fragmento para 0s
dominios da PfGLURP, PfMSP-3 e Pfs48/45, descartando a presenca de
polimorfismos de tamanho. Dos 67 isolados coletados, 46, 28 e 50 foram
amplificados para a PfGLURP, PfMSP-3 e Pfs48/45, respectivamente. A nao
amplificacdo dos fragmentos de interesse em alguns isolados pode ser devido a
presenca de polimorfismos nos sitios de anelamento dos primers, impedindo o

anelamento correto e posterior extenséo da fita de DNA (269).

Apesar da regido RO da GLURP ser mais conservada que as regides R1 e R2
(130-133), nosso estudo demonstrou a presenca 33 polimorfismos em sitios
nucleotidicos, sendo 31 substituicdes nao sinbnimas e 2 substituicdes sindnimas,
resultando na identificacdo de 25 variantes genotipicas da sequéncia referéncia 3D7.
A maior frequéncia de SNPs nédo-sinbnimos no segmento génico que codifica a
GLURP-RO corrobora com trabalhos anteriores que mostram que substituicbes
sinbnimas séo raras no genoma do P. falciparum (270). A diversidade genética
exibida pela GLURP pode estar ligada ao fato de que genes que codificam proteinas
alvos do sistema imunoldgico estdo sob forte pressdo seletiva, como um mecanismo
de evasao do parasito do sistema imune (271). Em nosso estudo, os SNPs mais
frequentes foram A373C e T599A, resultando nas substituicdes K125Q e V200E,
encontrados em todos os isolados. Esses polimorfismos, além de 11 outros sitios
polimorficos, ja foram descritos em diversos isolados provenientes de diferentes
regibes geogréficas, incluindo Kanbauk em Myanmar, Dielmo no Senegal e
Rondbnia no Brasil (272). Entretanto, é importante ressaltar que 16 novos
polimorfismos foram identificados nos isolados que circulam em areas endémicas
Brasileiras. N&do obstante, quando comparamos as sequéncias encontradas nesse
trabalho com a cepa Bl (cepa de laboratério de origem Brasileira) uma menor
variabilidade genética € observada. Esse dado ndo é surpreendente, visto que
linhagens de laboratério tendem a ser relativamente similares aos isolados coletados

na mesma area de sua origem (272).
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Em nosso estudo, o segmento génico que codifica a regido C-terminal da
MSP-3 se mostrou conservado, corroborando com dados anteriores que mostram
gue apesar da regido N-terminal ser altamente polimorfica, limitados polimorfismos
sdo encontrados na regidao C-terminal (145-148,273). Nos isolados proveniente de
CZS, ML e GJ foram identificados somente 3 SNPs ndo sindbnimos, sendo dois no
mesmo codon (T499C e A500C) resultando na substituicdo Y193P/H e um na
posicdo A506G, resultando na substituicdo K169R. O polimorfismo Y193P/H esteve
presente somente nos isolados desse estudo, enquanto K169R é amplamente
encontrado em isolados de diversas regifes endémicas. No entanto, 10 outros sitios
polimérficos encontrados em outras regides geograficas do mundo nao foram
observados nesse estudo (273). O limitado polimorfismo encontrado na regiao C-
terminal da MSP-3 pode ser resultado de seu papel essencial na oligomerizacéo de
proteinas (144,274) e no processo de invasdo do merozoito mediando a ligacdo com

0s eritrocitos (275).

Proteinas provenientes de estagios sexuados sofrem uma menor pressao do
sistema imune, consequentemente, possuem um menor numero de polimorfismos
(112). A analise de sequenciamento genético revelou que a regido génica que
codifica o dominio Il da Pfs48/45 é altamente conservada, ndo apresentando
nenhum SNP nos 45 isolados sequenciados. Resultados semelhantes foram
encontrados em isolados proveniente do Amapa, outro estado endémico no Brasil
(276), Madagascar e Camboja (277), entretanto um limitado niamero polimorfismos ja
foi identificado em outras &reas endémicas de malaria (156-158,276,277)

associados a regides geograficas especificas.

Genes de P. falciparum que codificam proteinas imunogénicas estédo sob forte
pressdo seletiva para acumular mutacdes. Partindo dessa premissa e pelo fato de
gue as proteinas GLURP e MSP-3 sdo amplamente reconhecidas por células T e
anticorpos de individuos residentes em areas endémicas brasileiras de malaria,
avaliamos a possibilidade dos genes que codificam GLURP e MSP-3 estarem
sofrendo presséo seletiva. Ndo observamos diferengas no padréo de polimorfismo
nos genes que codificam a regidao RO da GLURP e C-terminal da MSP-3 entre as
trés localidades. Esse dado esta em concordancia com estudos anteriores na
Regido Amazobnica em que nédo foi possivel observar isolamento por distancia ou

grande variabilidade entre populacbes com pouca distancia entre si (278,279). De
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fato, a proximidade dos municipios de Cruzeiro do Sul, Mancio Lima e Guajara
permitem um grande fluxo de genes do genoma do P. falciparum entre as
populagdes, fator que associado a migracdo de pessoas, propicia a diversidade
genética do parasito e favorece a difusdo de cepas parasitarias (280) entre as
localidades. Além da pressao seletiva outras forcas como deriva genética, mutacao,
endocruzamento, recombinacao, efeitos gargalos e isolamento por distancia atuam
no aumento e/ou reducdo da variabilidade genética de uma populacdo. Sabe-se que
as populacdes de P. falciparum se estruturam de formas diferentes em distintas
regides geograficas e que paises da América do Sul apresentam menor diversidade
genética quando comparado a paises Africanos, entretanto altos niveis de variacao
geografica entre os paises sul-americanos é observada (281). Ademais, estudos tem
demonstrado que a diversidade genética de antigenos de fase sexuada esta,
principalmente, estruturada com base na origem geografica e intensidade de
transmissao, apresentando uma variacao na diversidade de polimorfismos, enquanto
a diversidade genética de antigenos expressos em merozoitos ndo possui relacao
com a estruturacdo geogréfica do parasito, mas sim com a pressao seletiva, e niveis
similares de diversidade genética sdo encontrados em diferentes areas endémicas
de malaria (282). Essas observacfes vao de acordo aos nossos resultados, em que
a alta conservacdo da regido génica que codifica o dominio Il da Pfs48/45 foi
observada, contrastando com o limitado numero de polimorfismos encontrado na
mesma regido em paises de alta endemicidade da Africa, podendo ser resultado da
menor intensidade de transmissdo de P. falciparum nas localidades estudadas. A
pouca distancia entre as populacdes estudadas e a estruturacdo populacional do
parasito nas areas da Amazoénia Brasileira podem influenciar no perfil da resposta
imune e pode nos auxiliar a avaliar de que forma os polimorfismos encontrados no

nosso estudo podem ser fixados ou modificados durante o tempo.

A andlise dos genes PfGLURP e PfMSP-3 evidenciou uma gama de
polimorfismos que contribuiram para a geracdo da variabilidade haplotipica e
nucleotidica. Essa variedade haplotipica e nucleotidica € uma das formas do
parasito de evadir o sistema imune do hospedeiro, através da acumulacdo de
mutacbes nao-sinbnimas, que irdo acarretar a variacdo adaptativa, mantida pela
selecao balanceada (283). O propdsito do teste D de Tajima é identificar o desvio de
neutralidade, ou seja, indicar processos como selecdo balanceadora, expansao

populacional e varreduras seletivas. Os valores positivos sédo indicativos de selecéo
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balanceadora e gargalos populacionais, enquanto valores negativos sao indicativos
de selecao purificadora ou expansao populacional (170). Em nosso estudo, a analise
genética da populagéo identificou valores positivos no teste D de Tajima nos trés
municipios estudados para a PfGLURP, enquanto a PfMSP-3 valores positivos
foram identificados para Méancio Lima e Guajara e negativos para Cruzeiro do Sul.
Entretanto, ndo observamos valores estatisticamente significantes, sugerindo que
ndo ha selecdo significativa nas regidées génicas que codificam os dominios RO da
PfGLURP e C-terminal da PfMSP-3. Esses dados diferem de estudos prévios em
gue uma forte selecdo balanceadora no gene que codifica a PIMSP-3 (146,284) e
purificadora no gene que codifica a P[GLURP (271) foram encontrados. Contudo,
vale ressaltar que esses estudos consideraram 0s genes completos que codificam

essas proteinas.

Polimorfismos genéticos em sequéncias codificantes de epitopos
imunodominantes podem alterar ou interromper o reconhecimento desses epitopos
por células T e B, consistindo em um importante gargalo para o desenvolvimento de
uma vacina antimalarica (285). Assim, nosso trabalho avaliou a predig&o in silico de
potenciais epitopos de células B e T das proteinas MSP-3 e GLURP e o possivel

impacto dos polimorfismos encontrados na predicéo desses epitopos.

A variagdo de aminoacidos nas regifes potencialmente antigénicas de célula
B foi observada apenas na GLURP. A maioria dos polimorfismos nao-sinénimos
encontrados ndo impactou os epitopos preditos. Contudo, os polimorfismos L250F
(no epitopo P2) e K284E (no epitopo P4), quando ocorrem juntos, e K314Q (no
epitopo P5) diminuem o score de predicdo do epitopos. Interessantemente, 0s
polimorfismos G309Q e K314Q (epitopo P5) aumentaram o score de predicdo desse
epitopo, podendo ser um reflexo do drastico aumento do score de predicdo causado
pela substituicdo G309Q. Além disso, o polimorfismo E403K (epitopo 10) aumentou
o score de predicdo desse epitopo, entretanto continuou ndo sendo um potencial
epitopo de células B, corroborando com os dados do mapeamento epitdpico. Esses
dados podem sugerir que a diferenca na imunodominancia dos epitopos de células
B encontradas nesse estudo (Artigo 2) pode estar relacionada com a presenca
desses polimorfismos, visto que os epitopos P3 e P4 foram imunodominantes em
outras areas endémicas (114), enquanto poucos individuos residentes de Cruzeiro

do Sul, Mancio Lima e Guajard possuiam anticorpos que reconheciam esses
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epitopos, apesar dos altos niveis de anticorpo. Curiosamente, na populacdo de
estudo, as substituicbes G309Q e K314Q ocorreram sempre juntas em 31/42
(73.8%) isolados, apesar de ndo ser considerado um epitopo imunodominante essa
substituicdo pode ter apresentado um consideravel aumento na frequéncia de
individuos respondedores a esse peptideo, visto que anticorpos purificados de
adultos clinicamente imunes na Africa ndo foram capazes de reconhecer P5 (114).
Além dos epitopos de células B, o impacto dos polimorfismos nos epitopos de célula
T foi avaliado. Assim como para os epitopos de célula B, a variagdo de aminoacidos
nos potenciais epitopos de célula T foi observada apenas para a GLURP,
ressaltando o potencial do parasito de gerar mutagdes randémicas que podem ou
ndo favorecer a diversidade em regides epitdpicas envolvidas na protecdo (285).
Dois polimorfismos nao sinbnimos (Q208E e L214F) estavam localizados em 2
epitopos de célula T (Gpl e Gp2), entretanto nenhum impacto no possivel potencial
antigénico desses epitopos foi observado. Embora estudos tenham demonstrado
gue polimorfismos presentes em epitopos preditos ndo alteram o score de
antigenicidade dos epitopos (286,287), outros relatam que substituicbes de
aminoacidos podem reduzir a afinidade de ligacdo até levar a perda de propensao
de ligacdo (288,289). Em nosso trabalho, foi possivel observar polimorfismos que
podem alterar o score de predicdo do epitopo, assim como ndo causar impacto no

potencial do epitopo predito.

Em conjunto, nossos dados mostraram que a proteina recombinante GMZ2.6¢
€ amplamente reconhecida por anticorpos naturalmente adquiridos de individuos
residentes em areas endémicas de malaria no Brasil com diferentes niveis de
transmissao. A maior prevaléncia e niveis de anticorpos contra a GMZ2.6¢ quando
comparada com seus fragmentos individuais pode sugerir um efeito aditivo de
GLURP, MSP-3 e Pfs48/45 quando inseridos na mesma construcdo e pode
contribuir com a imunidade antiparasitaria. O maior percentual de linfécitos T CD4*
estimulados com GMZ2.6c, GLURP, MSP-3 e Pfs48/45 e linfocitos T CD8* com
GLURP em individuos parasitados por P. falciparum sugerem a expansado dessas
células em decorréncia a infeccdo malarica, contudo a resposta de linfécitos B foi
limitada. A identificacdo de multiplos epitopos de células B e T derivados da GLURP,
MSP-3 e Pfs48/45 aliados ao limitado polimorfismo na regido RO da GLURP e C-

terminal da MSP-3, extrema conservagdo do dominio Ill da Pfs48/45 e o baixo
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impacto desses polimorfismos nos epitopos de células B e T, evidenciam a

importancia da GMZ2.6c como uma candidata a vacina antimalarica multiestagio.
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PERSPECTIVAS

Como perspectivas, pretendemos:

Aumentar o nimero amostral nos ensaios de resposta celular contra a proteina
recombinante GMZ2.6¢ e seus fragmentos e contra os epitos de células T nos

ensaios de ELISpot;

Analisar a presencga de citocinas no sobrenadante do cultivo celular na presenca
dos estimulos GMZ2.6¢c, GLURP-R0, MSP-3 C-terminal e Pfs48/45 6¢ por CBA;

Avaliar o papel funcional de anticorpos anti-MSP-3 e anti-GLURP sobre o
crescimento in vitro de P. falciparum, em presenca e auséncia de mondcitos, e

em ensaios de fagocitose;

Avaliar o papel funcional de anticorpos anti-Pfs48/45 no bloqueio da fertilizac&o
no hospedeiro invertebrado em Ensaio Padrao de Alimentacdo por Membrana;

Caracterizar os antigenos do Complexo Principal de Histocompatibilidade de
Classes | e Il e estudar sua associagcdo com as respostas imune celular e
humoral contra as proteinas MSP-3, GLURP e Pfs48/45;

Aumentar o numero amostral de isolados de P. falciparum coletados em

Cruzeiro do Sul, Mancio Lima e Guajar;
Desenhar novos primers parar amplificar as regibes génicas que codificam os

dominios RO da GLURP, C-terminal da MSP-3 e Ill da Pfs48/45 dos isolados que

nao foram amplificados e/ou sequenciados;
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. CONCLUSOES

Em conjunto, nossos dados permitiram concluir que:

A proteina GMZ2.6c é amplamente reconhecida por anticorpos IgG e IgM
naturalmente adquiridos de individuos residentes em areas endémicas

Brasileiras de malaria, com diferentes niveis de transmissao;

A maior prevaléncia e niveis de anticorpos contra a GMZ2.6¢c quando
comparado aos seus componentes individuais sugere o efeito aditivo de
GLURP-RO, MSP-3 C-terminal e Pfs48/45.6c quando inseridos na mesma

construcao;

As proteinas recombinantes GMZ2.6¢c, GLURP e MSP-3 sao preferencialmente
reconhecidas por anticorpos das subclasses 1gG1l e IgG3 nas populagdes
estudadas;

Entre os componentes individuais da GMZ2.6¢c, a proteina GLURP foi mais

imunogénica nas populacdes estudadas;

Anticorpos contra as proteinas recombinantes GMZ2.6¢c e GLURP parecem
aumentar com a exposi¢cdo ao parasito e podem contribuir com a imunidade

antiparasitaria;

O maior percentual de linfocitos T CD4* estimulados com GMZ2.6¢, GLURP,
MSP-3 e Pfs48/45 e linfocitos T CD8* com GLURP em individuos parasitados
por P. falciparum sugerem a expansdo dessas células em decorréncia a

infeccdo malérica;
Os epitopos P11 da GLURP, MSP-3c e DG210 da MSP-3 e Pfs48/45a e

Pfs48/45b da Pfs48/45 foram os epitopos de células B imunodominantes dessas

proteinas na populacéo estudada;
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Os quatro pools de peptideos foram reconhecidos por células T de individuos

residentes em areas endémicas Brasileiras de malaria;

Os segmentos génicos que codificam as regibes RO da GLURP e C-terminal da
MSP-3 apresentam limitados numeros de polimorfismos, enquanto o segmento
génico que codifica a regido 6¢c da Pfs48/45 é extremamente conservado nos
isolados proveniente de Cruzeiro do Sul, Mancio Lima e Guajara, entretanto, os
polimorfismos encontrados ndo impactaram significativamente nos epitopos de

células T e B imunodominantes da GMZ2.6c.
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FARECER CONSUBSTANCIADD DO CEP
DADOS DO PROJETO DE PESGLNSA

Titubo da Pesguisa: Estuda da resposta imunoldgica conira proleinas gue sdo candidatas & vacing contra a

maldria.
Pesguisador: LILLAKN ROSE PRATT RICCIC
Area Temdatica:
Versdo: 3

CAAF:- 46084016.1.0000.5248
Instituic o Proponente: instituto Oswaldo CruzeRL)
Patrocinador Principal: FUNDACAD OSWAL D CRUZ

DADOS DO PARECER

Nodmero do Parecer: 1420848

Apresentagio do Projoto:

A maldrsa & uma doena parasitdria causada por prolozodnos do género Plasmodium. 580 cinca as
espéaes de Plasmodium que parasitam naluralmente o hamem: P. falapamnim, P vivae, P. malariss, P.
avale, & P. knowlesi, parasito simiano, porém receniemene desoribo como causador de infecgies enire
humanos (White, 2008 Os velores de Plasmodiom sp. sfio as fémeas de mosquibos do género Anapheles,
serndo o An. daringl a principal espécs ransmissora da maldria no Brasi (Consol & Lourengo=de-Cilineira,
1684, Mirabelo e4. al, 1996; Blandin = &, 200d4) 4 malinis & uma das doengas parasitdrias mais prevalenes
no mundo. Estima=se gue 3.3 bilhdes de pessoas estio exposias ag risco de condrair a doenga. Em 20135,
foram registrades 198 milhoes de cazes & S84 mil mortes por maldria, &m sua grande maiorka ([TE%)
criangas menores de 5§ anos de dade (WHO, 2014).

Has Américas a ransmissio da maldria ocomre &m 21 paiges sendo que o Brasil & responsdee] por mais de
50% dos casos regeEtrados. Mo ano de 2012 foram notificadas 243 mil cazos de maldeia no Brasil, 98, 8% ra
Amardnia Legal As principais estraldgias de conirole da doenca 58 o combate s watar & o disgndetico =
fratamenio eporiuncs (Oliverra-Ferreira et al, 2010} Mo enfanio, com 8 possbilidade de crescenbe
resiziéncia sos fArmacos anlimaldncos derivados de arb=misinina,

Endaracs: A Bl 2038, Sada NS (Camous Expars e
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dhima linha de fratamenta, & insebcidas disponiveis alualmenba

{Chrubasik et al, 2010; Dandorp et al, 2010; Kawada =i al, 2011; Saralambaa ef al, 2011; Pribluda &t al.,
2014, WHD, 2014}, o desermolvimenio de uma vacina eficaz contra a maldna bem sida uma das princpais
prioridades de pesquisa para o enfrentamenio desse prablema. Entretanto, embora mais de 30 amigenos
fenham sido iden$ficados como candid stos & vadna, muitos dos quais [ tesiados em ensaios pré-clinicos &
climicos até de fase lll, abd o momenio nenhum deles gerou uma perspectiva sdlida de gue uma vacina
pozsa estar disponieel nos prdximos anos {Carvalho = al., 2002; Reed &l al., 2008, Vaughan ef al., 2012,
Schwarz et al, 2012). Tomasse assim fundamental a pesquisa de novos candidaios vacinais, mais
imunogEnicos & mais eficares.

Os antigenos GLURP {Prateina Rica em Glutamaio), MSP3 [Projeina de Superficie de Meromiload) «
PisdBidb (Anligeno Pré-ferdilizagio PisdBidE) de Plasmodium falciparum sdo candidatos & vacina
antimalarica, selecionados a partir de um racional comumenie ullizado para candidalos vatnss, cama a
correlagio dos tilulas de anticorpas especificos com os diversas graus de prate¢da clinkca de individuwas
vivendo em area endémica. & candidata vacinal GMZ2 & uma proieina de recombinanle gue contém
fragmenios conservados de GLURP & M3P3. Ensamns clinicos mosiraram que a GMZI2 & bam iolerada,
Sequrd = imunogénica & que anficomnpos induzidos apds a imunizagda com GMZ2 foram especificos &
funcionais, capares de conbrolar o crescamenta in vitro da P. falaparum. Além dissa, foram demanstradas
alia prevalencia & bilulos de anticorpos nafuraimenie adquindos cantra a GMZ2 em individuos residenbes em
area de alla endemicidade de maldria na Affica. Impona, enbretanto, vesificar 52 o mesmo polencial &
apresentado pefas populagies-alvo no Brasill Assim, prelendemos avaliar o perfill das resposias imuns
cedular & humoral condra uma nova ecombinante, GMZ2.6c, & seus componenies [MSP3, GLURF &
Pred8iMdE) & sua relaclio cam o graw de imunidade antiparasitdria em ndividuos

cranicamenle exposios & maldria residentes &m dreas endémicas da Amaninia Brasidera com allo & média
rigoo de transmizsio. O esiuda serd concemrado nas adades de Mancio Lima (AC) & Guapard (AM).
Também serfio coletadas amasiras de individuos que forem procurar ssssténeia médica ou ratamenio ma
Inatilulo Evandro Chagas (IEC) em Ananindeua (PA} & na Fundagdo de Medicna Tropical Doutor Heitor
‘ieira Dourado (FMT-HOW) &m Mansus (AM). Serfo utiizadas projeinas recombirantes oormespondenies 3
regiio C-leminal da MS5P3 & A regides M- & C-derminal da GLURP. Para mapeamento epildpico serda
utilizadas peplidecs sinbélicos cormespandenies a diferentes regiSes da MSP3 & da GLURP. & avakacio da
resposia mune humoral serd feira pela bEonica de ELISA. A& resposta imune celular serd avaliada por
cilomebria de fluxo & o

Enderags: A Biscl 2038, Sala TS (Camgas Eap it b
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perfil de citacinas na plasma dos individuas & nas culluras celulares serd avaliado utilizando-s2 k#S
comernciais & PCR &m l=mpa real

Crilério de Inclusda:

O crilério de inclusio compresnderd indrvidwos residentes em dreas endémicas de maliria b selecionadas
gue ateitem voluntariamente a paficpar do estudo & ndo facam parie do grupo de exclusho; padent=s com
diagndslico parasitaldgica de maldria (grupo 1), indvidwos ndo infectados com hisldia anbermor de maliria
{grupa 2) e individuos sem maldria chnicamente sadios, sem hisbdria amerior de maldria (grupo 3).

Gravidas, menores de 12 anos, indipenas, grupos especial, pacentes com maldria grave & comphcada &
ndividuos gue par qualquer malivo S& recusanem & fazer of besbes,

Plarma amostral:

Cam makria (grupa 1] 100 Coleta de sangue & dados pessoais, dinicas & epidemiokbgicos
Cantrole [grupa 3] 120 Coleta de sangue & dadas pessoais, clinicos & epidemialbgions
Sem maldria igrupe 2) 100 Coleta de sangue e dados pessoais, dinicos & epidemicibgicos

Centros Coparti cipanbes:
Instibule Evandra Chagas! BVEMS Ricando Luiz Daras Machadainstituta Evandnn ChagasECISYVEME

Universidade de S&0 Paule Marcelo Urbano Ferreirafinstitule de Ciéncias Biomédicas da Universidade de
Sia Paulo

Fundacio de Medicirng Tropecal do Amazonas - FMTAMTAAM Fundacio de Medicina Trapical Dr. Hestor
Viewra Dourado {(FMTHWD))

Objetivoe da Pesquisa:

Objefvo Primdrio:

Movaliar o polencial antigénico da candidata a vacina antimalérica GMZZ2.8c & seus companenies (MSP-3,
GLURP & Pisd8ME em individuos cronicaments expostas & maldria residentes am dness

Endarags: A, Bl 2038, Sala TS (Campus Exparsie)

Bakree Manguinhos CEM: 3 Da-550
UF: R Munisiga: RID DE JANEIRD
Talehone: (2138820011 Fae: (21525814815 E-rrull:  cirpfioine i it b
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endémicas da Amanbnia Brasieira com alto & médio risog de ransmissio.

Objefvo Secundéria:

sfaliar o pedil das respostas imunes celular (populacdes BnfocitArias, resposta proliferativa, perfil de
produgia de cilocinas) & humoral (g5 & subclasses, Ighd, IgE = lgA] contra a candidata a vacina
antimaldrica GMZ2 6c & s2us componentes (MSP3, GLURP & PR4B/a5) em ndividuos cronicamenbe
exposios & maliria residentes em dreas endfmicas da Amardnia Brasileira com allo & médio risoo de
transmissdo;

whyvaliar & relevdncia das proleings MSP-3, GLURF & Pi4BME no processo de aquisicho de uma imursdade
anliparasitdria pela andlise do perfil das respostas munes humaral & ceular & pelas dados clinicos &

epidemioldmcos:;

“Estudar o efeita in vilro de anlicorpas ant-GMZ2 fic sabre o crescimenta de P. falciparum verificanda uma
possivel participacio no mecanismo de ADGI:

sfyakar 3 extensda do polimarfisme gendtico dag antigenas MEP.3, GLURP & PfedBiE & gau papel ma
desenvolvirmento de wma respasta imune especifica;

‘Estudar a relagio enire as Antigenos do Complexe Principal de Histocompatibilidade de classe || & a
resposts imune contra a vacina antimakarica GMZ2.6c & s=us componenies (MSP.3, GLURP & PfedB&i45).

Avaliacio dos Rizcos o Beneficios:

Riscos:

05 possiveis desconfortos e riscos, se ocomerem, s80 agueles relacionados com a retirada de sangue,
coma dor bacal efow hematoma (“rouxidia’) no local da punglo, com duragio de 3 a 4 das. Todos as
cuidados aprapriados serdo lomados, Gomo o v de sevinga, agulha & gaze descarbivel assim cama ool
para assepsia local, entre oulras. Além dissa, fodos os cuidados para garantic que as informagies contidas
no guestiondrio serdo ulilizadas dnica & exdusivaments para geragio de dados para esie propeta. As
mfarmagies sarfo sigilosas & of individuos receberdo um nimend de regisiro para impoessibilitar a sua
identificacds. Exge quesSardirio ficard sob a guarda do Labaratdrio de Pesquisas em Maldria do Instituta
Oswaldo Cruz = Fiocruz/Rl O acessn & qualguer infarmagiio do questiondrio estard resinta & coardenadara
do projeto.

Endarags: Ay, Biacdl 2058, Sala NS (Camgaus Eap e s

Bakre  Manguinhcs CEP: 3 .040-380
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Beneficos:

Bensficios direlos & mdirsios: Mos casos de busca aliva, 2=rio realizados exames para o diagndstico da
maliria nos participanbes da pesquisa. Com o diagndatica da maldria o paciente serd orientado a procurar
uma Unidade de Saide respansdvel pelo alendimenta na lecabdade, para avaliacks médica e ratamenio.
0% resullados desse estudo rdio beneficiario dirstamenle o= paciemes, mas poder&a, no futuro, bereficiar
auiras pessaas. O estuda da respoasia imune em pacienies com maldna bem apontado para um importanis
papel de algumas céul&s & aores do organismo (imunoldgicos) na evol uibo das dosncas. O conhecimenia
destas resposias poderd Sar importanbe para oe bentar préver 4 evolucio da doenca & oom islo lenlar evitar
au dimiruir a5 formas graves & ng fulure, ajudar no desermalimenio de nowvos Iraamenos & mesmo de uma

WACINA.

Comentérios & Consideragies sobre a Pesquisa:

0 projeto esld suficienlemente darn am seus propdsilos & devidameante fundamentado. Messa lerceira
wersfo do projedo, a pesquisadora responsdva mcluiv 05 documentos solicitados no GRimo parecer &
respondeu 4 lodas as pend&ncias.

11IPROJETO:

#) Delineamento da eshudo:

» Delineamento reestrulurado Segundo documentt carta-respodia, no entano nd projeta no formata
Plataforma Brasd no delineamenia a autora desoreve o abjetivo & a melodalogia a Ser desermolvida. Ainda
n&a fioi escrifo daramenle o Bpo de estuda, & esthudd observacional, interventivg, ensaio clinico, eshudo cast-
cantoke?

Trat#-s= de um esiudo primério, observacional prospectivt de core transversal com amosira de
convenidnca, usual para esludos de busca ativa &m dneas endémicas de maldna na Amazdnia Brasilera,

Pendéncia alendida.
i) Meindol ogia:
« "Falta clarezs em relacko & quait stapas de laboraldrio erfo realizadas em cada uma das nstbuicoes

coparticipanies em Manaus, Pard & na Acre, & na inslilui8o do proponenbe.”
Wa 2 verslio ji haviamos induido &% siapas em que serda realizadas em cada uma das

Endaragsl A, Bl 2038, Sala TS (Camgus Eap e

Babre  Wanguiines CEPF: 9 _[ah-50
UF: Rl unisipin: RO DE JAMEIRD
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inslituipies parlicipanies. Inclulmos na 3°. verslo as etapas gue Serdo realizadas na nstiluicio da
proponente [Fiocrus'R. )

Pendéncia alendida.

* *M#in & criléio de inclusio o faba de ndo Fazer pae do otk de exclsso” = Exsa frase foi retirada do
projeln - cribénia de indusia & excusio (pagina ).

Pendéncia alendida.

» “Wap foi esclarecida a sefecho do tamanbo amosiral de &) paricipanies par cendro, 50 casos & 30
corfrales nem o cdlculd do numens de domicilios necessdnio para alingir & amosiras proposta. Mecessiria
incluir a aruéncia das comuridades, por exempla, das assooaclies de vizinkas, que serdo contatadas para
as visibas domacliares.”

Pendéncia alendida.

Por 5= tratar de um estudo com amostas de conweridncia, o rimeno de amasiras & eshimada, consideranda
=22 g lempo de permanéncia da eguips (20-30 dizz) em drea andémica, ao limitade mimers de amostras
processadas par dia de irabalbo & a0 nimero de casos regisrados no periodo da ealeta. E difici 1ambém
estimar o niomero de damicilios visitados pois, nas &réas rurais ande 35 amostras serlio coletadas, as casas
=80 distantes umas das outras. Além dEss0, & selecha das residdncias Serd feita de acordo com o wsual para
bBumca ative de cages de maldria &am drea endémica, onde o moradares penduram um panag vermelho am
lacal de fécil visuslizacio (anela, porta, cenca, partio), indicanda que hd maradar com sinfamas de maliria,
Mag ronas s dos municipios onde serlo coleladas as smosiras rdo exisle assoaacio de maradanas ou
de vignhos gue possa dar qualquer tipo de carts de anuéncia.

Pendéncia slendida.
» “Existem inconsisi®ncias nos projetas e iesmos de corsentimenio em relaclio 4 quantidade de sangue gue

serd coleta por participante, se 2erd de 30 ou 20 mil Corsaderasse gue 30 mil Se&ja uma quantidade elevada
na pustificidyel. Nio localizamas na ditima versio do projen anecado nem

Endaregs: A, Bl 2038, Sala TS (Camgaus b )

Bakrs  Manguinhes CEP: I 040-550
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nos termas de consentimenta essa mconssidncia. Manbivemos tanto no projelo quanta nas bermos as
mesmos 20 mil de sangue gque serio coletados.

Pendéncia alendida.

» “Wecessdno incluir o8 lermos de anudncia & compromisso das secrefarias municipais de sadde para
garanlir gue g% agenies possam colabarar no prajeto.

Os pentas focais do Programa Macioral de Contrele da Maldria nos esiados do Amaronas e do fcre
designario os agenies de salde que ascompanharfo & equipe no periodo da caleta. Entredanio, &
necessdria a definiclo do peredo da colela devido a lubuagio de agenies de sadde nas localidades,

Pendéncia alendida.

¢} Do nscos & beneficios

= ‘1 tratamenba dos casos novos de maldria diagnosticados ndo ¢ beneficio ao parlicipanie, mas & de
responsabiidade dos pesquisadares que dewverdo velar para que o participante receba a {erapia &
alendimenis necessdno. Também deve ser coarrigide na TALE & TCLE.”

Consla nos bermas & prajeio gue & considerado wn bereficio drelo o falo de nos casos de busca aliva,
serem realizades exames para o diagndstion da maldria nos participantes da pesquisa. Considerando que
muilas dos participanies residem em localidades distanies e de dificl acesso aos cenlros de sadde, a
realizacia do diagndstico em sua residéncia pode ser considerada um beneficio direto, apesar de i ser
realizada molintiramente pelas agenles de sadde ras localidades.

* “Inconsishkncia entre os argamenios apresertados” (RE207.000,00 & RS 207 200,00 = detal hando cushein
com reagentes, passagens « didrias.). A diferenga do valor fai comigida.

Pendéncia alendida.
2ed) TCLE & TALE.
= “Incluir nos Emos o enderego & lelefones com membeos das equipes locais, induinda @ passibilidade de

ligar a cobrar”.

Pendéncia aiendida.

Endarags: Ay, Biscll 2338, Gala TS (Camgis Expartsbe)

Barre  anguinies CEPF: 3 040-%50
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Ha 2°, versio haviamos indulda nos lermos o endersps & o telefones com o8 membras da eguipe. Ma 3°,
wersdo foi ncluida a frase que permile a possibibdade de ligar a cobrar, a verslio, a daia da revislio = g
esrlarecimenio que o conlalo com o CEP 10C serd apenas para refirar dividas relacionadas &5 gquesites
dtcas da pesquisa. D5 termas lambém foram paginados & foi mclulde o cabegalho com a legolipa da

instiluicdo.
Pendéntia alendida,

» “Enlendesse que visto que as criangas serdo incduidas, o TALE serd aplicado para adalescentes. Favor
corfirmar. Ma eranto, no TALE faz e referdnois & “ofangs”™ que deve sar suprimida.”

Criangas (abaixe de 12 anos) 2erfio excluidas do projeta, portanio, aperas sdolescenbes (acima de 12 anos)
poderlia pardicpar. & palavra cianca foi refirada dos termos.

Pendéncia alendida.

* “A linguagem fanie no TCLE quanta ne TALE foi adaptada tornande-a mais acessivel 4 compreensiia das
participantes da pesquisa, eniretanto, a linguagem ndo & inteiramenie acessivel, lermos como “vaoulsiner™ e
“indenizagio”, denire outros podem rdio ser suficientemente clans para sdoleseeres dentre 12 & 17 anos.”
A palavra vaculainer foi substitulda por “tubog de cobeta de sangue™ & a palavra mdenizacio par
“pagam=nta”.

* *MWila fiol indulida & aplicacda do TALE no projeio na inbagra.”

Jh estava incluida ra 2%, versio a aplicacio do TALE no propeio - plgina 7.

Fuai incluiido ncal para nubrica do respareive] da voluntrio menor em cada pdgina do TALE.

Pendéncia alendida.

§) DECLARAGAD DAS INSTITUIGOES

* “Faram adicionados 0% dooumenbos das Irstibuiches padicipanies declaranda conhecer & cumprir a5
normas &hcat vigentes no Brasl; garantindo a mfrassiruluca & assumindo a respansabilidade para a
realizacks da pesguisa nas suas dependdncias; assuminds o compramisso de leilura & concarddncia com a
parscer £6ca da insSuiclo propenenie & dande 3 autoizacio de realizacko

Endarags: A, Bl 2398, Sala TS (Camgus E e s)

Babre Manguinies CEP 3 040-550
UF: R Munisigh: A0 OE ARNEIRD
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do esludo. Pendéncia parcialments slendida, falla anwéncia das dem st instituigbes copariicipan|es onde
serfo camatadas possiveis participantes volunbarios.”
Ag declaraches foram indulidas.

Pendéncia alendida.

TIACORDD EMTRE AS INSTITLICOES PARTICIPANTES

“Foi incluida acorda enire as instituighes participanies gue confempla a operacionalizagio,
compartilhamero, uliliza¢ho do maledal bioldgico coletado & armarenada, a possibilidade de dissobugda
futura da panceria @ & consequente parilba & destinacda dos dados & dos malenais. Entretanio, faltam
demais paficipanies. Como se irala de documenios de cardber legal esperaese que ssjam redgidos em
papel timbrada = paginado. 0% acordos apreseniades parecem Ser enfre pesguisadores & ndo entre
instituighes.”

Os acordos entre 25 inshtuigbes foram resscriios & anexsdos.

Pendéncia alendida.

8) DECLARAGAD

« “Foi incluida deciaracio da Coordenadara do prajeta contenda a justificativa quanta & utilizacs futura das
amostras biolégicas humanas coletadas & armarenadas em papel nfo imbrado, sem carimbo, sem data &
com assinatura intsbglvel.

Dstlaracio foi refeita sm papel $mbracde, com carimba = data,

Pendéncia alendida.

9) CROMO{ERARMA

“0 cronograma apressnisda continua & indicar que a colela de dados dos padicipanies lerd infcio &m
auiubm de 2016, A coleta de amostras dewerd fer indcio apds aprovacio do prodocalo pelas CEPs das

InstituigBes praponents & coparticipantes.”
0 cranagrama fai coemigide.

Pendéncia alendida.

Enderags: S Bisll 2038, Sala NS (Campus Expit i)

Haire  Wanguinhos CEF: 3 D40-380
UF: R Munsighs: AID DE JANEIRD
Talefoni:  (31)38E2-00411 Fa: (2125814815 E-rrail:  caplocne o oo i
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FIDCRUZNOC

Cominassic to Pescar 1L 42DUBHE

Consideragbes sobre 05 Termos de apreseniacio obrigatdria:
Falha de Rosio Folha de Rosto pdf
TCLE { Termos de Assentimento / ANEXDINTALE docx

TCLE { Termos de Assertimenio §F AMEXDITCLEsanbroles docx
TCLE { Termos de Assentimenia! ANEXNOITCLEmalaria.docx
Canta respasia doc

ANEXOV quest docx

AHEEDN decooord.docx

BIORREPOSITORIO.Sacx

Orgamenta Orcamento.docx

Declaragio de IreSuicio & Infrasstruiura AnuencalUSP. pdf
Declaragio de Pesquisadores Cartabancusl acarda_Lilian pdf
Declaragio de Pesqusadores AcordablVvEL. pdf

Declaragio de Pesquisadores DedaracacbiLUF . pdl
Declaragio de Pesqusadores ADDRDOM UF pdf
Declaracio de Perquissdores AcordoRLDM. pdf

Declaracio de Perquissdores AnuendslFMTAR. pdf
Dectaragio de Pesquissdores. Deccomphd' GLpdf
Declaragio de Pesquissdores, DeocompRL DM pdf

FPrajeta Detalfhada (Brochura Investigador PROJETO doe
Recomendagtos:

Mpresentar relaldrios parciais (aruas) & relaideio final do projets de pesquess & responsabilidade indelegivel
do pesquisador prindpal.

Cualguer madificaciio ou emenda a0 projede de pesquisa em paula deve ser submedida 3 apreciacho da
CEP FiocruziDg.

Conclusdes ou Pendéncias e Lista de Inadequag tos:

Diante do exposio, o Comild de Etica em Pesguisa do Instituba Oswalde Cruz (CEP FIOCRUZNOC), em
Reuniio Ordirdria, realizada em 16.02.201 8, de acorda com as atribuighes definidas na Resoluclo CHS

466112, manifesta-se pela aprovacia do prajeto de pesquits propotio.

Consideragbes Finais a cribério do CEP:

Endaraps: &, Biacll 2036, Sala 705 (Camgis E s o)

Bakre  Manguinies CEF: 4 040-550
UF: Rl Municigio: R0 DE JANEIRD
Talefone:  (31)3882-001 1 Face: (21025614815 E-ral: capfincruz@ies fnons tr

Frigina, i e &
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FUNDAGCAD OSWALDO CRUZ -,

FIOCRUZNOC

Cominasghiz to Pesoar: 1.420084E

Esie parecer foi elaborado baseado nos documentos abaino relacionados:

{Q “ﬂhnﬂnrm, )

Tipo Dacumenic Arquivo Postagem Autor Siluagio
Irformaghes Basicas| PO_IMF ORMALOES DASILAS DO P | GH1Z2018 ACED
do Projsta BOJETO 515500 odf 20-41:47
Clutros ANE X0V quest.dacx 0441202016 [LILIAN ROSE Aceilo
_ m i
Clutroes Cartaresposta docx 041202016 [LILIAN ROSE Aceilo
20:37:14 | PRATT RICCIO
Projeta Detalhade ! | PROJETO.dac 04122016 |LILIAN ROSE Aceilo
Brochura 20:36:40 | PRATT RICCIO
I tigascor
Clutros ANE %00 decooord docs 0441202016 |LILIAN ROSE Aceilo
20:35:65 | PRATT RICCIO
TCLE { Termos de | ANEXOINTALE docx 04122016 |LILIAN ROSE Aceilo
Assenlimenta M:28:54 | PRATT RICCIO
Justificaiva de
Auséncia
(TCLE { Termos de | AMERDI T CLE comtnles. Satx O 122016 LILIAN ROSE Aceilo
Assenlimenta 20:28:28 |PRATT RICCIO
Justificariea de
A rineia
TCLE { Termos de | ANEXOITCLEmalaria docx 0441202016 |LILIAN ROSE Aceilo
Assenlimenta 20:27:68 | PRATT RICCIO
Justificaiva de
Ausbncia
Declaracka de AcordoM VL pdf 041272016 |LILIAN ROSE Aceilo
Pesquisadores 20:26:42 | PRATT RICCIO
Declaracaa oe DedaracacMUF_pdf 041212016 |LILIAN ROSE Aceilo
Pesquisadores 20:24:23 | PRATT RICCIO
Declarac®a o= ACORDOMUE pdf G 22018 LILIAN ROSE Aceilo
Pesquisadores 20:20:05 | PRATT RICCIO
Declaracha oe Anuencialer pal B2 8 JLILIAN ROSE Ao
InsStuicio & 20:19:11 | PRATT RICCIO
‘Mﬂ: CartaMarcusLacerda_Likan.pdf GH122018 |LILIAN ROSE Aceiln
Pesquisadores 16:33:22 | PRATT RICCIO
T T ¥ YT TR i
| Pesquisadores 19:08:44 | PRATT RICCIO
Declaracda de AnuencialF M TAM. pdf IEIDE201E [LILIAN ROSE Aceilo
| Pesquisadores 19:07:60 | PRATT RICCIO
Dactaracia de Dreccomphdy GLpdf IIDEZ01E |LILIAN ROSE Aceilo
Pesquisadores 19:07:07 | PRATT RICCIO
Declaracka de DeccompRL DM pdf IEIDEZD1E [LILIAN ROSE Aceilo
Pesquisadores 19:08:61 | PRATT RICCIO
Orgamenia Crcarnenio.doos, JEI0E201E [LILIAN ROSE Aceilo
19:02:40 | PRATT RICCIO
Endaniios:  As. Bial 2038, Sala TS (Cafdas E ot i)
Babre  Matguinhes CEP: 34.040.380
UF: R Muriciphs: AHD GE JAMEIRD
Talefona: {31)3882.0011 Fic: (2125814815 E-mail:  capfiocne Siee o by
Pigiea 10 g 13
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FUNDA(,:AO OSWALDO CRUZ - W
FIOCRUZNOC asil
Costinaache o Pawonr: 1420840
Outos BIORREPOSITORIO docx 26008/2015 JLILIAN ROSE Aceilo
19:00:20 | PRATT RICCIO
I;Zﬂ- de Rosio Foina de Rosio.pal i12 ok D — Acein
12:11:

Situagdo do Parecer:
Apravado

Necessita Apreciacdo da CONEP:
Nia

RIO DE JANEIRO, 23 de Feversiro de 2016

Assinado por:

José Menrique da Silva Pilotto

{Coordenador)

Enderege:  Av. Bracll 036, Sala 705 (Camgus Expansis)
Babrec Manguinhos cep:
UF: RJ Municigio: RIO DE MNEIRO

Telefone: (21)3852-0011 Fax: (2125614815

21.040-350

E-mall: capfioona@ioc ooty
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Anexo Il — Termo de Consentimento livre e esclarecido (TCLE) - Malaria

Centro de Pesquisa, Diagndstico e Treinamento em
Malaria/CPD-Mal

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO (TCLE) — MALARIA
Instituicdo: Fundacdo Oswaldo Cruz, Instituto Oswaldo Cruz

Comité de Etica em Pesquisa com Seres Humanos - CEP FIOCRUZ/IOC Instituto
Oswaldo Cruz / Fundacdo Oswaldo Cruz Avenida Brasil, 4.036 - sala 705
(Expanséo) Manguinhos - Rio de Janeiro-RJ - CEP: 21.040-360 Tel.: (21) 3882-9011
e-mail: cepfiocruz@ioc.fiocruz.br

Titulo do Projeto de Pesquisa para a Populacdo: Estudo da resposta imunolégica
contra proteinas que séo candidatas a vacina contra a malaria.

Titulo Oficial do Projeto Pesquisa: Avaliacdo do potencial antigénico da candidata
a vacina antimalarica GMZ2.6¢c e seus componentes (MSP-3, GLURP e Pfs48/45)
em populacdes naturalmente imunizadas por exposi¢ao crénica residentes em areas
endémicas brasileiras de malaria.

Investigador Principal: Lilian Rose Pratt Riccio

Colaboradores: Cesare Bianco Junior, Claudio Tadeu Daniel Ribeiro, Evelyn Kety
Pratt Riccio, Josué da Costa Lima Junior, Marcelo Urbano Ferreira, Marcus Vinicius
Guimaraes de Lacerda, Paulo Renato Rivas Totino, Ricardo Luiz Dantas Machado

Endereco: Laboratério de Pesquisas em Malaria, Instituto Oswaldo Cruz Fundacéo
Oswaldo Cruz, Fiocruz. Avenida Brasil 4365 - Manguinhos - Rio de Janeiro - RJ -
CEP 21040-900.

Telefones: (21)- 38658135 Fax: (21) 38658145

Eu, Dra Lilian Rose Pratt Riccio e toda a equipe, responsaveis pelo projeto de
pesquisa intitulado “Estudo da resposta imunolégica contra proteinas que s&o
candidatas a vacina contra a malaria”, estamos fazendo um convite para vocé
participar como voluntario deste nosso estudo. Esta pesquisa tem o objetivo de obter
um melhor conhecimento da malaria. A malaria € uma doenca transmitida por
mosquito e que causa momentos de febre alta e calafrios ap6s os quais a pessoa
fica cansada e sem forcas para trabalhar. Além de verificar se vocé tem esta
doencga, vai saber que parasitas causam esta doenca e quais 0s tipos de respostas
imunolégica do organismo sdo benéficas. A sua participacdo como voluntario sera
apenas para doar sangue antes do tratamento.
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Para a realizacdo do projeto serdo feitos os seguintes exames, procedimentos
e tratamentos com 0s seguintes objetivos:

Exame de sangue — Para diagnosticar malaria, a retirada do seu sangue podera ser
feita na veia do antebraco ou no dedo, por um médico, farmacéutico ou bidlogo
membro da equipe da pesquisa. A coleta de sangue na veia do antebraco sera feita
com a agulha descartavel e tubo de coleta de sangue e sera tirada a quantidade de
20 ml de sangue, podendo em algum outro momento da pesquisa ser solicitado para
outra nova coleta de sangue. O sangue coletado no dedo sera feito fazendo um
furinho no dedo médio com uma lanceta descartavel na mao escolhida para o
exame. As gotas de sangue serdo colocadas em uma lamina de vidro para ser
examinada no microscopio.

Os possiveis desconfortos e riscos, se ocorrerem, sdo aqueles relacionados com a
retirada de sangue, como dor local e/ou hematoma (“rouxidao”) no local da pungéo,
com duracéo de 3 a 4 dias. Todos os cuidados apropriados serdo tomados, como o
uso de seringa, agulha e gaze descartavel assim como alcool para assepsia local,
entre outros.

Beneficios diretos e indiretos: Em caso de busca ativa, seréo realizados exames
para o diagnéstico da malaria nos participantes da pesquisa. Com o diagndéstico da
malaria vocé sera orientado a procurar a Unidade de Saude responsavel pelo
atendimento na localidade, para avaliacdo médica e tratamento. O tratamento sera o
normalmente usado para casos desse tipo. Todas as informacfes de tratamento
serdo dadas pelo profissional de salde (médico e o enfermeiro responsavel pela
assisténcia) e qualquer alteracdo devera ser comunicada ao pessoal responsavel
gue verificara a necessidade de cuidados locais.

Os resultados desse estudo ndo o beneficiardo diretamente, mas poderéo, no futuro,
beneficiar outras pessoas. O estudo da resposta imune em pacientes com malaria
tem apontado para um importante papel de algumas células e fatores do organismo
(imunologicos) na evolugdo das doengas. O conhecimento destas respostas podera
ser importante para se tentar prever a evolucdo da doenca e com isto tentar evitar
ou diminuir as formas graves e no futuro, ajudar no desenvolvimento de novos
tratamentos e mesmo de uma vacina. No entanto, mais estudos S80 necessarios
para tentar esclarecer o seu papel na regulacdo da resposta imune levando a cura
ou a protecao.

Apés o consentimento e sua assinatura do TCLE da pesquisa, vocé respondera a
um questionario, que sera aplicado por um dos membros da equipe de
investigadores, onde serdo anotados seus dados pessoais, observacdes clinicas e
dados epidemioldgicos. Os dados tomados neste questionario serdo utilizados Gnica
e exclusivamente para geracdo de dados para este projeto. Suas informacdes neste
guestionario serdo sigilosas e vocé receberd& um numero de registro para
impossibilitar a sua identificacdo. Esse questionario ficara sob a guarda do
Laboratorio de Pesquisas em Malaria do Instituto Oswaldo Cruz — Fiocruz/RJ. O
acesso a qualquer informacdo do questionario estara restrita a coordenadora do
projeto.

Os dados e todas as informacbes dadas por vocé estdo submetidos as normas
éticas destinadas a pesquisa envolvendo seres humanos, do Comité de Etica em
Pesquisa — CEP/Fiocruz do Ministério da Saude. Os resultados do estudo poderéao
ser publicados sem revelar a sua identidade e o0 acesso e a analise dos dados
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coletados se fardo apenas pelos pesquisadores envolvidos no projeto. A sua
participagdo é inteiramente voluntéria e vocé é livre para recusar a participar, assim
como para desistir de participar deste estudo a qualguer momento, sem prejuizo
para seu acompanhamento ou sofrer quaisquer sancdes ou constrangimentos.

A sua participacdo serd sem receber qualquer incentivo financeiro ou ter qualquer
despesa e com a finalidade exclusiva de colaborar para o sucesso da pesquisa. Os
gastos necessarios para a participacdo na pesquisa serdo assumidos pelos
pesquisadores. Fica também garantido um pagamento em casos de danos,
comprovadamente decorrentes da participacdo na pesquisa. O material coletado
para realizacdo dos exames sera devidamente acondicionado em nitrogénio liquido
ou freezer -70°C e ficard sob a guarda da coordenadora do projeto, no Laboratério
de Pesquisas em Malaria — Fiocruz/RJ pelo periodo de cinco anos até que todos os
experimentos propostos no projeto sejam realizados e se necessario para repeticdo
de testes para confirmacédo de dados.

Caso precise tirar maiores duvidas sobre o projeto, vocé podera ligar a qualquer
momento que achar necessario, inclusive com a possibilidade de ligar a cobrar para:
Dr. Marcelo Urbano (11) 30917746, em Cruzeiro do Sul (68) 99844921, Dr. Marcos
Lacerda em Manaus (92) 21273443 ou 21273498, Dr. Ricardo Machado em
Ananindeua (91) 32142382 ou 32142150, ou para a coordenadora do projeto Dra
Lilian Rose Pratt Riccio através do telefone (21) 3865-8115. Vocé podera ainda
entrar em contato com o Comité de Etica em Pesquisa da Fundacdo Oswaldo
Cruz/RJ pelo telefone (21) 3882-9011, mas apenas tirar davidas sobre questbes
éticas relacionadas a essa pesquisa.

Eu,

aceito participar do estudo, consinto que os procedimentos de coleta acima descritos
sejam realizados em minha pessoa e autorizo o depdsito, armazenamento e
utilizacdo do material coletado para a realizacdo deste estudo. Atesto que assinei
duas vias do termo de consentimento de igual teor e fiquei com uma via.

Data:
Assinatura do Pesquisador

Data:
Assinatura Testemunha

Data:

Assinatura do voluntario

Em caso de analfabetismo ou
impossibilidade de assinar,

inserir impressao diaital.
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Anexo Ill = Termo de Assentimento livre e esclarecido (TALE)

Centro de Pesquisa, Diagndstico e Treinamento em
Malaria/CPD-Mal

TERMO DE ASSENTIMENTO LIVRE E ESCLARECIDO (TALE)
Instituicdo: Fundacao Oswaldo Cruz, Instituto Oswaldo Cruz

Comité de Etica em Pesquisa com Seres Humanos - CEP FIOCRUZ/IOC Instituto
Oswaldo Cruz / Fundacdo Oswaldo Cruz Avenida Brasil, 4.036 - sala 705
(Expanséo) Manguinhos - Rio de Janeiro-RJ - CEP: 21.040-360 Tel.: (21) 3882-9011
e-mail: cepfiocruz@ioc.fiocruz.br

Titulo do Projeto de Pesquisa para a Populacao: Estudo da resposta imunolégica
contra proteinas que séo candidatas a vacina contra a malaria.

Titulo Oficial do Projeto Pesquisa: Avaliacdo do potencial antigénico da candidata
a vacina antimalarica GMZ2.6¢c e seus componentes (MSP-3, GLURP e Pfs48/45)
em populagBes naturalmente imunizadas por exposi¢céo cronica residentes em areas
endémicas brasileiras de malaria.

Investigador Principal: Lilian Rose Pratt Riccio

Colaboradores: Cesare Bianco Junior, Claudio Tadeu Daniel Ribeiro, Evelyn Kety
Pratt Riccio, Josué da Costa Lima Junior, Marcelo Urbano Ferreira, Marcus Vinicius
Guimaraes de Lacerda, Paulo Renato Rivas Totino, Ricardo Luiz Dantas Machado

Endereco: Laboratério de Pesquisas em Malaria, Instituto Oswaldo Cruz Fundacgéao
Oswaldo Cruz, Fiocruz. Avenida Brasil 4365 - Manguinhos - Rio de Janeiro - RJ -
CEP 21040-900.

Telefone: (21) 3865-8135 Fax: (21) 3865-8145

Vocé esta sendo convidado para participar como voluntario da pesquisa intitulada
“‘Estudo da resposta imunoldgica contra proteinas que sdo candidatas a vacina
contra a maléria”. Seus pais ou responsavel legal por vocé permitiu que vocé
participasse. Entretanto, vocé ndo precisa participar da pesquisa se ndo quiser, €
um direito seu ndo tendo nenhum problema se decidir desistir.

Esta pesquisa tem o objetivo de saber se vocé tem malaria, doenca que ocorre na
regido onde vocé mora. A maléria € uma doenca transmitida por mosquito e causa
momentos de febre alta e calafrios ap0s os quais a pessoa fica cansada e sem
forcas para trabalhar. Caso vocé seja portador desta doenca vocé sera orientado a
procurar uma Unidade de Saude responséavel pelo atendimento na localidade, para
avaliacdo médica e tratamento. O tratamento serd o normalmente usado para casos
desse tipo. Todas as informacdes de tratamento serdo dadas pelo profissional de
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saude (médico e o enfermeiro responsavel pela assisténcia) e qualquer alteracéo
deverd ser comunicada ao pessoal responsavel que verificard a necessidade de
cuidados locais.

Para diagnosticar maléaria, a retirada do seu sangue podera ser feita na veia do
antebraco ou no dedo, por um médico, farmacéutico ou biélogo membro da equipe
da pesquisa. A coleta de sangue na veia do antebraco sera feita com a agulha
descartavel e tubo de coleta de sangue e sera tirada a quantidade de 20 ml de
sangue, podendo em algum outro momento da pesquisa vocé ser solicitado para
outra nova coleta de sangue. O sangue coletado no dedo sera feito fazendo um
furinho no dedo médio com uma lanceta descartdvel na mao escolhida para o
exame. As gotas de sangue serdo colocadas em uma lamina de vidro para ser
examinada no microscopio.

Os possiveis desconfortos e riscos, se ocorrerem, sao aqueles relacionados com a
retirada de sangue, como dor local e/ou hematoma (“rouxidao”) no local da pungéo,
com duracdo de 3 a 4 dias. Todos os cuidados apropriados serdo tomados, como o
uso de seringa, agulha e gaze descartavel assim como alcool para assepsia local,
entre outros.

Uma coisa boa de participar desse projeto de pesquisa é saber se vocé tem essa
doenca e receber o tratamento pela Unidade de Saude responsavel pelo
atendimento na localidade.

Ninguém sabera que vocé esta participando da pesquisa, ndo falaremos a outras
pessoas, nem daremos a estranhos as informacdes que vocé nos der. Os resultados
serdo publicados, mas sem identificar os participantes da pesquisa.

A sua participacdo serd sem receber qualquer incentivo financeiro ou ter qualquer
despesa e com a finalidade exclusiva de colaborar para o sucesso da pesquisa. Os
gastos necessarios para a participacdo na pesquisa serdo assumidos pelos
pesquisadores. Fica também garantido um pagamento em casos de danos,
comprovadamente decorrentes da participagdo na pesquisa. O material coletado
para realizacdo dos exames sera devidamente acondicionado em nitrogénio liquido
ou freezer -70°C e ficard sob a guarda da coordenadora do projeto, no Laboratério
de Pesquisas em Malaria — Fiocruz/RJ pelo periodo de cinco anos até que todos os
experimentos propostos no projeto sejam realizados e se necessario para repeticdo
de testes para confirmacéo de dados.

Caso precise tirar maiores duvidas sobre o projeto, vocé podera ligar a qualquer
momento que achar necessario, inclusive com a possibilidade de ligar a cobrar para:
Dr. Marcelo Urbano (11) 30917746, em Cruzeiro do Sul (68) 99844921, Dr. Marcos
Lacerda em Manaus (92) 21273443 ou 21273498, Dr. Ricardo Machado em
Ananindeua (91) 32142382 ou 32142150, ou para a coordenadora do projeto Dra
Lilian Rose Pratt Riccio através do telefone (21) 3865-8115. Vocé podera ainda
entrar em contato com o Comité de Etica em Pesquisa da Fundacdo Oswaldo
Cruz/RJ pelo telefone (21) 3882-9011, mas apenas tirar duvidas sobre questdes
éticas relacionadas a essa pesquisa.

Eu, fui
informado sobre o projeto de maneira clara e tendo o consentimento ja assinado
pelo meu pai/responsavel, declaro que concordo participar desta pesquisa. Consinto
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gue os procedimentos de coleta acima descritos sejam realizados em minha pessoa
e autorizo o depdsito, armazenamento e utilizacdo do material coletado para a
realizacdo deste estudo. Atesto que assinei duas vias do termo de consentimento de
igual teor e fiquei com uma via.

Data:
Assinatura do Pesquisador
Data:
Assinatura Testemunha
Data:
Assinatura Responséavel
Data:
Assinatura do menor voluntario
Em caso de Em caso de
impossibilidade de o impossibilidade de o menor
responsavel assinar inserir assinar inserir impresséo diaital
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Anexo IV - Termo de Consentimento livre e esclarecido (TCLE) - Controle

Centro de Pesquisa, Diagndstico e Treinamento em
Malaria/CPD-Mal

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO (TCLE) -
CLINICAMENTE SADIOS (CONTROLES)
Instituicéo: Fundacdo Oswaldo Cruz, Instituto Oswaldo Cruz

Comité de Etica em Pesquisa com Seres Humanos - CEP FIOCRUZ/IOC Instituto
Oswaldo Cruz / Fundacdo Oswaldo Cruz Avenida Brasil, 4.036 - sala 705
(Expansao) Manguinhos - Rio de Janeiro-RJ - CEP: 21.040-360 Tel.: (21) 3882-9011
e-mail: cepfiocruz@ioc.fiocruz.br

Titulo do Projeto de Pesquisa para a Populacéo: Estudo da resposta imunolégica
contra proteinas que séo candidatas a vacina contra a maléria.

Titulo Oficial do Projeto Pesquisa: Avaliacdo do potencial antigénico da candidata
a vacina antimalarica GMZ2.6¢ e seus componentes (MSP-3, GLURP e Pfs48/45)
em populagdes naturalmente imunizadas por exposi¢ao crénica residentes em areas
endémicas brasileiras de malaria.

Investigador Principal: Lilian Rose Pratt Riccio

Colaboradores: Cesare Bianco Junior, Claudio Tadeu Daniel Ribeiro, Evelyn Kety
Pratt Riccio, Josué da Costa Lima Junior, Marcelo Urbano Ferreira, Marcus Vinicius
Guimaraes de Lacerda, Paulo Renato Rivas Totino, Ricardo Luiz Dantas Machado

Endereco: Laboratorio de Pesquisas em Maléria, Instituto Oswaldo Cruz Fundagéo
Oswaldo Cruz, Fiocruz. Avenida Brasil 4365 - Manguinhos - Rio de Janeiro - RJ -
CEP 21040-900.

Telefones: (21)- 38658135 Fax: (21) 38658145

Eu, Dra Lilian Rose Pratt Riccio e toda a equipe, responsaveis pelo projeto de
pesquisa intitulado “Estudo da resposta imunologica contra proteinas que Ssao
candidatas a vacina contra a malaria”, estamos fazendo um convite para vocé
participar como voluntario deste nosso estudo. Esta pesquisa tem o objetivo de obter
um melhor conhecimento da malaria. A malaria € uma doenca transmitida por
mosquito e que causa momentos de febre alta e calafrios ap0s 0s quais a pessoa
fica cansada e sem forcas para trabalhar. Além de verificar se vocé tem esta
doenca, vai saber que parasitas causam esta doenca e quais 0s tipos de respostas
imunologica do organismo sdo benéficas. A sua participacdo como voluntério sera
apenas para doar sangue.

Para a realizacdo do projeto serdo feitos 0s seguintes exames, procedimentos
com os seguintes objetivos:
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Exame de sangue — O exame de sangue para exclusdo da infeccdo malarica sera
realizado apoés a retirada do seu sangue que podera ser feita na veia do antebrago
ou no dedo, por um médico, farmacéutico ou bidlogo membro da equipe da
pesquisa. A coleta de sangue na veia do antebraco serd feita com a agulha
descartavel e tubo de coleta de sangue e sera tirada a quantidade de 20 ml de
sangue, podendo em algum outro momento da pesquisa ser solicitado para outra
nova coleta de sangue. O sangue coletado no dedo sera feito fazendo um furinho
no dedo médio com uma lanceta descartavel na méo escolhida para o exame. As
gotas de sangue serdo colocadas em uma lamina de vidro para ser examinada no
microscopio.

Os possiveis desconfortos e riscos, se ocorrerem, sdo aqueles relacionados com a
retirada de sangue, como dor local e/ou hematoma (“rouxidao”) no local da puncéo,
com duracéo de 3 a 4 dias. Todos os cuidados apropriados serdo tomados, como 0
uso de seringa, agulha e gaze descartavel assim como alcool para assepsia local
entre outros.

Beneficios esperados: Os resultados desse estudo ndo o beneficiardo diretamente,
mas poderao, no futuro, beneficiar outras pessoas. O estudo da resposta imune em
pacientes com malaria tem apontado para um importante papel de algumas células €
fatores do organismo (imunoldgicos) na evolucdo das doencas. O conhecimentg
destas respostas podera ser importante para se tentar prever a evolu¢do da doenca
e com isto tentar evitar ou diminuir as formas graves e no futuro, ajudar no
desenvolvimento de novos tratamentos e mesmo de uma vacina. No entanto, mais
estudos sdo0 necessarios para tentar esclarecer o seu papel na regulacdo da
resposta imune levando a cura ou a protecao.

Apdés o0 consentimento e sua assinatura do TCLE da pesquisa, vocé respondera 3
um questionario, que sera aplicado por um dos membros da equipe d¢
investigadores, onde serdo anotados seus dados pessoais, observacdes clinicas €
dados epidemioldgicos. Os dados tomados neste questionario serdo utilizados Unicd
e exclusivamente no projeto em questdo. Suas informagdes neste questionario serag
sigilosas e vocé recebera um nuamero de registro para impossibilitar a sua
identificacdo. Esse questionario ficara sob a guarda do Laboratorio de Pesquisas em
Maléria do Instituto Oswaldo Cruz — Fiocruz/RJ. O acesso a qualquer informacéo do
guestionario estara restrita a coordenadora do projeto.

Os dados e todas as informacdes dadas por vocé estdo submetidos as normas
éticas destinadas a pesquisa envolvendo seres humanos, do Comité de Etica em
Pesquisa — CEP/Fiocruz do Ministério da Saude. Os resultados do estudo poderao
ser publicados sem revelar a sua identidade e o0 acesso e a analise dos dados
coletados se fardo apenas pelos pesquisadores envolvidos no projeto. A sua
participagdo é inteiramente voluntéria e vocé € livre para recusar a participar, assim
como para desistir de participar deste estudo a qualguer momento, sem prejuizo
para seu acompanhamento ou sofrer quaisquer san¢cdes ou constrangimentos.

A sua participacdo serd sem receber qualquer incentivo financeiro ou ter qualquer
despesa e com a finalidade exclusiva de colaborar para o sucesso da pesquisa. Os
gastos necessarios para a participacdo na pesquisa serdo assumidos pelos
pesquisadores. Fica também garantido um pagamento em casos de danos,
comprovadamente decorrentes da participagdo na pesquisa. O material coletado
para realizacdo dos exames sera devidamente acondicionado em nitrogénio liquido
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ou freezer -70°.C e ficara sob a guarda da coordenadora do projeto, no Laboratorio
de Pesquisas em Maléaria — Fiocruz/RJ pelo periodo de cinco anos até que todos 0s
experimentos propostos no projeto sejam realizados e se necessario para repeticao
de testes para confirmacéo de dados.

Caso precise tirar maiores duvidas sobre o projeto, vocé podera ligar a qualquer
momento que achar necessario, inclusive com a possibilidade de ligar a cobrar para:
Dr. Marcelo Urbano (11) 30917746, em Cruzeiro do Sul (68) 99844921, Dr. Marcos
Lacerda em Manaus (92) 21273443 ou 21273498, Dr. Ricardo Machado em
Ananindeua (91) 32142382 ou 32142150, ou para a coordenadora do projeto Dra
Lilian Rose Pratt Riccio através do telefone (21) 3865-8115. Vocé podera ainda
entrar em contato com o Comité de Etica em Pesquisa da Fundacdo Oswaldo
Cruz/RJ pelo telefone (21) 3882-9011, mas apenas tirar davidas sobre questdes
éticas relacionadas a essa pesquisa.

Eu,

aceito participar do estudo, consinto que os procedimentos de coleta acima descritos
sejam realizados em minha pessoa e autorizo o depdsito, armazenamento e
utilizacdo do material coletado para a realizacdo deste estudo. Atesto que assinei
duas vias do termo de consentimento de igual teor e fiquei com uma via.

Data:
Assinatura do Pesquisador

Data:
Assinatura Testemunha

Data:

Assinatura do Voluntario

Em caso de analfabetismo ou
impossibilidade de assinar

inserir impressao digital
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Anexo V - Questionario

Centro de Pesquisa, Diagndstico e Treinamento em
Malaria/CPD-Mal

“\mnnsticu ] _,,%
s,

%\'
PD - Mal %

| REGISTRO N° Data:

PROJETO: Avaliacdo do potencial antigénico da candidata a vacina
antimalédrica GMZ2.6¢c e seus componentes (MSP-3, GLURP e Pfs48/45) em
populacfes naturalmente imunizadas por exposicdo crbnica residentes em

areas endémicas brasileiras de maléaria.

SEXO:[JF [M

IDADE: NATURALIDADE: PROCEDENCIA:

ENDERECO ATUAL:
NUMERO DE RESIDENTES NO ENDERECO ATUAL:

PROFISSAOQ:

TEMPO DE RESIDENCIA (ANOS):
Area endémica (anos) : (anos):
HISTORIA PREGRESSA DE MALARIA

NUMERO DE INFECCOES ANTERIORES DE MALARIA:

Espécies: [ P. falciparum [1P.vivax [1P. malariae [0 Nenhuma  [1N&o lembra

NUMERO DE INFECCOES NO ULTIMO ANO:

Espécies: [1P. falciparum [ P. vivax [1P. malariae 1 Nenhuma 1 N&o lembra

DATA DA ULTIMA INFECCAO:

Espécies: [] P.falciparum [1P.vivax []P.malariae [1Nenhuma [ N&o lembra
LOCAL PROVAVEL DE INFECCAO:

FEZ O TRATAMENTO COMPLETO?: [1 Sim [ N&o

JA FOI HOSPITALIZADO COM MALARIA: [ Sim 1 N&o Data:
MALARIA GRAVE NA FAMILIA: O Sim [J Nao Data:
OBS:

TEM ALGUEM NA FAMILIA COM MALARIA OU QUE TEVE MALARIA RECENTEMENTE?

JSim [ Nao Data:
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EXPOSICAO A INFECCAO MALARICA

LOCALIZACAO DA CASA
[1 Floresta [1 Colegéo d’agua [1Cidade [1Nenhuma

TIPO DE CASA (protecdo em relagcdo ao contato com mosquito)
[1 Boa [ Parcial [0 Nenhuma

ATIVIDADES AO AMANHECER:
ATIVIDADES AO ANOITECER:

SABE COMO A MALARIA E TRANSMITIDA?
0Sim [INao [ Foi informado [ Foi informado, mas nao acredita
COMO?:

USO DE MEDIDAS PROFILATICAS
[ Mosquiteiro (I Inseticida [ antimalaricos [ Outras [ Nenhuma

Data da ultima borrifagéo de inseticida (FNS):

INFECCAO ATUAL

SINTOMAS
[1Febre []Cefaléia [ Calafrios [1Nausea/Vomito T[] Mialgia [ Artralgia [ Sudorese 1 Nenhum

DATA DO INICIO DOS SINTOMAS:

DIAGNOSTICO: (I P. falciparum [ P.vivax [ P. malariae O Nenhuma

PARASITEMIA:

LOCAL PROVAVEL DE INFECCAO:
RECEBEU TRANSFUSAO DE SANGUE?: ] Sim [1N&o Data:
E DOADOR DE SANGUE?: [J Sim [ N&o Data da Ultima doac&o:

COLETA DE MATERIAL BIOLOGICO

"I GOTA ESPESSA [ DISTENSAO SANGUINEA [ SANGUE
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Anexo VI - Alinhamento da sequéncia referéncia 3D7 com as sequéncias obtidas no estudo
259 371

I |

REF 3D7 ACAAGTGAGAATAGAAATAAACGAATCGGGGGTCCTAAATTAAGGGGTAATGTTACAAGTAATATAAAGTTCCCATCAGATAACAAAGGTAAAATTATAAGAGGTTCGAATG
Vig C T T [ N ————————————
V2g
V3g
Vag
V5g
VvVeég
V7g
Vv8g
Vog
V10g
Vviig
Vi2g
V13g
Viag
Vi15g
Vieg
V17g
VvV18g
V19g
V20g
V21ig
V22g
V23g
V24g
V25g

0
0

0
0
9]
0

T--C

0
_|
0

0
_‘
0

0]

O 6O O

O O O

9]
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372 487
|

REF 3D7 ATAAACTTAATAAAAACTCTGAAGATGTTTTAGAACAAAGCGAAAAATCGCTTGTTTCAGAAAATGTTCCTAGTGGATTAGATATAGATGATATCCCTAAAGAATCTATTTTITAT

Vig —-C

v2g —--C

V3g —-C

vag —-C

V5g —-C

Vég —-C A
V7g —-C G
vsg —-C

vog —-C

viog —C

Vilg —-C

Vizg —C

Vi3g —C

viag —C

Vi5g —C

Vieég —-C

Vi7g —C

visg —C

V19g —C

V20g —C G
v2ig —C

v22g —C

v23g —C

v24g —C

V25g —C
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488 602

]

REF 3D7 TCAAGAAGATCAAGAAGGTCAAACTCATTCTGAATTAAATCCTGAAACATCAGAACATAGTAAAGATTTAAATAATAATGATTCAAAAAATGAATCTAGTGATATTATTTCAGT
Vig A A
V2g

V3g A A
Vig
V5g A A
Vég A A
V7g
V8g A A
Vvog A A
Vviog A A
Vilg
Vi2g
V13g
Vviag
V1i5g
Viég A A
Vi7g
visg A A
V19g
V20g
V2ig
V22g
V23g
Vv24ag
V25g

>

> >

>

> > > > P

>

> >» >» » >» > >» » > > >» > > > > > > > > >>r > > > P
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603 718

REF 3D7 AAATAATAAATCAAATAAAGTACAAAATCATTTTGAATCATTATCAGATTTAGAATTACTTGAAAATTCCTCACAAGATAATTTAGACAAAGATACAATTTCAACAGAACCTTTT

Vig G--G C C

V2g -
V3g G--G C C

Vvag

V5g G--G C C

Veég G--G C C

V7g

V8g G--G C C

V9g G--G C C

V10g G--G C C

Viig

Vi2g

V13g

Vviag

V15g

Vieg G--G C C

Vi7g

V18g G--G C C --
V19g

V20g G--G C C

V21ig G--G

V22g G--G --
V23g G--G

Vv24g G--G C C

V25g
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719 833

REF3D7 CCTAATCAAAAACATAAAGACTTACAACAAGATTTAAATGATGAACCTTTAGAACCCTTTCCTACACAAATACATAAAGATTATAAAGAAAAAAATTTAATAAATGAAGAAGAT
Vig G
V2g
V3g
V4g

)

V5g -G

Veg G
V7g
V8g
Vvog T
V10g
Viilg
Vi2g
V13g
Vi4g
V15g
Vieg
V17g
V18g
V19g
V20g ---G
V21g ---G
V22g G
V23g G
V24g G
V25g

o O

o o

0]

(0]
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834 947

REF 3D7 TCAGAACCATTTCCCAGACAAAAGCATAAAAAGGTAGACAATCATAATGAAGAAAAAAACGTATTTCATGAAAATGGTTCTGCAAATGGTAATCAAGGAAGTTTGAAACTTAA

Vig G CA C--
Vg G

V3g G CA C--
vag G C--

V5g G CA C--
veg G CA C--
V7g G

VvV8g G CA C--
V9g G CA C--
V10g G CA C--
Viig CA

Vi2g G CA C--
V13g G

viag G

V15g G

Vieg G CA C--
V17g G

V18g G CA C--
V19g G -
V20g G CA C--
V21ig G CA C--
V22g G CA C--
V23g G CA C--
V24g G CA C--
V25g G
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948 1062

REF 3D7 ATCATTCGATGAACATTTAAAAGATGAAAAAATAGAAAATGAACCACTTGTTCATGAAAATTTATCCATACCAAATGATCCAATAGAACAAATATTAAATCAACCTGAACAAGA

Vig
V2g T
V3g
Vag
V5g
veg
V7g -T
V8g

V9g

V10g
Viilg
Vi2g
V13g T
Vi4g -T

Vi5g -T
Vieg

Vi7g T
V18g
V19g T
V20g
V2ig
V22g
V23g
V24g

V25g T
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1063 1177

L

REF 3D7 AACAAATATCCAGGAACAATTGTATAATGAAAAACAAAATGTTGAAGAAAAACAAAATTCTCAAATACCTTCGTTAGATTTAAAAGAACCAACAAATGAAGATATTTTACCAAA

Vig
V2g
V3g
Vag
V5g
Vég
V7g
V8g -
Vog

viog
Vilg
Vvi2g
Vi3g
viag
V15g
Vi6g
Vi7g
Vvisg
Vv19g
V20g
V21g
V22g
V23g
Vv24g
V25g

)]

(]

]

0]

]

0]

)]
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1178 1292

L

REF 3D7 TCATAATCCATTAGAAAATATAAAACAAAGTGAATCAGAAATAAATCATGTACAAGATCATGCGCTACCAAAAGAGAATATAATAGACAAACTTGATAATCAAAAAGAACACAT
Vig
V2g
V3g
V4g
V5g
veég
V7g
V8g
V9g
viog
Vvilg
Vi2g
V13g
viag
V15g
Vieg A

V17g
V18g
Vv19g
V20g
V21ig
Vv22g
V23g A
V24g
V25g

>
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1293 1407

REF 3D7 CGATCAATCACAACATAATATAAATGTATTACAAGAAAATAACATAAACAATCACCAATTAGAACCTCAAGAGAAACCTAATATTGAATCGTTTGAACCTAAAAATATAGATTC
Vig
V2g
V3g
Vag
V5g
Vé6g
V7g
V8g
V9g
V10g
Vilg
Vi2g
Vi3g
Viag
V15g
V1ieg
V17g
V18g
Vv19g
V20g
V21g
V22g
V23g
V24g
V25g

0]
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1408 1522

REF 3D7 AGAAATTATTCTTCCTGAAAATGTTGAAACAGAAGAAATAATAGATGATGTGCCTTCCCCTAAACATTCTAACCATGAAACATTTGAAGAAGAAACAAGTGAATCTGAACATGA
Vig
V2g
V3g
Vag
V5g
Vég
LV - S e e
V8g

Vg

viog
Vilg
vi2g
Vi3g
Vviag
V15g
V1ie6g
V17g
V18g
V19g
V20g -—-
V21g
V22g
Vv23g
V24g
V25g
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1523 1634

REF 3D7 AGAAGCCGTATCTGAAAAAAATGCCCACGAAACTGTCGAACATGAAGAAACTGTGTCTCAAGAAAGCAATCCTGAAAAAGCTGATAATGATGGAAATGTATCTCAAAACAG
Vig
Vg
V3g
Vag
V5g
Vég
V7g
V8g
Vog
V10g
Viig
Vi2g
V13g
Vi4g -
V15g -
Vieg -
V17g
V18g -
V19g -
V20g
V21ig
V22g T----T
V238 TG--T

()]

V24g G
V25g T




1635 1693

REF 3D7 CAACAACGAATTAAATGAAAATGAATTCGTTGAATCGGAAAAAAGCGAGCATGAAGCA
Vig
V2g
V3g
Vvig
V5g
Vég
V7g
V8g
Vg -
V10g

Vilg -
Vi2g
V13g
V14g
V15g
Vieg
V17g -
V18g -
V19g
V20g
V21ig
V22g
V23g

V24g

V25g

Alinhamento entre a sequéncia referéncia 3D7 e as sequéncias de nucleotideos das variantes de
Cruzeiro do Sul, Mancio Lima e Guajara referente ao gene PfGLURP. A marcacdo em laranja séo os
nucleotideos alterados. Os tracos correspondem aos nucleotideos que néo se alteraram.
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4T3 564

REF3D7 AAAACAAAAGAATATGCTGAAAAAGCAAAAAATGCTTATGAAAAGGCAAAAAATGCTTATCAAAAAGCAAACCAAGCTGTTTTAAAAGCAAA AGAAGCTTC

(@]
[9)]

Vim
V2m CC

(0]

565 667

REF3D7 TAGTTATGATTATATTTTAGGTTGGGAATTTGGAGGAGGCGTTCCAGAACACAAAAAAGAAGAAAATATGTTATCACATTTATATGTTTCTTCAAAGGATAAG

Vim

V2m

668 747

REF3D7 GAAAATATATCTAAGGAAAATGATGATGTATTAGATGAGAAGGAAGAAGAGGCAGAAGAAACAGAAGAAGAAGAACTTGA

Vim

V2m

Alinhamento entre a sequéncia referéncia 3D7 e as sequéncias de nucleotideos das variantes de Cruzeiro do Sul, Mancio Lima e Guajara referente ao gene
PfMSP-3. A marcagdo em laranja sédo os nucleotideos alterados. Os tragos correspondem aos nucleotideos que nao se alteraram.
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Anexo VIl — Alinhamento da sequéncia de AA dareferéncia 3D7 com as sequéncias obtidas no estudo

B7 196

REF 3D7 TSEMRMERIGGPKLRGNWTSMNIKFPSDNKGKIIRGSNDELNKNSEDVLEQSEKSLVSENYPSGLDIDDIPKESIFIQEDOQEGOTHSELMPETSEHSKDLNMNMDSKMNESSD
Vig D

o

Vg D Q T-—
V3g —T—DT—Y—T—W—5 0 y p—
vag D o] T—
V5g o] T—
V6g o] T—
V7g D o

VEg ~T———T Q

vog T—*-T. o y p—
V10g -T g Q T
Viig Q K y p—
Vi2g Q R

Vi3g Q R y p—
vidg Q

V15g Q T-—
Vi6g Q

Vi7g Q

ViBg D Q T-—
V19g Q T-—
V20g Q

V21g Q T-—
V22g Q T-—
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1587 304

REF3D7 ISMNMEKSNKMOMHFESLSDLELLENSSQDNLDKDTISTEPFPNOKHKDLOODLNDEPLEPFPTQIHKDY KEKMLINEEDSEPFPROKHKKVDNHNEEKNYVFHENGSA

Vig —E E
Vg —FE GE F P E E
V3g —FE GE F P E E
Vg -—E GE F P E E
V5g -—E GE F P E E
Vg -—E GE F P E E
V7g -—E E
Vg -—E E
Vog -—E GE F P E E
V10g —E GE F p E E
Viilg —E GE F p E E
Vi2g —E E
Vi3g —E GE F p E E
Vidg —E E

V15g —E GE F p E E
Vi6g —E E
Vi7g —E E
ViBg —E GE F p E E
V19g —E GE F p E E
V20g —E E
V2ig —E GE F p F E E
V22g —E GE F p E E
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305 414

REF3D7 MNGMNOGSLKLKSFDEHLKDEKIENEPLVHENLSIPMDPIEQILNOQPEQETMNIQEQLYNEKONVEEKOQNSQIPSLDLKEPTNEDILPNHNPLENIKQSESEINHYVODHALPK
Vig 5

Vig
Vg

[=Ry e
[=ly e

Vig

2o

V5g

2 oo
- =
=

Vg

D

VTg 5

=)

VBg 5
Vag

=]

V10g

o D
BN

Viig

Vi2g

[¥3]

Vi3g

[
ju)
-

Vidg

s

V15g

[
o
=)

Vieg R

Vi7g

v

vigg

2R

[

V19g

V20g

vV21g

2
o o e

v22g

2
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415 325

REF 307 EMNIIDKLDNCQKEHIDOQSOHMNINVLOENNINNHOLEPQEKPMNIESFEPKNIDSEIILPENVETEENDDVPSPKHSNHETFEEETSESEH EEAVSEKNAHEWEHIETVSCLE

Vig W
Vg
Vg

vag LV

V5g LV

Vg

Vig

VEBg

Vog

V10g

Viilg

vi2g
Vi3g

Vidg

Visg

Vi6g

Vi7e

ViBg K

vi9g

=]

V20g

v21g

V22g
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226 259

REF 307 SNPEKADNDGNVSONSMMNELMEMEFVESEKSEHE
Vig
Vig
Vg

Vig

V5g

Vog
Vg

VBg

Vag

V10g
Viig

ViZg

Vi3g

vidg
V15g

Vieg

Vi7g

Visg
V19g

V20g

v21g
v22g

Comparacdo entre a sequéncia referéncia 3D7 e as sequéncias de aminoacidos dos isolados de
Cruzeiro do Sul, Mancio Lima e Guajara referente a PfGLURP. A marcagdo em laranja sdo os
aminoacidos alterados. A marcacdo em verde sdo 0s aminoacidos que ndo se alteraram. A marcacgao
em azul indica uma substituicdo de aminoacido sindnima e uma substituicdo de aminoacido néo-
sinbnima. Os tragos correspondem os aminoacidos que nao se alterara.
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175 249

REF3D7  KTKEYAEQVEKDYEKAKNAYQKANOQAVLKAKEASSYDYILGWEFGGGVPEHKKEENMLSHLYVSSKDKENISKENDDVLDEKEEEAEETEEEELE

Vim H-R
VZm PR ~

Comparacdo entre a sequéncia referéncia 3D7 e as sequéncias de aminoacidos dos isolados de Cruzeiro do Sul, Mancio Lima e Guajara referente a PIMSP-3. A
marcacao em laranja indica o aminoacido alterado. Os tracos correspondem os aminoacidos que ndo se alteraram.
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Anexo VIl - Coautoria em artigo

Chloroquine and mefloquine resistance profiles are not related to the
circumsporozoite protein (CSP) VK210 subtypes in field isolates of

Plasmodium vivax from Manaus, Brazilian Amazon.

Lilian Rose Pratt-Riccio, Barbara de Oliveira Baptista, Vanessa Rodrigues Torres,

Cesare Bianco-Junior, Daiana de Souza Perce-da-Silva, Evelyn Kety Pratt Riccio,
Josué da Costa Lima-Junior, Paulo Renato Rivas Totino, Gustavo Capatti Cassiano,
Luciane Moreno Storti-Melo, Ricardo Luiz Dantas Machado, Joseli de Oliveira-
Ferreira, Dalma Maria Banic, Leonardo José de Moura Carvalho, Claudio Tadeu
Daniel-Ribeiro.
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ORIGINAL ARTICLE Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 174: €190054, 2019 119

Chloroquine and mefloquine resistance profiles are not related to the
circumsporozoite protein (CSP) VK210 subtypes in field isolates of
Plasmodium vivax from Manaus, Brazilian Amazon

Lilian Rose Pratt-Riccio"?/*, Barbara de Oliveira Baptista'?, Vanessa Rodrigues Torres'?,
Cesare Bianco-Junior'?, Daiana de Souza Perce-Da-Silva'?, Evelyn Kety Pratt Riccio'?,
Josué da Costa Lima-Junior®, Paulo Renato Rivas Totino?, Gustavo Capatti Cassiano®,
Luciane Moreno Storti-Melo®, Ricardo Luiz Dantas Machado®, Joseli de Oliveira-Ferreira®,
Dalma Maria Banic’, Leonardo José de Moura Carvalho'?, Claudio Tadeu Daniel-Ribeiro'?

'Fundagdo Oswaldo Cruz, Instituto Oswaldo Cruz, Laboratério de Pesquisa em Malaria, Rio de Janeiro, R}, Brasil

*Fundagio Oswaldo Cruz, Centro de Pesquisa, Diagndstico e Treinamento em Maldria, Rio de Janeiro, R}, Brasil

*Fundagao Oswaldo Cruz, Instituto Oswaldo Cruz, Laboratério de Imunoparasitologia, Rio de Janeiro, R}, Brasil

*Universidade de Campinas, Departamento de Genética, Evolugdo e Bioagentes, Laboratério de Doengas Tropicais, Campinas, SP, Brasil
*Universidade Federal de Sergipe, Centro de Ciéncias Bioldgicas e da Sadde, Departamento de Biologia, Aracaju, SE, Brasil
*Universidade Federal Fluminense, Instituto Biomédico, Departamento de Microbiologia e Parasitologia, Niteréi, R}, Brasil

"Fundagao Oswaldo Cruz, Instituto Oswaldo Cruz, Laboratério de Imunologia Clinica, Rio de Janeiro, R}, Brasil

BACKGROUND The central repetitive region (CRR) of the Plasmodium vivax circumsporozoite surface protein (CSP) is composed
of a repetitive sequence that is characterised by three variants: VK210, VK247 and P. vivax-like. The most important challenge
in the treatment of P. vivax infection is the possibility of differential response based on the parasite genotype.

OBJECTIVES To characterise the CSP variants in P. vivax isolates from individuals residing in a malaria-endemic region in Brazil
and to profile these variants based on sensitivity to chloroquine and mefloquine.

METHODS The CSP variants were determined by sequencing and the sensitivity of the P. vivax isolates to chloroquine and
mefloquine was determined by Deli-test.

FINDINGS Although five different allele sizes were amplified, the sequencing results showed that all of the isolates belonged to
the VK210 variant. However, we observed substantial genetic diversity in the CRR, resulting in the identification of 10 different
VK210 subtypes. The frequency of isolates that were resistant to chloroquine and mefloquine was 11.8 and 23.8%, respectively.
However, we did not observe any difference in the frequency of the resistant isolates belonging to the VK210 subtypes.

MAIN CONCLUSION The VK210 variant is the most frequently observed in the studied region and there is significant genetic
variability in the CRR of the 2. vivax CSP. Moreover, the antimalarial drug sensitivity profiles of the isolates does not seem to

be related to the VK210 subtypes.

Ke)! words: malaria — Plasmodium vivax — CH'CUIHSPOFOZO!IE protem — chemoresistance

Despite remarkable progress in the control of ma-
laria, it still remains a public health problem in several
countries where the disease is endemic. According to
the latest World Health Organization (WHO) estimates,
nearly half of the world’s population is at risk of malaria
infection and 91 countries and territories have been clas-
sified as endemic. In 2017, 219 million cases and 435,000
deaths from this disease were reported worldwide and
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the victims were mainly children under the age of five
years. Most of these cases (92%) and deaths (93%) oc-
curred in Africa, followed by Southeast Asia and the
East Mediterranean Region.” Of the six Plasmodium
species that infect humans, Plasmodium vivax is the
most widespread, being responsible for around 3.4% of
the estimated global cases. However, outside the Afri-
can continent, this proportion is over 36%. P. vivax is
the most predominant parasite in the entire continent of
America, representing approximately 74% of all malaria
cases. In the East Mediterranean region, it represents
over 31% of the cases and in East Asia, 37%.% In Brazil,
P. vivax represented around 90% of the 194,000 malaria
cases registered in 2017.% Although P. vivax infection
is considered to be clinically milder than Plasmodium
falciparum infection, there have been cases of severe
malaria and death due to P. vivax infection in many en-
demic areas, including Brazil.®

The P. vivax circumsporozoite surface protein (CSP),
which is the most abundant polypeptide present on the
surface of the sporozoite, is a well-characterised antigen
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and one of the few vaccine candidates for P. vivax tested
in clinical trials.® CSP is involved in the motility and
invasion of the sporozoite into the hepatocytes and rep-
resents an important vaccine target, since anti-CSP an-
tibodies from naturally infected individuals or from vol-
unteers immunised with irradiated sporozoites are able
to inhibit the invasion of hepatocytes by live sporozoites
in vitro.®® The csp gene encodes for a protein that is
characterised by two highly conserved terminal nonre-
petitive regions (N- and C-terminal) flanking a highly
immunogenic, central repetitive domain. The central
repetitive region (CRR) of the CSP is composed of one
of two possible nonapeptides that repeats in tandem,
GDRA(A/D)GQPA and ANGA(G/D)(N/D)QPG, which
are characteristic of theVK 210 andVK 247 CSP variants,
respectively. These nonapeptide sequences are repeated
nearly 20 times in their corresponding proteins. Besides
these two variants, a third, known as P. vivax-like, has
an 1l-mer repetitive sequence, APGANQ(E/G)GGAA.
019 However, there have been reports on polymorphisms
related to the number of the residues in these CRR and
several synonymous and non-synonymous point muta-
tions.! The CSP variants have been found at variable
frequencies in different malaria endemic areas. Previous
studies have used serological and molecular analysis to
describe the occurrence of these three variants in both
pure and mixed infections in Brazil ¢>13

The distribution of these variants seems to be univer-
sal and the infections caused by the CSP variants seems
to be associated with vector preference and susceptibil-
ity, symptom severity, clinical signs, humoral response
patterns, parasite burden and cytokine balance.“%!*!9
Another important issue is that the response to the treat-
ment might possibly differ depending on the genotype of
the parasite. A study performed by Kain et al.*” suggest-
ed that the response to chloroquine varies depending on
the P. vivax CSP variants as both single VK210 as well
as VK210/VK247 mixed infections took longer to clear
when compared to single VK247 infection in Thailand.

The first reports of chloroquine-resistant P. vivax
isolates were obtained from Papua New Guinea and
Indonesia in 1989. In Brazil, the first reported case of
chloroquine-resistant P. vivax was from a patient treated
in Manaus, state of Amazonas, in the Brazilian Ama-
zon. Later, subsequent studies assessed the efficiency
of standard supervised therapy or the in vitro profile of
chloroquine-resistance showing failure rates of chloro-
quine treatment between 5 and 10%"'? with approxi-
mately 10% chloroquine-resistance profile seen in short-
term culture.®? In vitro resistance of P. vivax isolates to
mefloquine in Manaus has also been described to be at
variable frequencies.®?

In the present study, we characterised the CSP vari-
ants in the P. vivax isolates from individuals residing in
malaria-endemic area of the Brazilian Amazon and stud-
ied the sensitivity profiles of these parasites to chloro-
quine and mefloquine using short-term in vitro cultures.

MATERIALS AND METHODS

Study site and isolates — This study was carried out
in the city of Manaus. A total of 95 P. vivax isolates
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were collected from patients who sought health care at
Fundacdo de Medicina Tropical Doutor Heitor Vieira
Dourado (FMT-HVD) between 2004 and 2007, as pre-
viously described.¢?

We obtained written informed consent from all the
donors and venous blood samples were drawn in Vacu-
tainer® (Becton Dickinson, Oxnard, CA, USA) ethylene-
diamine tetraacetic acid (EDTA) tubes. For determina-
tion of drug sensitivity, the tubes containing the blood
samples were maintained at 4°C before the in vitro cul-
ture was initiated.

For molecular analysis, the tubes were centrifuged
at 350 g for 10 min to remove the plasma and the pel-
let was stored at -20°C. The pellets, containing the pe-
ripheral blood cells, were mixed with equal volumes of a
cryopreservation solution (0.9% NaCl/4.2% sorbitol/20%
glycerol) and were stored in liquid nitrogen until fur-
ther use. Thin and thick blood smears were examined
to identify the malaria parasites and determine presence
of parasitaemia by two technicians who were experts in
malaria microscopy from FMT-HVD and from the Labo-
ratorio de Pesquisa em Malaria (Laboratory of Malaria
Research) [Fundagdo Oswaldo Cruz (Fiocruz)], which
is the headquarters of the Centro de Pesquisa e Treina-
mento em Malaria of the Secretaria de Vigilancia em
Saude (Center for Malaria Research and Training, De-
partment of Health Surveillance), a reference centre for
malaria diagnosis in the extra-Amazonian Region for the
Brazilian Ministry of Health. Thick blood smears from
all of the subjects were stained with Giemsa and a total of
200 microscopic fields were examined under a 1,000-fold
magnification. Thin blood smears of the positive samples
were examined for species identification. The parasite
density was evaluated by counting the parasites in a pre-
determined number of white blood cells in the thick blood
films, and the number of blood parasites per millilitre
was calculated. To increase the sensitivity of the parasite
detection, molecular analyses using specific primers for
genus (Plasmodium sp.) and species (P. falciparum and P.
vivax) were performed for all of the samples.

All the patients enrolled in this study complied with
the following criteria: (i) they presented symptoms; (ii)
they were infected with only P. vivax; (iii) they did not
use any chemoprophylaxis or any antimalarial drugs as
self-treatment; (iv) they were 12 years of age or older;
(v) women were not pregnant or breast feeding; and, (vi)
blood collection was performed on the day of diagnosis
before malaria treatment. After the malaria diagnosis
and blood sample collection, the patients were imme-
diately treated according to the Brazilian Ministry of
Health standards for malaria therapy.

Ethics statement — The study protocol was reviewed
and approved by the Fiocruz Ethical Committee (proto-
col 221/03), which included obtaining the patients’ writ-
ten consents in order to use their blood samples for re-
search. Written informed consent was obtained from all
the adult donors or from the parents of the donors in the
case of minors. All the procedures adopted in this study
fully complied with the specific federal permits issued
by the Brazilian Ministry of Health.



Characterisation of the CSP variants — The CSP
variants were determined by PCR-sequencing. DNA
was extracted from the blood samples using the QlAamp
DNA blood midi kit (Qiagen, Germantown, MD, USA)
according to manufacturer instructions and stored at
-20°C until amplification. The csp gene of each sample
was amplified by two independent, conventional poly-
merase chain reaction (PCR) methods using either of
the following two pairs of primers: AL60 5-GTCG-
GAATTCATGAAGAACTTCATTCTC-3"  (forward)
and AL6l 5-CAGCGGATCCTTAATTGAATAAT-
GCTAGG-3" (reverse), or PVCSPl 5-AGGCAGAG-
GACTTGGTGAGA-3’ (forward) and PVCSP2 5’-CCA-
CAGGTTACACTGCATGG-3’ (reverse)  (Genone
Biotechnologies, Rio de Janeiro, RJ, Brazil). All the
PCR amplifications were carried out in a 50 pL reac-
tion mixture containing 8 uL of genomic DNA, 5 uL of
10X PCR buffer (20 mM Tris-HCI pH 8.4, 50 mMKClI),
1.5 mM MgCl,, 0.2 mM of each dNTP, 0.2 uM of each
primer and 2.5U of Taq polymerase (Invitrogen, Cali-
fornia, CA, EUA) kit according to the manufacturer’s.
The amplifications were performed in a GeneAmp PCR
system 9700 thermal cycler (Applied Biosystem, Fos-
ter City, CA, USA) using the following steps: an initial
cycle of 94°C for 10 min followed by 30 cycles of 94°C
for 1 min, 48°C for 1 min and 72°C for 1 min, with a
final extension at 72°C for 10 min for the pair of prim-
ers AL60/AL61 and an initial cycle of 94°C for 10 min
followed by 30 cycles of 94°C for 1 min, 60°C for 1 min
and 72°C for 1 min, with a final extension at 72°C for 10
min, for the pair of primers PVCSP1/PVCSP2. In all of
the reactions, two negative controls (one without DNA
and the other with DNA extracted from an in vitro cul-
ture of P. falciparum PSSI strain) and a positive control
(P. vivax-infected sample) were used. Further, 5 uL of
the PCR product was electrophoresed at 95V for 90 min
along with 0.5 pg/mL 100 base pairs (bp) DNA molecu-
lar weight marker (ThermoFisher Scientific, Waltham,
MA, USA) in 2% agarose gel (Sigma-Aldrich, St. Louis,
MI, USA) in Ix tris-acetate-EDTA (TAE) buffer (0.04 M
TAE, 1 mM EDTA), and the gel was stained by ethidium
bromide (EtBr). The target DNA was visualised and the
images were captured using an ultraviolet transillumina-
tor (Multi-Doc IT Digital Imaging System UVP). The
positive samples were electrophoresed in 2% agarose
low melting point gel stained with EtBr. Then, the PCR
fragments were purified using the Wizard SV Gel and
PCR Clean-UP System (Thermo Fisher) kit according
to the manufacturer’s protocol and quantified using the
Qubit dsDNA HG Assay kit (Invitrogen).

DNA sequencing and polvimorphism analysis — The
specificity of the assay was confirmed by sequencing
the PCR products from all of the positive samples using
a Big Dye Terminator Ready Reaction version 3.1 (Ther-
mo Fisher), following the manufacturer’s instructions.
The products that were amplified with the pair of prim-
ers AL60 and AL61 were sequenced with primers ALG60,
ALG61, PVCSP1 and PVCSP2. The PCR products ampli-
fied with the primer pair, PVCSP1 and PVCSP2 were se-
quenced with PVCSP1 and PVCSP2. The DNA sequenc-
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ing was carried out on the 3730x1 DNA analyser (Thermo
Fisher) and the results were analysed using the sequence
alignment software from DNASTAR (Lasergen, Madi-
son, WI, USA) to identify polymorphism relative to the
Belém strain reference sequence from NCBI (EU401923).

Amino acid sequences were aligned by using Clust-
alW and the phylogenetic tree was reconstructed by
the neighbour-joining (N7J) algorithm using the Jones-
Taylor-Thorton (JTT) amino acid substitution model, as
implemented in the MEGA v6 program. The reliability
of the obtained tree was calculated by the bootstrap test
based on 100 resamplings.

Determination of chloroquine and mefloquine sen-
sitivity — We determined the sensitivity of P. vivax iso-
lates towards chloroquine sulphate and mefloquine
hydrochloride (Sigma-Aldrich), which were aliquoted
in pre-dosed tubes (15 mg/tube). Chloroquine was dis-
solved in 3 mL of 100% ethanol and 7 mL of Roswell
Park Memorial Institute (RPMI)-1640 medium (Gibco,
Invitrogen Life Technologies, California, CA, USA) and
mefloquine was dissolved in 10 mL of 100% methanol.
From the stock solution, another solution was prepared
for each drug at final concentrations of 600 ng/mL for
chloroquine and 300 ng/mL for mefloquine, in a 3:1 mix
(vol/vol) of RPMI-1640 medium and Waymouth Me-
dium (Sigma-Aldrich). Then, 100 pL of each dilution
was added into all the wells in column 1 of the 96-well
tissue culture plates (Falcon, Corning, NY, USA), and
nine subsequent two-fold dilutions were added into the
wells in columns 2 to 9. Wells in columns 10 to 12 were
filled with 50 uL of complete culture medium (culture
control wells). The concentration of each of the antima-
larial drug was tested in quadruplicate.

Samples with parasitaemia ranging from 0.1 to 1%
were used directly, whereas samples with parasitaemia
higher than 1% were diluted with uninfected O-positive-
group erythrocytes to obtain a final parasite density of
0.1 to 1%. Blood samples were washed twice with a so-
lution of RPMI-1640 medium and then resuspended in
RPMI-Waymouth (Sigma-Aldrich). Finally, 200 pL of
this suspension was added into each well in the antima-
larial pre-dosed plates at a 1.2% final haematocrit. The
plates were incubated for 48 h at 37°C in a CO, incubator
(5% CO, in air) and then frozen and kept at -20°C. Be-
fore enzyme linked immunosorbent assay (ELISA), the
plates were subjected to three consecutive freeze-thaw
cyclesin order to lyse the red blood cells.

ELISA — The success of the drug sensitivity assay
and the appropriate volume of the haemolysed culture
were previously determined for each clinical isolate by
a preliminary LDH ELISA as a pre-test. To determine
which dilution of the haemolysed culture had to be used
in the Deli-test, four serial dilutions (1:50, 1:25, 1:12.5
and 1:6.25) of the culture control wells (no drug) of each
isolate were tested in a preliminary LDH ELISA. The
dilutions were selected based on the wells that displayed
optical density (OD) readings ranging from 1 to 2.

ELISA plate (Nunc, Maxisorp, Denmark) wells were
coated with 100 pL of monoclonal antibody (MADb)
against P. vivax (11D) LDH at 1 pg/mL in phosphate-
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buffered saline (PBS) (pH 7.4). The plates were incu-
bated overnight at 4°C, washed with PBS containing 1%
bovine serum albumin (BSA) (fraction V, Boehringer-
Mannheim, Mannheim, Baden-Wurttemberg, Germany)
(PBS-BSA) and then incubated with 300 uL of PBS-
BSA for 4 h at room temperature (RT). The plates were
maintained at 4°C until further use.

Subsequently, the appropriate volume of the haemo-
lysed culture was transferred to the wells of the ELISA
plate with PBS-BSA to a final volume of 100 uL, incu-
bated for 1 h at 37°C, and then washed with PBS-BSA.
After the addition of 100 puL per well of a biotinylated
MADb against pan-Plasmodium LDH (19G7), the plates
were incubated for 1 h at 37°C. After washing, a third
incubation was done for 30 min at RT with 100 pL of a
streptavidin horseradish peroxidase solution followed by
a final washing step. The enzyme activity was revealed
after 5 min of incubation at RT with 100 pL of tetra-
methylbenzidine (TMB). The reaction was stopped with
1 M of phosphoric acid and the absorbance was read at
450 nm in a spectrophotometer (Spectramax 250, Mo-
lecular Devices, San José, CA, USA).

The concentration-response data were analysed
using non-linear regression function to determine the
50% inhibitory concentration of parasite growth (IC,)),
defined as the concentration of the drug required to in-
hibit 50% of the production of lactate dehydrogenase
(LDH) as determined by OD values from sample test
wells compared to those obtained from drug-free con-
trol wells. The IC,; threshold values for resistance to
chloroquine and mefloquine were 100 nM and 30 nM,
respectively, and these values were consistent with pre-
viously described results.?%

Statistical analysis — The data was stored in the Fox-
plus® (Borland International Inc, Perrysburg, OH, USA)
data bank software. GraphPad Instat and GraphPad Prism
(GraphPad Software Inc, San Diego, CA, USA) statistical
software programs were used for data analysis. Student’s
t test was used to analyse the differences in IC, mean val-
ues, and the chi-square test was applied to compare the
prevalence of isolates with a resistance profile.

RESULTS

Characterisation of P. vivax CSP variants — Among
the 95 isolates analysed, alleles of five different sizes —
1135, 1108, 1081, 1054 and 1027 bp —were amplified with
the AL60/AL61 primers and alleles of sizes 786, 759,
732, 705 and 678 bp were amplified with PVCSP1/PVC-
SP2. The most common allele size was 1135/786 bp, cor-
responding to the 20 repeat units observed in 44 isolates
(46.3%). The allele sizes of 1108/759, 1081/732, 1054/705
and 1027/678 bp corresponding to the 19, 18, 17 and 16
repeat units were observed in 19 (20%), 26 (27.4%), 2
(2.1%) and 4 (4.2%) isolates, respectively. All of the
analysed isolates presented only one type of fragment
(single infection). In addition to these samples, P. falci-
parum specimens were also tested, but showed nega-
tive PCR results with AL60/AL61 or PVCSP1/PVCSP2
primers. Therefore, the 95 samples from individuals in-
fected with P. vivax, amplified by PCR, were subjected
to sequencing reactions to screen the possible nucleotide
polymorphisms of the gene encoding the PvCSP.

Using PCR-sequencing, we identified that all 95
samples from the isolates obtained in Manaus were of the
VK210 variant. However, a great genetic diversity in CRR
was observed, resulting in 10 different VK210 subtypes,

VK210a

GGA GAC AGA GCA GAT GGA CAG CCA GCA
GGA GAC AGA GCA GAT GGA CAG CCA GCA
GG GAT AGA GCA GAT GGA CAA CCA GCA
GGA GAT AGA GCA GCT GGA CAG CCA GCA
GGA GAT AGA GCA GAT GGA CAG CCA GCA
GGA GAC AGA GCA GAT GGA CAG CCA GCA
GGA GAC AGA GCA GAT GGA CAG CCA GCA
GGA GAC AGA GCA GAT GGA CAG CCA GCA
. GGT GAT AGA GCA GCT GGA CAA CCA GCA
10. GGT GAT AGA GCA 6T GGA CAG CCA GCA
11 GGE GAT AGA GCA GAT GGA CAG CCA GCA
12. GGA GAT AGA GCA GCT GGA CAG CCA GCA
13. GGE GAT AGA GCA GAT GGA CAG CCA GCA
4. GGA GAT AGA GCA 6T GGA CAA CCAGCA
15. GGA GAT AGA GCA GAT GGA CAG CCA GCA
16. GGA GAT AGA GCA GCT GGA CAG CCA GCA
17, GGA GAT AGA GCA GCT GGA CAG CCA GCA
18. GGA GAT AGA GCA GCT GGA CAG CCA GCA

EEe A

19. GGA GAT AGA GCA GCT GGA CAG CCA GCA
20. GGA AAT GGT GCA GGT GGA CAG GCA GCA

VK210f

GGA GAC AGA GCA GAT GGA CAG CCA GCA
GGA GAC AGA GCA GAT GGA CAG CCA GCA
GGT GAT AGA GCA GAT GGA CAA CCA GCA
GGA GAT AGA GCA (T GGA CAG CCA GCA
GGA GAT AGA GCA GAT GGA CAG CCA GCA
GGA GAC AGA GCA GAT GGA CAG CCA GCA
GGA GAC AGA GCA GAT GGA CAG CCA GCA
GGA GAC AGA GCA GAT GGA CAG CCA GCA
GGT GAT AGA GCA GCT GGA CAA CCA GCA
10. GGT GAT AGA GCA GCT GGA CAG CCAGCA
11. GGE GAT AGA GCA GAT GGA CAG CCA GCA
12. GGA GAT AGA GCA GCT GGA CAG CCA GCA
13. GGE GAT AGA GCA GAT GGA CAG CCA GCA
14. GGA GAT AGA GCA GCT GGA CAA CCAGCA
15. GGA GAT AGA GCA GAT GGA CAA CCAGCA
16. GGA GAT AGA GCA GECT GGA CAG CCA GCA
17. GGA GAT AGA GCA GCT GGA CAG CCA GCA
18. GGA GAT AGA GCA GCT GGA CAG CCA GCA
19. GGA GAT AGA GCA GCT GGA CAG CCA GCA

PEas

VK2106

GGA GAC AGA GCAGAT GGA CAG CCA GCA
GGA GACAGA GCAGAT GGA CAG CCA GCA
GGA GACAGA GCAGAT GGA CAG CCA GCA
GGY GAT AGA GCA GAT GGA CAA CCA GCA
GGA GAT AGA GCA GAT GGA CAG CCAGCA
GGT AAT AGA GCA GAT GGA CAG CCA GCA
GGA GAC AGA GCA GAT GGA CAG CCA GCA
GGA GACAGA GCAGAT GGA CAG CCA GCA
. GGT GAT AGA GCA GAT GGA CAA CCA GCA
10. GGA GAT AGA GCA GAT GGA CAG CCA GCA
11. GGA GAC AGA GCA GAT GGA CAG CCA GCA
12 GGA GACAGA GCAGAT GGA CAG CCA GCA
13. GGT GAT AGA GCA GAT GGA CAA CCA GCA
14 GGA GAT AGA GCA GAT GGA CAG CCA GCA
15 GGT GAT AGA GCA GAT GGA CAG CCA GCA
16. GGA GAC AGA GCAGAT GGA CAA CCA GCA
17. GGA GAT AGA GCA GAT GGA CAG CCAGCA
18. GGA AAT 66T GCA GGT GGA CAG G0A GCA

B

VK210g

1. GGA GAC AGA GCA GAT GGA CAG CCA GCA
2 GGA GAC AGA GCA GAT GGA CAG CCA GCA
3. GGA GACAGA GCA GAT GGA CAG CCA GCA
4. GGT GAT AGA GCA GAT GGA CAA CCA GCA
5 GGA GAT AGA GCA GCT GGA CAG CCA GCA
& GGA GAT AGA GCA GAT GGA CAG CCA GCA
7. GGA GACAGA GCA GAT GGA CAG CCA GCA
8. GGA GAC AGA GCA GAT GGA CAG CCA GCA
9. GGT GAT AGA GCA GET GGA CAA CCA GCA
10.GGT GAT AGA GCA GCT GGA CAG CCAGCA
11.GGE GAT AGA GCA GAT GGA CAG CCA GCA
12.GGA GAT AGA GCA GCT GGA CAG CCA GCA
13.GGEC GAT AGA GCA GAT GGA CAG CCA GCA
14.GGA GAT AGA GCA T GGA CAA CCAGCA
15.GGA GAT AGA GCA GAT GGA CAA CCAGCA
16.GGA GAT AGA GCA GCT GGA CAG CCA GCA
17.GGA GAT AGA GCA 6CT GGA CAG CCA GCA
15.GGA GAT AGA GCA GET GGA CAG GCA GCA
19.GGA GAT AGA GCA GCT GGA CAG GCA GCA
20.GGA GAT AGA GCA GO GGA CAG GCA GCA

VK210¢

GGA GAC AGA GCA GAT GGA CAG CCAGCA
GGA GAC AGA GCA GAT GGA CAG CCAGCA
GGA GAC AGA GCA GAT GGA CAG CCAGCA
GGT GAT AGA GCA GATGGA CAA CCA GCA
GGA GAT AGA GCA GAT GGA CAG CCA GCA
GGA GAC AGA GCA GATGGA CAG CCAGCA
‘GGA GAC AGA GCA GAT GGA CAG CCA GCA
GGT GAT AGA GCA GATGGA CAA CCA GCA
GGA GAT AGA GCA GAT GGA CAG CCA GCA
10, GGT GAT AGA GCA GATGGA CAA CCA GCA
11. GGA GAT AGA GCA GAT GGA CAG CCA GCA
12. GGA GAC AGA GCA GATGGA CAG CCAGCA
13. GGA GAC AGA GCA GAT GGA CAG CCA GCA
14. GGA GAC AGA GCA GATGGA CAG CCAGCA
15. GGA GAC AGA GCA GAT GGA CAG CCA GCA
16. GGA GAT AGA GCA GCT GGA CAG CCAGCA
17. GGA GAT AGA GCA GUT GGA CAG CCA GCA
18. GGA GAT AGA GCA GCT GGA CAG CCAGCA
19. GGA AAT GG GCA GG GGA CAG GEAGCA

BT P

VK210k

1. GGA GACAGA GCA GAT GGA CAG CCA GCA
2 GGA GAC AGA GCA GAT GGA CAG CCA GCA
3. GGA GAT AGA GCA GAT GGA CAG CCA GCA
4. GGA GACAGA GCA GCT GGA CAG CCA GCA
5 GGA GAC AGA GCA GAT GGA CAG CCA GCA
& GGA GAC AGA GCA GAT GGA CAG CCA GCA
7. GGY GAT AGA GCA GAT GGA CAA CCA GCA
8 GGA GAT AGA GCA GAT GGA CAG CCA GCA
9. GGA GAC AGA GCA GAT GGA CAG CCA GCA
10 GGA GAC AGA GCA GAT GGA CAG CCA GCA
11. GGT GAT AGA GCA GAT GGA CAA CCA GCA
12. GGA GAT AGA GCA GAT GGA CAG CCA GCA
13. GGT GAT AGA GCA GAT GGA CAG CCA GCA
14. GGA GAC AGA GCA GAT GGA CAA CCA GCA
15 GGA GAT AGA GCA GAT GGA CAG CCA GCA
16, GGA AAT GGT GCA GGT GGA CAG GCA GCA

VK210d

GGA GAC AGA GCA GAT GGA CAG CCA GCA
GGA GAC AGA GCA GAT GGA CAG CCAGCA
GGA GAC AGA GCA GAT GGA CAG CCAGCA
GGY GAT AGA GCA GATGGA CAA CCA GCA
GGA GAT AGA GCA GAT GGA CAG CCA GCA
GGT AAT AGA GCA GAT GGA CAG CCA GCA.
GGA GAC AGA GCA GAT GGA CAG CCA GCA
GGA GAC AGA GCA GAT GGA CAG CCA GCA
. GG GAT AGA GCA GAT GGA CAA CCA GCA
10. GGA GAT AGA GCA GAT GGA CAG CCA GCA
11. GGA GAC AGA GCA GAT GGA CAG CCA GCA
12. GGA GAC AGA GCA GAT GGA CAG CCA GCA
13, GGT GAT AGA GCA GATGGA CAA CCA GCA
14, GGA GAT AGA GCA GAT GGA CAG CCA GCA
15, GGT GAT AGA GCA GAT GGA CAG CCA GCA
16, GGA GACAGA GCA GAT GGA CAA CCA GCA
17. GGA GAT AGA GCA GAT GGA CAG CCAGCA
15. GGA GAT AGA GCA GET GGA CAG 604 GCA

PP AR

VK210

1. GGA GAT AGA GCA GAT GGA CAA CCA GCA
2. GGA GAT AGA GCA GAT GGA CAA CCA GCA
3. GGA GAT AGA GCA GAT GGA CAA CCA GCA
4. GGA GAT AGA GCA 60T GGA CAG CCA GCA
5. GGA GAT AGA GCA GAT GGA CAG CCA GCA
6. GGA GAC AGA GCA GAT GGA CAG CCA GCA
7. GGA GAC AGA GCA GAT GGA CAG CCA GCA
8. GGT GAT AGA GCA GAT GGA CAA CCA GCA
9. GGT GAT AGA GCA GCT GGA CAG CCA GCA
10.GGC GAT AGA GCA GAT GGA CAG CCA GCA
11.GGA GAT AGA GCA 6T GGA CAG CCA GCA
12.GGC GAT AGA GCA GAT GGA CAG CCA GCA
13.GGA GAT AGA GCA 6T GGA CAA CCA GCA
14GGA GAT AGA GCA GAT GGA CAA CCA GCA
1SGGA GAT AGA GCA GCT GGA CAG GCA GCA
16GGA GAT AGA GCA GCT GGA CAG CCA GCA
17.GGA GAT AGA GCA GCT GGA CAG GOA GCA
18.GGA GAT AGA GCA GCT GGA CAG GCA GCA
19.GGA GAT AGA GCA GCT GGA CAG GEA GCA

VK210e

GGA GAC AGA GCA GAT GGA CAG CCA GCA
GGA GAC AGA GCA GAT GGA CAG CCAGCA
GGA GAC AGA GCA GAT GGA CAG CCA GCA
GGT GAT AGA GCA GAT GGA CAA CCA GCA
GGA GAT AGA GCA GCT GGA CAG CCAGCA
GGA GAT AGA GCA GAT GGA CAG CCA GCA
GGA GAC AGA GCA GAT GGA CAG CCAGCA
GGA GAC AGA GCA GAT GGA CAG CCA GCA
GGA GAC AGA GCA GAT GGA CAG CCAGCA
10. GGT GAT AGA GCA GETGGA CAA CCA GCA
11. GGT GAT AGA GCA GCT GGA CAG CCA GCA
12. GGC GAT AGA GCA GAT GGA CAG CCA GCA
13. GGA GAT AGA GCA GCT GGA CAG CCAGCA
14. GGEC GAT AGA GCA GAT GGA CAG CCA GCA
15. GGA GAT AGA GCA GET GGA CAA CCAGCA
16. GGA GAT AGA GCA GAT GGA CAA CCAGCA
17. GGA GAT AGA GCA (T GGA CAG CCAGCA
18. GGA GAT AGA GCA GCT GGA CAG CCA GCA
19. GGA GAT AGA GCA GCT GGA CAG CCAGCA
20. GGA GAT AGA GCA GECT GGA CAG CCA GCA

R P

VK210j

1. GGT GAT AGA GCA GAT GGA CAG CCA GCA
2. GGA GAC AGA GCA GAT GGA CAG CCA GCA
3. GGA GAT AGA GCA GAT GGA CAG CCAGCA
4. GGA GAT AGA GCA GAT GGA CAG CCA GCA
5. GGT GAT AGA GCA GATGGA CAG CCA GCA
6. GGA GAC AGA GCA GAT GGA CAG CCA GCA
7. GGA GAC AGA GCA GAT GGA CAG CCAGCA
8 GGT GAT AGA GCA GAT GGA CAA CCA GCA
9. GGA GAT AGA GCA GAT GGA CAG CCAGCA
10.GGA GAC AGA GCA GAT GGA CAG CCA GCA
11.GGA GAC AGA GCA GATGGA CAG CCAGCA
1L.GGT GAT AGA GCA GAT GGA CAA CCA GCA
13.GGA GAT AGA GCA GAT GGA CAG CCAGCA
14.GGT GAT AGA GCA GAT GGA CAG CCA GCA
15.GGA GAC AGA GCA GAT GGA CAA CCAGCA
16.GGA GAT AGA GCA GAT GGA CAG CCA GCA
17.GGA GAT AGA GCA GCT GGA CAG GEAGCA

Fig. 1: nucleotide sequence alignment for the central repetitive region (CRR) region of the csp gene found in Plasmodium vivax isolates with
VK210 variant from Brazil. The numbers on the right represent the numbers of nonapeptides presented by the CRR. The letters in blue encode
the same amino acid; letters in red encode different amino acid.

228



named from VK210a to VK210j (Fig. 1). These VK210
subtypes differed in numbers, varying from 16 to 20, and in
the arrangements of five different nonapeptide sequences
presented in the CRR: GDRADGQPA, GDRAAGQPA,
GNRADGQPA, GDRAAGQAA and GNGAGGQAA
(Fig. 2). Fig. 3 shows the phylogenetic relationship of the
10 VK210 subtypes from the isolated from Manaus based
on the nucleotide sequence of the CRR.

The most frequent subtypes were the VK210a and
VK210b found in 38 (40%) and 19 (20%) of the P. vivax
isolates studied, respectively. The subtypes VK210i,
VK210g and VK210j were poorly represented as they
were present in only one (1%), two (2.1%) and two (2.1%)
of the samples, respectively (Table).

Sensitivity profile of chloroquine and mefloquine
resistance — Overall, the IC,  values could be deter-
mined in most of the P. vivax 1solates: 59/95 (62%). For
chloroquine, the frequency of P. vivax isolates with IC,,
above the threshold of 100 nM was 11.8% (7/59) and the
geometric mean for the IC,; was 53.9 nM (59.3 + 105.5
nM). For mefloquine, the frequency of isolates with a
profile of resistance (IC,;> 30 nM) was 23.8% (14/59).
The geometric mean IC, for mefloquine was 31.8 nM
(31.8 £ 48 nM) (Fig. 4).

No difference was observed in the frequency of the
resistant isolates and in the IC, mean for chloroquine
or mefloquine based on the VK210 subtypes (Fig. 5).
Similarly, there was no observable difference in the
frequency of resistant isolates and in the IC,; mean for
chloroquine or mefloquine when the isolates were sepa-
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rated temporally or divided into two groups according
to their phylogenetic relationship (Group A compris-
es VK210a, VK210f, VK210g, VK210e and VK210i
and Group B comprises VK210b, VK210d, VK210c,
VK210h and VK210j) (Fig. 3).

DISCUSSION

In the present study, we identified the CSP variants in
P. vivax isolates from individuals residing in Manaus and
showed the difference in the sensitivity profiles of these
specimens towards chloroquine or mefloquine. Among
the 95 P. vivax isolates analysed, five different allele sizes
were amplified by PCR, although the sequencing results
showed that all the studied isolates were of the VK210
variant, with no occurrence of VK247 or P. vivax-like.
Similarly, a study performed in a low endemicity area in
the state of Acre, Amazon Basin of Brazil, also reported
only the VK210 variant in the sympatric P. vivax iso-
lates.®Y These findings are consistent with results from
previous studies reporting that the VK210 variant is the
most frequent in malaria-endemic areas of the Brazilian
Amazon.®>2? In fact, Machado and Pdvoa™ suggested
that VK210 is the best-adapted variant in Brazil as well
as the world, as this variant has also been reported to be
predominant in cases from Afghanistan, Iran, Azerbaijan,
India, Thailand and Guiana.

However, we did not observe the VK247 variant in
our study. This indicate that perhaps the VK247 subtype
is not yet fully adapted in all Brazilian malaria-endemic
areas, unlike earlier reports from endemic areas in Co-
lombia where the frequency of the VK247 variant was

B

Bem [ > > M > > > D D I D
v > > T > > > MDD 3D I D
VLA DTS S S T S S TR T D D>
viewe [ > > > > > > > 5> > > > > > > I
ved [ > > > > 3 > > > > > > > 5> > 5 1Py
vee > > > T > > > > 1D XD 1D D
vet [ > > 3D > > > D 3D 1D D
g > > > 1D > > D T I T
viein [ > > P > > > > > > > > > >

VK210i > > W > > >

VK21t [ R D T S Ry e

[ D D (D Ry

Fig. 2: amino acid sequence alignment for the central repetitive region (CRR) peptide encoded by the csp gene in the Plasmodium vivax 1solates
from Brazil with the VK210 variant. A: the 1solates obtained from individuals residing in Manaus (state of Amazonas) were aligned with the
Belém reference strain (GenBank: EU401923). Dots represent identical residues and dashes represent deletions. The sequences highlighted in
gray are the units of CRR; B: schematic representation of the CRR. Different colours represent each of the six nonapeptide repeats found in
VK210 subtypes.
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Fig. 3: neighbour-joining tree of the Plasmodium vivax isolates ob-
tained from individuals residing in Manaus (state of Amazonas) based
on the nucleotide sequence of the circumsporozoite protein central re-
petitive region (CRR). The bootstrap values are shown on the branch-
es and indicate the number of times out of 100 resamplings.

seen to be higher.®? Alternatively, it might also be due
to the differential susceptibility of Anopheles mosqui-
toes to infection with the P. vivax isolates® as previous
studies have reported differences in the infectivity of the
anophelines to the variants, indicating that Anopheles
darlingi were more susceptible to infection by VK210.
@9 We also cannot exclude the possibility that the lack of
detection of the VK247 variant might be due to the low
number of samples sequenced.

Individuals residing in malaria-endemic areas can
be infected with genetically distinct parasite genotypes,
which may result from either multiple infectious mos-
quito bites or bites from mosquitoes infected with multi-
ple parasite genotypes. The complexity of the infections
may also vary considerably based on the differences in
the epidemiological scenarios. In low transmission ar-
eas, individuals may have infections with a single or a
few parasite genotypes, while in high transmissions ar-
eas, individuals may have infections with more than 10
genotypes.?” In the present study, no mixed infection
(VK210/VK247 or VK210/P. vivax-like) was observed
in any of the analysed samples, which might reflect the
low endemicity of the studied area as the frequency of
mixed-clone infections has been correlated with the in-
tensity of transmission. Competition of different strains
for limited resources within a host during their life cy-
cles may be important for survival, leading not only to
higher transmissibility, but also an increase of the viru-
lence and emergence of drug resistance.%>"

Insertions and deletions in CRR, resulting from ei-
ther sexual recombination during meiosis or intrahelical
strand-slippage events during mitotic DNA replication,*®
can generate novel CSP variants. Although only the
VK210 variant has been found in the studied area, high
genetic diversity in CRR was observed, resulting in 10
different VK210 subtypes, with the VK210« and VK 2105
subtypes being the most predominant ones. These VK210
subtypes varied in numbers and in the arrangements of
five different nonapeptide sequences presented in the
CRR. The nonapeptide sequences GDRADGQPA and
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TABLE

Frequency of VK210 subtypes in Plasmodium vivax isolates
obtained from individuals living in Manaus,
state of Amazonas, Brazilian Amazon

VK210 subtype n %
VK210a 38 40
VK210b 19 20
VK210¢c 11 11,6
VK210d 7 7.4
VK210e 4 4,2
VK210f 7 7.4
VK210g 2 2,1
VK210A 4 4,2
VK2101 1 1
VK210j 2 2,1
Total 95 100

n: number of isolates presenting the corresponding VK210 subtype.
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Fig 4: distribution of 50% inhibitory concentration (IC; ) values in
Plasmodium vivax isolates for chloroquine and mefloquine using
Deli-test. The values correspond to individual IC,  values. Lines
represent geometric mean. The dotted line represents the resistance
threshold for chloroquine (100 nM) and for mefloquine (30 nM).

GDRAAGQPA have also been observed in the P. vivax
isolates from Sri Lanka, Azerbaijan, South Korea, Iran,
Brazil, China, Philippines, Solomon Islands and Gabon:
the nonapeptide GNGAGGQAA was found in P. vivax
isolates from Sri Lanka, South Korea, Iran, Brazil, China,
Philippines and Solomon Islands while the nonapeptides
GNRADGQPA and GDRAAGQAA were described only
in isolates from Brazil.***?

The infection due to these CSP variants seems to in-
fluence factors such as symptom severity, humoral re-
sponse patterns, parasite burden and cytokine balance.
(1011 However, the influence of these variants on drug
response remains unclear. P vivax isolates that are resis-
tant to antimalarial drugs have been reported in several
countries, including Brazil.?® In a study conducted in
Thailand, Kain et al.*” suggested that the response to-
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Fig. 5: distribution of 50% inhibitory concentration (IC, ) values in Plasmodium vivax isolates for chloroquine and mefloquine using Deli-test
according to VK210 subtypes. The values correspond to individual IC, values. Lines represent the geometric mean. The continuous line repre-
sents the resistance threshold for chloroquine (100 nM) and mefloquine (30 nM)

wards chloroquine varies depending on the type of P.
vivax as the VK210 variant and mixed infection VK210/
VK247 took longer to clear, while VK247 tended to have
a shorter duration. Later, a study conducted by Machado
et al.® reported the correlation between the P vivax
variant and the response to chloroquine. Thus, we char-
acterised the P. vivax CSP variants and subtypes in the
isolates with different sensitivity profiles towards chlo-
roquine and mefloquine, as determined using the colori-
metric Deli test to evaluate whether the CSP variant can
mark a P. vivax population with a distinct antimalarial
resistance profile.

Overall, the IC, values could be determined in 62%
of P. vivax isolates collected in Manaus. P. vivax iso-
lates showed a significant proportion of isolates with
reduced sensitivity to chloroquine and mefloquine, 11.8
and 23.8%, respectively. The usefulness of the DELI test
to generate results that can influence malaria control and
public health policies has been demonstrated in a previ-
ous publication.®? It is important to note that the in vivo
outcome depends on several factors that cannot be eval-
uated in vitro, including the level of innate and acquired
immunity. However, in vitro assays act as a preliminary
warning system indicating a trend as the in vitro resis-
tance may be indicative of clinical resistance.®
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Temporal variation in the habitat of the pathogen may
directly or indirectly aid in the selection of the genetic di-
versity®® and the genetic diversity of the csp gene has
been associated with response to treatment as based on
the infecting P. vivax CSP variant, there can be a differ-
ence in response towards chloroquine.®*®) In this study,
we investigated if the sensitivity towards chloroquine and
mefloquine was associated with the VK210 subtypes,
separated temporally (older or more recent isolates) or
phylogenetically (individual or separated by groups). We
did not observe any difference in the frequency of the re-
sistant isolates and in the IC,; mean for chloroquine or
mefloquine, according to VK210 subtypes. Similarly, we
also did not observe any difference in the frequency of the
resistant isolates and in the IC,) mean for chloroquine or
mefloquine when the isolates were grouped temporally or
separated by group. The data presented here indicated that
the VK210 subtypes does not mark a P. vivax population
with different profiles of sensitivity to antimalarial drugs.

A limiting factor of our study and data is the small
number of samples used to determine the IC, and, con-
sequently, the small number of isolates profiled for de-
creased sensitivity and/or antimalarial resistance, which
could explain VK247 and P. vivax-like variants not being
detected in the studied samples.
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The data reported here indicated that the VK210
variant is the most frequent subtype in this malaria-
endemic area of the Brazilian Amazon and that there is
great genetic variability in CRR of the P. vivax circum-
sporozoite protein. However, VK210 subtypes might not
be a suitable marker for the different sensitivity profile
of the P. vivax populations towards antimalarial drugs.
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ARTICLE INFO ABSTRACT

Keywords: The Plasmodium vivax Ookinete Surface Protein (Pvs25) is one of the leading malaria Transmission-Blocking
Malaria Vaccine candidates based on its high immunogenicity in animal models, transmission-blocking activity of an-
Plasmodium vivax tibodies elicited in clinical trials and high conservation among P. vivax isolates from endemic areas. However,
(P;:liiic S— the polymorphism in gene encoding Pvs25 in endemic areas from South America has been poorly studied so far.
Amigenichiryy P Here, we investigated the genetic polymorphism of pvs25 in P. vivax isolates from five different regions of the
Vaccine Brazilian Amazon (Cruzeiro do Sul, Mdncio Lima, Guajard, M and Oiapoque) and its impact on antigenicity of

predicted B-cell epitopes using gene sequencing and epitope prediction tools. Firstly, only a non-synonymous
substitution was found in the 657 bp amplified fragment in all sequenced samples, which represented an ex-
change of GIn by Lys at position 87 (Q87K) of protein amino acid sequence (domain I EGF-like). Q87K sub-
stitution was also present in all studied sites with a total frequency of 37.8%. Cruzeiro do Sul presented Q87K
substitution in almost half of the isolates (48.4%), and an expressive frequency (40.5%) was also found in
Manaus, while in Mdncio Lima, Guajard and Oiapoque, the frequencies were low (23.5%, 25% and 22.2% re-
spectively). We also observed the Q87K mutation in a predicted B-cell epitope of pvs25, with no significant
changes on its putative antigenicity. Our data suggest that the pvs25 gene is conserved among isolates from
different Brazilian Amazon geographic regions, an important observation considering the antigen potentiality as
a vaccine candidate to cover distinct P. vivax endemic areas worldwide.

1. Introduction blocking vaccine (TBV) has been considered an important strategy for
malaria control by acting directly against the sexual and sporogonic
stages of malaria parasites (Kaslow, 1997) and, consequently, pre-

venting mosquitoes from becoming infectious (Wu et al., 2015). Thus

Malaria is still an infectious parasitic disease of great epidemiolo-
gical importance in several countries of tropical and subtropical regions

of the world. Thus, it is extremely important to establish alternative
intervention strategies capable of controlling malaria transmission,
such as the development of an effective vaccine. The different cell
stages developed by Plasmodium over its complex life cycle offer a
myriad of antigenic targets that can be considered for vaccine design,
including antigens expressed during sexual stage occurring in the
mosquito vector (Bennink et al., 2016). In this context, transmission-

*Corresponding author.
E-mail address: josue@ioc.fiocruz.br (J.d.C. Lima-Junior).

https://doi.org/10.1016/j.meegid.2019.05.003

far, these suitable targets for TBV have generated promising results.
Different proteins from sexual stage have been characterized as TBV
targets because antibodies against these proteins show transmission
blocking activities (Sauerwein and Bousema, 2015). Among these
vaccine candidates, the 25kDa Ookinete Surface Protein (P25) has al-
ready been described in many Plasmodium species (Saxena et al., 2007).
The P25 protein is specifically expressed on the surface of the
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developing Plasmodium gametes, zygotes and ookinetes (Tsuboi et al.,
1998). It is expressed before fertilization, reaching the peak of synthesis
in the initial hours and later expressed in greater abundance on the
surface of developing zygotes and ookinetes, being considered a post-
activation target (del Carmen Rodriguez et al.,, 2000). This protein
contains conserved structures, characterized by a secretory N-terminal
signal sequence, four Epidermal Growth Factor (EGF)-like domains
followed by a glycosyl-phosphatidylinositol (GPI) anchor at the C-
terminal end. It is also cysteine rich and highly constrained by up to 11
disulfide bonds (Kaslow et al., 1988). Although P25 protein function
has not yet been fully recognized, in P. berghei, it has been demonstrated
that P25 protein has multiple, and partially redundant properties
during ookinete and oocyst development. The protein is essential for
the survival of ookinetes in the mosquito midgut and subsequent pe-
netration of the midgut epithelium, and transformation into oocyst
(Tomas et al., 2001).

Diverse platforms using sexual stage antigens as vaccine candidates
demonstrated antibodies with transmission blocking activity (Carter
et al., 2000). The Pvs25 has been considered one promising TB vaccine
in development against P. vivax, as specific antibodies induced in im-
munized mice or Aotus monkeys completely block the ability of P. vivax
to infect Anopheles mosquitoes (Hisaeda et al., 2000; Arevalo-Herrera
et al., 2005). In humans, recombinant Pvs25 was recognized by anti-
bodies from exposed populations in Myanmar (Kim et al., 2011). Cur-
rently, only Pfs25 and its orthologous protein in Plasmodium vivax,
Pvs25, have been tested in Phase Ia clinical trials, its generates trans-
mission blocking immunity in humans demonstrating the potential of
this antigen as a component of a transmission blocking vaccine (Wu
et al., 2008; Malkin et al., 2005).

Differently from the extensive polymorphism commonly observed in
several Plasmodium antigens, Pvs25 is considered conserved. Sequence
analyses of pvs25 revealed a similar structural organization though only
45% amino acid identity is observed (Tsuboi et al., 1998) and to date,
genetic diversity of pvs25 gene among different isolates has been sur-
veyed in several Asian countries. However, no study on this poly-
morphism has been carried out in Brazilian malaria-endemic areas. A
lack of understanding of P. vivax population structure and transmission
dynamics is one of the key problems undermining effective malaria
control. Population genetic studies are, therefore, important to define
the diversity, distribution and dynamics of P. vivax populations, being
important for contributing to malaria control interventions. In this
study, we aimed to analyze the genetic diversity of pvs25 gene in
P. vivax isolates from different regions of the Brazilian Amazon.

2. Materials and methods
2.1. Study areas and blood sample collection

The study was carried out in five different regions of the Brazilian
Amazon: Cruzeiro do Sul, Mdncio Lima, Guajard, Manaus and Oiapoque
(Fig. 1). Cruzeiro do Sul, Acre State, located in the North Region of
Brazil, with 82,622 inhabitants, presenting latitude of 07°37” 52" and
longitude of 72° 40’ 12"; Mdncio Lima, Acre State, located in the North
Region of Brazil, with 17,910 inhabitants, presenting latitude of 07° 36"
51" and longitude of 72° 53’ 45"; Guajard, Amazonas State, with 14,074
inhabitants, presenting latitude of 2° 58 19” and longitude of 57° 40’
39”. The subset of Manaus and Oidpoque were previously described
(Bitencourt Chaves et al., 2017).

Blood samples were collected from 98 P. vivax-infected individuals:
31 from Crugzeiro do Sul, 17 from Mdncio Lima, 4 from Guajard, 37 from
Manaus and 9 individuals from Oiapoque. All P. vivax participants were
enrolled according to the following criteria sought medical assistance
for clinical malaria symptoms, presented uncomplicated malaria
symptoms, were > 18 years of age, and had a positive P. vivax malaria
diagnosis. Pregnant women, patients < 18 years of age, and P. vivax
-and P. falciparum- infected individuals were excluded from the study.
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Thin and thick blood smears were examined for the identification of the
malaria parasite by a technician experienced in malaria diagnosis from
the Brazilian Malaria Health Services. Thick blood smears from all the
subjects were stained with Giemsa, and a total of 200 microscopic fields
were examined under a 1000-fold magnification. Thin blood smears of
the positive samples were examined for species identification. To in-
crease the sensitivity of parasite detection, molecular analyses using
specific primers for genus (Plasmodium sp) and species (P. falciparum
and P. vivax) were performed in all the samples as previously described
(Snounou et al., 1993). Donors positive for P. vivax and/or P. falciparum
at the time of blood collection were subsequently treated by the che-
motherapeutic regimen recommended by the Brazilian Ministry of
Health.

2.2. Ethics considerations

The study protocol of blood samples from Cruzeiro do Sul, Mdncio
Lima and Guajard was reviewed and approved by the Funda¢do Oswaldo
Cruz Research Ethics Committee, CEP-Fiocruz CAAE
46084015.1.0000.5248. In addition, the protocol of other blood sample
collection was approved by the Research Ethics Committee of each
locality: Manaus (CEP-Fiocruz): 346-613; Oiapoque (Hospital Municipal
do Oiapoque/AP): 68980-000.

2.3. P.vivax DNA preparation and PCR amplification of pvs25 gene

The DNA was extracted from blood samples using the QIAamp DNA
Blood Midi Kit (Qiagen, Germany) according to the manufacturer's
protocol and, then, stored at —20°C until amplification. All the pvs25
genes reported in this study were amplified by conventional polymerase
chain reaction (PCR) using the following pair of primers (5-3"):
Pvs25F2 5'-CACCGACCACAAAAACTTAT-3’ (AF083502, 158-177) and
Pvs25R2 5'-AACGTAAAGCCTTCCATACA-3’ (AF083502, 814-795) de-
scribed previously by Han et al., 2010 (Han et al., 2010). PCR reactions
of the pvs25 gene were carried out in 25 L volume that included 3 pL of
DNA, 10 pmol/pL of each primer and the Master Mix kit (Promega)
containing Tag DNA polymerase, PCR buffer and 10nmol of each
deoxynucleotide triphosphate (ANTP, Promega, Madison, WI USA). The
conventional PCR reaction was carried out using a GeneAmp PCR
system 9700 (Applied Biosystem) and the amplification conditions were
as follows: one step at 95 °C for 2min; 30 cycles at 95 °C for 1 min, 56 °C
for 1 min and 72 °C for 1 min; and a last step at 72 °C for 1 min. Ten pL
of amplified products were size-fractionated by electrophoresis within
1.5% agarose gel (Sigma) in 1 x TAE buffer (0.04 M TRIS-acetate, 1 mM
EDTA) in the presence of 1 x GelRed nucleic acid stain (Biotium). PCR
products were visualized by ultraviolet (UV) illumination. Sizing of
products was performed using a GeneRuler 100 bp Plus DNA Ladder
(Thermo Scientific). Then, PCR fragments were purified using the GE
Healthcare Lifesciences kit by following the manufacturer's instructions
and sequenced.

2.4. DNA sequencing and polymorphism analysis

The specificity of the assay was confirmed by sequencing the PCR
products from all positive samples using a Big Dye terminator sequen-
cing kit (Applied Biosystems) following the manufacturer’s instructions.
The DNA sequencing was carried out in a 3730x] DNA analyzer
(Applied Biosystems) and the results were analyzed using DNASTAR's
sequence alignment software to identify polymorphism against the re-
ference strain: Sal-1 pvs25 (AF083502) from NCBI (https://www.ncbi.
nlm.nih.gov). For worldwide analysis, the following sequences were
used: Mexico — GenBank: ABS70906.1-ABS70935.1; Iran — GenBank::
EU810766-EU810774, EU810766, EU810767, EU810768, EU810769,
EU810770, EU810771, EU810772, EU810773, EU810774; India —
GenBank: HMO048519-HM048618, FJ490913-FJ490962, JF824132-
JF824147; Indonesia — GenBank: AAV33639.1; North Korea: GenBank:
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Fig. 1. Map showing the Malaria risk map by municipality of infection, Brazil, 2017 (SIVEP-Malaria).

AAV33640.1; South Korea: GenBank: GU971416-GU971611; Turkey:
GenBank: ABG29073; Bangladesh GenBank: BAA94348.1-
BAA94350.1; Vietnam: GenBank: ABG29072; Thailand: GenBank:
AB091729-AB091731.

2.5. Prediction of linear B-cell epitopes

Full-length protein sequence was subjected to BCPreds (http://
ailab.cs.iastate.edu/bepreds/predict.html), a prediction algorithm
based learning methods of the machine, with the default threshold
(75%). All sequences predicted as linear B-cell epitope (20-mer) were
evaluated to antigenicity of using the VaxiJen algorithm (http://www.
ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html). This is the first
server for alignment-independent prediction of protective antigens. It
was developed to allow antigen classification solely based on the phy-
sicochemical properties of proteins without recourse to sequence
alignment. The results page lists the selected target, the protein se-
quence, its prediction probability, and a statement of protective antigen
or non-antigen, according to a predefined cutoff (Threshold 0.4). The
impact of non-synonymous mutations in all predicted epitopes was
evaluated comparing the overall score of reference sequence and mu-
tated sequences.

2.6. Prediction of conformational B-cell epitopes

To predict the conformational B-cell epitopes we analyzed the
crystal structure of Pvs25 from Plasmodium vivax Sal-1, obtained from
Protein Databank (PDB: 1727). This structure was analyzed by Ellipro
web server (http://tools.iedb.org/ellipro/), using its default values
(Minimum score: 0.5; Maximum distance: 6 A). This server ElliPro
predicts linear and discontinuous antibody epitopes based on a protein
antigen's 3D structure. This server associates each predicted epitope
with a score, defined as a PI (Protrusion Index) value averaged over
epitope residues. In the method, residues with larger scores are asso-
ciated with greater solvent accessibility. Discontinuous epitopes are
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Qeﬁned based on PI values and are clustered based on the distance R (in
A between residue's centers of mass). The larger R is associated with the
larger discontinues epitopes being predicted. (Ponomarenko et al.,
2008)

2.7. Statistical analysis

Sequences were aligned using CLUSTAL X2 and the number of
segregation sites (S), number of haplotypes (h), haplotype diversity
(Hd), average number of differences (K), nucleotide diversity () were
computed using DnaSP v6 (Rozas et al., 2003). The Tajima's D test
(Tajima, 1989) for determining departure from the predictions of the
neutral theory of evolution was also estimated with DnaSP v6. The
genetic differentiation between populations was investigated evalu-
ating the rate of fixation (Fsy) by analysis of molecular variance
(AMOVA) implemented in ARLEQUIN v3.5.2.2 (Excoffier and Lischer,
2010) and significances were estimated using 10,000 permutations. The
significance level was adjusted by Bonferroni correction for multiple
tests.

3. Results

3.1. Molecular characterization and sequence polymorphisms of the pvs25
gene

All P. vivax field isolates presented only one fragment corresponding
to 657 base pair (bp). In addition to these samples, P. falciparum spe-
cimens were also tested, but proved negative for PCR amplification of
the pvs25 gene. Thus, the 98 samples from individuals infected with
P.vivax amplified by PCR were subjected to sequencing reactions to
screen the possible single nucleotide polymorphisms of the gene en-
coding the Pvs25.

All 98 amplified fragments were sequenced and aligned for se-
quence analysis. Compared to reference sequence Sal-1 (AF083502),
was not observed synonymous substitution, only one non-synonymous
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Fig. 2. Frequency of Q87K substitution in Pvs25 in Plasmodium vivax isolates from the Brazilian Amazon. The dark grey bar indicates the frequencies of wild type
(compared with reference Sal-1 sequence) and the light grey bar indicates frequencies of the mutation Q87K.

substitution in the 657 bp amplified fragments was detected in all se-
quenced samples. The amino acid substitution Q87K, which represent
the substitution of GIn to Lys at amino acid position 87 (EGF-like do-
main II), was identified with frequency of 37.8% of the isolates in the
general population. In addition, regarding the areas studied, the sub-
stitution Q87K was present in P. vivax isolates collected in all localities.
Despite being observed in all studied areas, the Q87K substitution was
observed in higher frequencies in Cruzeiro do Sul (48.4%) and in Manaus
(40.5%) when comparing with the frequencies observed in Mdncio Lima
(23.5%), Guajard (25%) and Oiapoque (22.2%) (Fig. 2).

3.2. Population genetic analysis

The nucleotide diversity (i) for pvs25 of 98 sequences analyzed was
0.00091. The highest nucleotide diversity was observed in the Cruzeiro
do Sul group (0.00099). Among all 5 populations, Mancio Lima se-
quences displayed the lowest nucleotide diversity (0.00073) followed
by the Oiapoque group (0.00074) (Table 1). Similarly, parasites from
Cruzeiro do Sul presented the highest estimate of haplotype diversity
(Hd) (0.51613) whereas parasites from Mancio Lima showed the lowest
Hd (0.38235). Haplotype diversity was similar among the other studied
areas, followed by the Oiapoque (0.38889). The Tajima's D test was
performed to asses if there is selective pressure on the pvs25 gene. The
Tajima's D values ranged between —0.61237 and 1.66806, tests
showed no significant departures from neutrality in all studied areas,
indicating no significant selection in the pvs25 gene. Pairwise com-
parisons between each parasite population were performed using the
Fsr statistics to check whether there was indicative of genetic differ-
entiation between parasite populations, but all Fsr values were non-
significant, suggesting lack of genetic differentiation between the stu-
died populations (Table 2).

Table 1
Comparison of genetic diversity among isolates from Brazil.

Table 2
Genetic differentiation between samples from Brazil, measured by pairwise Fsr
values.

Cruzeiro do Sul Mancio Lima Guajard Manaus
Cruzeiro do Sul - - - -
Mancio Lima 0.08591 - - -
Guajard —0.03279 -0.2 - -
Manaus —0.01784 0.02444 —0.0995 =
Oiapoque 0.07847 —0.09259 —-0.23077 0.01174

The Fsy values after Bonferroni correction.

3.3. Comparison of amino acid variations in Pvs25 among worldwide
isolates

The Pvs25 amino acid substitutions identified in worldwide isolates
including those from Brazilian Amazon are resumed in Table 3. Among
a total of 17 variants of Pvs25 observed in P. vivax isolates worldwide,
the 1130T, mainly detected in Asian isolates, was the most common
amino acid substitution. The Q87K substitution was present in our
Brazilian isolates and in the North (Mexico) (Gonzalez-Ceron et al.,
2010) and South American isolates (Colombia and Venezuela)
(Escalante et al., 2005), as well as in Iran (Zakeri et al., 2009), Turkey
[ABG29073] and Mauritania (Escalante et al., 2005). Amino acid re-
sidue E97Q was detected in some Asian isolates such as those from Iran
(Zakeri et al., 2009), India (Prajapati et al., 2011), Indonesia (Escalante
et al., 2005), South Korea (Han et al., 2010), China (Feng et al., 2011),
Bangladesh (Tsuboi et al., 2004) and Thailand (Sattabongkot et al.,
2003), but was not found in American isolates. The Q131K substitution
was present in some Asia isolates as well as in Oceanian and Papua New
Guinea (PNG) (Escalante et al., 2005). The other amino acid variants of
the pvs25 gene were found but were rare in the countries.

No. of No. of segregating sites No. of haplotypes Haplotype diversity ~ Average number of Nucleotide diversity ~ Tajima's test (D)

sequences S) (h) (Hd) differences (K) ()
Cruzeiro do Sul 31 1 2 0.51613 0.51613 0.00099 1.63773
Mancio Lima 17 1 2 0.38235 0.38235 0.00073 0.56551
Guajard 4 1 2 0.50000 0.50000 0.00096 -0.61237
Manaus 37 1 2 0.49550 0.49550 0.00095 1.59494
Oiapoque 9 1 2 0.38889 0.38889 0.00074 0.15647
All samples 98 1 2 0.47486 0.47486 0.00091 1.66806

Statistical significance: Not significant, P > .10.
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Table 3
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Comparison of amino acid variations in the pys25 gene of P. vivax isolates between Brazilian Amazon and worldwide isolates.

Isolates SS EGF-1 EGF-2 EGF-3 EGF-4 THR Reference
2 35 38 87 97 130 131 132 137 138 149 170 174 183 196 198 199
Sal-1 N L M Q E I Q S C A K Cc E E S S v Tsuboi et al. (2004)
Brazilian Cruzeiro do Sul Q/K .
Amazon Mancio Lima Q/K
Guajara Q/K Present study
Manaus Q/K
Oiapoque Q/K 3
North America Mexico Q/K /T Gonzalez-Ceron et al.
(2010)
Central America Nicaragua R Escalante et al. (2005)
Honduras Escalante et al. (2005)
El Salvador 5 Escalante et al. (2005)
South America Colombia % K Escalante et al. (2005)
Venezuela T K 3 A Escalante et al. (2005)
Asia Iran Q/K E/Q T . x " x . y . ’ Zakeri et al. (2009)
India 5 E/Q T QK C/W A/G E/K E/K S/F S/T V/E Prajapatietal (2011)
Indonesia Q T ; Escalante et al. (2005)
North Korea A 3 H Escalante et al. (2005)
South Korea N/D . E/Q T . Han et al. (2010)
China L/M 3 E/Q T Q/K Feng et al. (2011)
Turkey K 3 T 2 ABG29073
Bangladesh E/K T QK Tsuboi et al. (2004)
Vietnam . 4 . ABG29072
Thailand E/Q T Q/K Sattabongkot et al.
(2003)
Oceanian PNG H T. K R N Escalante et al. (2005)
Africa Mauritania K T Escalante et al. (2005)
Overall = 19 countries
2 35 38 87 97 130 131 132 137 138 149 170 174 183 196 198 199
Sal-1 L M Q E I Q S Cc A K Cc E E S S v
N countries (with 1 1 1 7 7 13 5. 1 1 1 1 1 1 1 1 1 1
substitution)
(% Frequency) 5% 5% 5% 37% 37% 68% 26% 5% 5% 5% 5% 5% 5% 5% 5% 5% 5%

The amino acid variants of the pvs25 gene were compared to reference Sal-1 sequence (AF083502). SS, secretary signal sequence; EGF, EGF-like domain; THR, the C
terminal hydrophobic region. + Indicates identical amino acid residues compared to the Salvador-1 strain.

3.4. Polymorphisms and potential B-cell epitopes

For becoming a good TBV vaccine candidate, the antigen must be
hydrophilic and produce a strong B-cell mediated immunity. Full-length
proteins were first analyzed for B-cell linear epitopes prediction using
BCPred and all predicted B-cell epitopes were listed (Fig. 3). Four se-
quences of 20-mers (Pvs25: L53-A72, 180-Y99, 1139-A158, L161-Q180)
were predicted as linear B-cell epitopes on BCPreds. These four pre-
dicted epitopes presented high values of VaxiJen Score, which corro-
borate with their antigenicity (Table 4). Besides, the analyze of Pvs25
from P.vivax Sal-1 (PDB: 1727) by Ellipro server reveals 3 potential
conformational epitopes (Table 5). Interestingly, all predicted B-cell
linear epitopes were contained in conformational epitopes (Fig. 4),
corroborating their potential as antibody targets.

About the polymorphism in predicted immunogenic epitopes of
Pvs25, only the sequence LSENTCEEKNECKKETLGKA(PVS25;53.472))
was not inserted in a polymorphic region of protein. The polymorphic

sequence described in Nicaragua (Escalante et al., 2005) (LKCNTDNE-
VRKNVEGVYKCQ), containing the SNP C170R, presented a higher
combination of BCPred and VaxiJen score (Mean Score: 1.06) of all
sequences identified on epitope Pvs25.161-0180). All polymorphic se-
quences identified on Pvs25 that were inserted in predicted epitopes
presented no significant changes on predicted score (Table 4). Un-
fortunately, we cannot precise the real effect of mutations on structure
and antigenicity of Pvs25 conformational epitopes, once that algo-
rithms to identify these epitopes are dependents of 3D structure, which
were only crystallographic to Pvs25 from P. vivax Sal-1. Despite this, in
Fig. 4, we showed the location of predicted conformational epitopes
and identified SNPs in 3D structure of Pvs25.

4. Discussion

Pvs25 is considered one important Transmission-Blocking Vaccine
candidate. This protein is essential for the survival of ookinetes in the
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Fig. 3. Bcell epitope mapping of Pvs25
(Salvador Strain) using BCPreds and
VaxiJen. Predicted epitopes were re-
presented by letter E, non-predicted epi-
topes represented by red dots and grey bars
indicate the polymorphic sites found in our
sequences and sequences available in data-
base from malaria endemic areas world-
wide. (For interpretation of the references

51 60

| [

60
....... EEEEEEEE

120

180
EEEEEE

to colour in this figure legend, the reader is
referred to the web version of this article.)

219

291

239



L.B. Chaves, et al.

Infection, Genetics and Evolution 73 (2019) 287-294

Table 4
Influence of polymorphisms in predicted B cell epitopes.
Epitope Sequence Epitope BCPred score VaxiJen score Mean score
Pvs25(153.472) Sal-1 LSENTCEEKNECKKETLGKA 1.00 1.20 1.10
Pvs25(50.v99) Sal-1 IENPDPAQVNMYKCGCIEGY 0.95 0.65 0.80
Q87K IENPDPAKVNMYKCGCIEGY 0.95 0.70 0.82
E97Q IENPDPAQVNMYKCGCIQGY 093 0.62 0.77
Q87K; E97Q IENPDPAKVNMYKCGCIQGY 0.92 0.67 0.79
Pvs25(1139.4158) Sal-1 IGKVPNPEDEKKCTKTGETA 1.00 1.44 1.22
K149N IGKVPNPEDENKCTKTGETA 1.00 1.27 1.14
PV5251.161.0180) sal-1 LKCNTDNEVCKNVEGVYKCQ 0.95 0.76 0.85
C170R LKCNTDNEVRKNVEGVYKCQ 0.97 1.15 1.06
E174K LKCNTDNEVCKNVKGVYKCQ 0.86 0.81 0.84

The scores of BCPred and VaxiJen were listed to predicted epitopes (Pvs25.s3.a72, PVS25is0.vye9, PVS251130.a158 and Pvs25;61.0180). Sequences containing poly-
morphism inserted on predicted epitopes (Q87K, E97Q, C170R and E174K) were listed with their respective values of BCPred and VaxiJen scores. The “Mean score”

represent the mean value between BCPred and VaxiJen.

Bold signifies the Sequences predicted as B-cell linear epitopes and inserted in conformational epitopes

mosquito midgut, penetration of the epithelium and transformation
into oocysts (Tomas et al., 2001). However, the outstanding ability of
Plasmodium in generating polymorphisms can culminate in immune
evasion (Zakeri et al., 2009), which represents one of the major chal-
lenges for the development of a globally effective vaccine. Thus, one
important strategy for malaria vaccine development is the identifica-
tion and use of relatively conserved Plasmodium antigens. Therefore,
identifying sequence variations in these candidate antigens may be
helpful in designing an effective anti-malarial vaccine. Considering that
the knowledge about the genetic polymorphism of pvs25 in Brazilian
Amazon areas remains unknown, we aimed to analyze this genetic di-
versity and to evaluate its potential impact in potential B-cell epitopes.

In our study, all the 98 field isolates from five different localities
presented only one PCR fragment corresponding to 657 bp as seen in
previous studies in other localities (Han et al., 2010). Sequencing
analysis revealed that only Q87K substitution was found in the Brazi-
lian isolates when comparing with reference Sal-1 strain. However, no
work had yet been done in such diverse Brazilian endemic areas, and
this is the first time that this mutation is described in P. vivax isolates
from regions of east, middle and west of the Brazilian Amazon. The
polymorphism was observed in all studied locations and the frequencies
presented no statistical difference between the studied localities. In
addition, this non-synonymous mutation has been previously reported
in studies conducted in North (Mexico) (Gonzalez-Ceron et al., 2010)
and South (Colombia and Venezuela) American isolates (Escalante
et al.,, 2005) as also Iran (Zakeri et al., 2009), Turkey [ABG29073] and
Mauritania (Escalante et al., 2005). Interestingly, in South America, the
wild type genotype was found only in our studied areas. However, in
sequences available worldwide, the Q and K genotypes at position 87
were also observed in isolates from Iran (Zakeri et al., 2009). This
finding can corroborate the evidences that P. vivax in the Americas does
not result from a single introduction into the continent (Taylor et al.,
2013), and that some of the American haplotypes could derive from
Asian populations (Cornejo and Escalante, 2006; Culleton et al., 2011).

In order to compare our findings with the Pvs25 sequences around

Conformational
B-cell epitope-3

Conformational
B-cell epitope-2

Conformational
B-cell epitope-1

Fig. 4. Conformational epitopes and identified mutations in Pvs25 - 3D struc-
ture. Pvs25 representation as cartoon (grey), in which predicted conformational
epitopes where represented by spheres. Predicted linear B-cell epitopes were
located in conformational epitopes and were signalized by red spheres.
Identified SNPs were represented by green sticks. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

the world, we also considered the frequencies of mutations in all con-
tinents. Despite the Q87K mutation is present in 5 out of 7 regions
studied, the overall distribution of Pvs25 non-synonymous poly-
morphism was not restricted to this mutation. The comparison of our
data and sequences available showed at list 17 variants in Pvs25 se-
quences observed in worldwide isolates. The frequencies of Pvs25
polymorphism in different countries ranged from 5% to 68%, being
1130T (68%), Q87K (37%) and E97Q (37%) the most frequent poly-
morphism found globally. These data corroborate the studies of Chaurio
et al., which suggested that some parasite haplotypes may have

Table 5
Conformational B-cell epitopes on Pvs25.
Epitope  Residues Number of residues  Ellipro score
1 K39, N40, E41, C42, K43, K44, E45, T46, L47, G48, K49, C57, I58, E59, N60, P61, D62, P63, A64, Q65, V66, N67, M68, Y69, 25 0.785
K70
2 T3, V4, D5, T6, L139, K140, C141, N142, T143, D144, N145, E146, V147, K149, Q158, C159, M160, E161, G162, F163, T164, 32 0.679
F165, D166, K167, E168, K169, N170, V171, C172, L173, G174, P175
3 K92, N93, C94, G95, E96, S97, E103, Y104, L105, 8106, E107, 1108, Q109, S110, A111, A116, I117, G118, K119, V120, P121, 35 0.667

N122, P123, E124, D125, E126, K127, K128, C129, T130, K131, T132, G133, E134, T135

Mers that compound each Conformational epitope were listed as residues, where the letter indicates the one letter code of amino acid, and the number indicates the
position of residue in the sequence. Sequences predicted as B-cell linear epitopes and inserted in conformational epitopes were highlighted by bold letters.
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different geographic clusters (Chaurio et al., 2016). Moreover, even
with good conservation rates, pvs25 showed higher genetic variability
compared to other sexual stage antigens reported in P. vivax as pvs48/
45 and the Willebrand factor A domain-related protein (WARP)
(Chaurio et al., 2016), but lower polymorphisms when compared to
well stablished vaccine candidates against sporozoites and merozoites,
such as CSP and AMA-1 (Takala et al., 2009).

As observed in previous studies (Feng et al., 2011; Han et al., 2010),
the EGF2 and EGF3 sites presented higher variability, and most con-
served areas were located at EGF1 and EGF4 domains. Interestingly,
Pvs25 the EGF2 and EGF3 like domains have been already described as
sites targeted for blocking antibodies (Saxena et al., 2006). In addition,
the EGF-like domains in the orthologous protein Pfs25 have also shown
immune blocking activity, indicating that the EGF2 domain might be a
good target for TBV. Considering that an epitope corresponding to the
B-cell receptor plays an important role in vaccine design aiming at
antibody production, full-length Pvs25 were analyzed to determine
whether SNPs in Pvs25 antigen are involved in antigenic regions and
the potential impact of all observed polymorphisms in predicted B-cell
epitopes. The four linear B-cell epitopes predicted in Pvs25 presented
conservation degrees ranging from 90 to 95% between the epitope se-
quences of isolates and reference strain. However, only Pvs25s3 72,
was fully conserved among our isolates, while the epitopes Pvs25s,.
Y99)s PV525(”39.A153) and PV525(L161,Q130) presented similar prediction
scores for reference and mutant epitopes. However, we cannot estimate
the real effect of identified mutations in the recognition or affinity of
specific antibodies against Pvs25, mainly due the low number of known
monoclonal antibodies against Pvs25 of P. vivax. Besides, the observa-
tion that all mutate epitopes were still predicted as immunogenic sug-
gest that, beyond the low selective pressure in this immunogenic re-
gions and the limited polymorphism of TBV candidates compared to
target antigens expressed in asexual stage parasites (Barry et al., 2009;
Tsuboi et al., 1998; Kaslow et al., 1989; Shi et al., 1992). In fact, during
this sexual stage, the expressed proteins may adapt to diverse micro-
environments into the human and mosquito hosts where parasites have
to go through in order to complete their life cycle (Moreno-Garcia et al.,
2014). It is also important to mention, that for P. vivax sexual antigens,
the exposure to the immune system is expected to be longer than in
P. falciparum due to the early appearance of P.vivax gametocytes in
circulation (Vallejo et al., 2016). However, this increased exposure does
not seem to result in relevant Pvs25 polymorphism (as a potential
evasion mechanism) in response to a selective pressure exerted by the
immune response to Pvs25, since the protein remains relatively con-
served and immunogenic under natural conditions (Kim et al., 2011).

In summary, the present study explored the genetic polymorphism
of pvs25, uncovered the amino acid substitution at the protein among
Brazilian Amazon isolates and the frequent amino acid substitutions
observed shared by American isolates. Despite the observed amino acid
changes in natural populations worldwide, the antibody targets may
not be significantly affected, since the genetic diversity of the Pvs25
vaccine candidate observed globally is limited and the predicted anti-
genicity was preserved.
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Thrombospondin-related adhesive protein (TRAP) is essential for sporozoite motility
and the invasion of mosquitoes’ salivary gland and vertebrate’s hepatocyte and is,
thus, considered a promising pre-erythrocytic vaccine candidate. Despite the existence
of a few reports on naturally acquired immune response against Plasmodium vivax
TRAP (PVvTRAP), it has never been explored so far in the Amazon region, so
results are conflicting. Here, we characterized the (IgG and IgG subclass) antibody
reactivity against recombinant PvTRAP in a cross-sectional study of 299 individuals
exposed to malaria infection in three municipalities (Cruzeiro do Sul, Méncio Lima
and Guajara) from the Acre state of the Braziian Amazon. In addition, the full
PVTRAP sequence was screened for B-cell epitopes using in silico and in vitro
approaches. Firstly, we confirmed that PvTRAP is naturally immunogenic in the cohort
population since 49% of the individuals were IgG-responders to it. The observed
immune responses were mainly driven by cytophilic IgG1 over all other sublcasses
and the IgG levels that was corelated with age and time of residence in the
studied area (p < 0.05). Interestingly, only the levels of specific anti-TRAP IgG3
seemed to be associated with protection, as IgG3 responders presented a significantly
higher time elapse since the last malaria episode than those recorded for IgG3
non-responders. Regarding the B-cell epitope mapping, among the 148 responders
to PVIRAP, four predicted epitopes were confirmed by recognition of antibodies
(PVTRAPR197-H227; PVTRAPE237-T258; PVIRAPp3ss_garsa; and PVTRAPE439-K454).
Nevertheless, the frequency of responders against these peptides were low and did not
show a clear correlation with the antibody response against the corresponding antigen.
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Moreover, none of the linear confirmed epitopes were located in the binding regions of
PVTRAP in respect to the host cell ligand. Collectively, our data confirm the PvTRAP
immunogenicity among Amazon inhabitants, while suggesting that the main important

B-cell epitopes are not linear.

Keywords: malaria, Plasmodium vivax, PvTRAP, humoral immune response, epitope mapping

INTRODUCTION

Malaria is caused by parasites belonging to the Plasmodium
genus. Two species are considered the main etiological agents:
Plasmodium falciparum and P. vivax (1). P. falciparum is more
prevalent in Africa and is responsible for most cases of death
around the world, and P. vivax is prevalent in the Americas (2).
Despite several pre-clinical and a few clinical trials aiming for
a global P. vivax vaccine development, there is still no licensed
vaccine available.

The leading vaccine candidates against P. vivax are designed to
tackle the pre-erythrocytic stage of lifecycle, and the sporozoite
protein TRAP (thrombospondin-related adhesive protein) has
been considered a promising candidate antigen. TRAP is a
highly conserved transmembrane Plasmodium protein belonging
to the TRAP/Micronemal protein 2 family (TRAP / MIC2).
It is required for sporozoite motility and, in conjunction
with the circumsporozoite (CS) protein, is essential for
sporozoite invasion in the salivary gland of the mosquito and
vertebrate hepatocytes (3, 4). Structurally, TRAP contains an N-
terminal hydrophobic sequence (domain I), an integrin A-type
magnesium binding Domain (domain II), a thrombospondin
type I replications (domain III), an acid proline/asparagine
domain region (IV), a hydrophobic transmembrane domain
(V domain), and a cytoplasmic tail region (5). Sporozoite
locomotion is mediated by the subpellicular actomyosin system
that binds to the cytoplasmic tail of TRAP (6). Despite the
functional importance of TRAP in parasite survival, analysis of
P. falciparum TRAP (PfTRAP) and P. vivax (PvTRAP) loci of
clinical isolates revealed a small sequence heterogeneity (7).

The potential of TRAP as vaccine antigen is currently
supported by several reports of immunogenicity and protection
in mice, non-human primates and humans. For instance,
in a murine model, co-immunization of CSP with TRAP
provided complete protection against a parasite challenge,
whereas vaccination using only CSP provided only partial
protection (8). In monkeys, immunization with synthetic
peptides representing domain II of PVTRAP was able to protect
2/3 of the challenged animals with P. vivax sporozoites (9).
In humans, Phase Ila clinical trials with PfTRAP showed
complete sterile protection in more than 20% of vaccinated
individuals and delayed patency in 58% (10). In fact, TRAP-
specific CD8+ T lymphocytes seem to be key mediators
in the protection against sporozoite challenge in mouse
vaccination assays (11) and in clinical trials with PfTRAP-
vaccinated human individuals (10). However, antibodies
are also important players in protection due to its activity
on sporozoite motility/invasion blocking (12, 13) and, in
this context, recent sero-epidemiological studies showed

that anti-PfTRAP antibodies were negatively correlated with
parasite density among infected individuals in malaria endemic
areas (14, 15).

However, there is still little knowledge about TRAP natural
antigenicity in P. vivax-exposed populations. Epidemiological,
genetic, and environmental factors can influence the
development of immunity against malaria parasites, and the
understanding of humoral immune responses is relevant because
the knowledge of the specific patterns of antibodies response
across different endemic areas worldwide can improve the
vaccine development process (16). Moreover, since antibodies
recognize antigens through their binding to B-cells epitopes,
the prediction of epitopes recognized by the immune humoral
response can allow the development of epitope-based vaccines
(17-19). Our present study provides, for the first time, an
evaluation of the antibody response to PvTRAP in individuals
of the Brazilian Amazon, by characterizing the specific profile
of PVTRAP IgG subclasses antibodies and identifying linear
B-cell epitopes that participate in the natural immune acquired
response. Results are discussed along with data on individual
exposure and protection.

MATERIALS AND METHODS

Study Area and Volunteers

A cross-sectional cohort study was conducted involving 352
individuals from three different endemic areas of Acre (Figure 1):
Cruzeiro do Sul (n = 124), Guajara (n = 87), and Mancio
Lima (n = 88). Fifty-three samples from individuals living
in non-endemic areas from Rio de Janeiro were considered
the control group. Samples and survey data were collected
from June 2016 to August 2016. Written informed consent
was obtained from all donors and the study was reviewed and
approved by the Oswaldo Cruz Foundation Ethical Committee
and the National Ethical Committee of Brazil (CEP-FIOCRUZ
CAAE 46084015.1.0000.5248).

Epidemiological Survey

In order to evaluate the possible influence of epidemiological
factors on humoral immunity against PvTRAP, all donors
were interviewed. The survey included questions related to
personal exposure to malaria, such as years of residence in the
endemic area, recorded individual and family previous malaria
episodes, use of malaria preventive measures, presence/absence
of symptoms, and personal knowledge on malaria transmission.
The volunteers answered the questions and all epidemiological
data were stored in Epi-Info (Centers for Disease Control and
Prevention, Atlanta, GA, USA) for subsequent analysis.
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Malaria Diagnosis and Blood Sampling
Peripheral blood samples were collected by venipuncture
in heparin tubes. After centrifugation (350 x g, 10min),
the plasma was collected and stored at —20°C and
transported to our laboratory. Thin and thick blood
smears of all donors were examined for malaria parasites.
Parasitological evaluation was done by examination of
200 fields at 1,000x magnification under oil-immersion
and a research expert in malaria diagnosis examined all
slides. All donors found positive for P. vivax and/or P.
falciparum at blood smears were subsequently treated using
the chemotherapeutic regimen recommended by the Brazilian
Ministry of Health.

Recombinant PvTRAP

For the expression and purification of PvIRAP protein,
the codon-optimized gene of P. vivax TRAP (UniProt
A5K806, residues Asp25 to Lys493) was cloned into the
pHLsec vector (20), which is flanked by the chicken
B-actin/rabbit p-globin hybrid promoter with a signal
secretion sequence and a Lys-His6 tag. Endogenous PVITRAP
secretion signal (a.a. 1-24) was replaced by a signal sequence
contained in the PHLsec mammalian expression plasmid
(MGILPSPGMPALLSLVSLLSVLLMGCVA). In order to improve
secretion of the PVIRAP protein, the C-terminal region of
PVIRAP (a.a. 494-556) was deleted. The pHLsec PvIRAP
plasmid (500 pg) was transfected in HEK-293T cells using
polyethyleneimine (PEI) in roller bottles (surface area of
2,125 cm?) under standard cell culture conditions. Five days
after transfection cells were discarded and media was filtered
through 0.22 M disposable filters. The secreted protein was
purified from the supernatant by Nickuel Sepharose affinity
chromatography (HisTRAP™, GE Healthcare), using the Akta

Start chromatography system and eluted with Imidazole 500 mM.
Finally, eluted protein was dylazed using Slide-A-Lyzer™

cassette (Fisher Scientific) against 1X PBS.

ELISA

Antibody binding to PVIRAP was evaluated on plasma
samples by enzyme-linked immunosorbent assay (ELISA).
Briefly, MaxiSorp 96-well-plates (Nunc, Rochester, NY, USA)
were coated with PBS containing 1.5pg/ml of recombinant
PvTRAP. After overnight incubation at 4°C, the plates were
washed with PBS-Tween and blocked for 1h at 37°C. Plasma
samples diluted 1:100 in PBS-Tween containing 5% non-fat dry
milk (PBS-Tween-M) were added in duplicate wells for each
individual. After 1h at 37°C and three washings procedures,
specific antibodies were detected by peroxidase-conjugated anti-
human IgG (Sigma, St. Louis) and followed by the addition
of o-phenylenediamine and hydrogen peroxide. Optical density
was accessed at 490 nm using a SpectraMax 250 ELISA reader
(Molecular Devices, Sunnyvale, CA, USA). Results for total IgG
were expressed as reactivity indexes (RIs), which represent the
mean optical density of each tested sample divided by the mean
optical density of 10 non-exposed control individuals’ samples
plus 3 standard deviations. Subjects were scored as responders
to PVTRAP if the RI of IgG against the recombinant protein
was higher than 1. Additionally, IgG subclasses were evaluated
on responders by the same method, using peroxidase-conjugated
goat anti-human IgG1, IgG2, IgG3, and IgG4 (clone HP-6001 for
IgG1, HP-6002 for IgG2, HP-6050 for IgG3, HP-6023 for IgG
-Sigma, St. Louis).

B-Cell Epitope Prediction

To predict linear B-cell epitopes on entire sequences of
PvTRAP (U64901.1; Salvador 1), we used a combination
of three prediction algorithms: BCpreds (http://ailab.ist.psu.
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edu/bepred/predicthtml), BepiPred1.0 (http://www.cbs.dtu.dk/
services/BepiPred-1.0/), and ABCpred (http://crdd.osdd.net/
raghava/abcpred). BepiPred 1.0 (21) is based on hidden Markov
model profiles of known antigens, and also incorporates
hydrophobicity and secondary structure prediction. We used the
recommended cutoff of 0.90 to determine potential B-cell linear
epitopes. Furthermore, ABCpred and BCpreds are both based
learning methods of the machine. In this study, we considered
threshold values of 0.3, 0.51, and 75% to BepiPred, ABCpred, and
BCpreds, respectively. All sequences with more than 10 amino
acids and predicted for at least two of prediction algorithms were
considered as a linear B-cell epitope and evaluated by antigenicity
using the Vaxijen algorithm (http://www.ddg-pharmfac.net/
vaxijen/VaxiJen/VaxiJen.html). VaxiJen is the first server for
alignment-independent prediction of protective antigens. It
was developed to allow antigen classification solely based on
the physicochemical properties of proteins without recourse
to sequence alignment. Bacterial, viral and tumor protein
datasets were used to derive models for the prediction of whole
protein antigenicity, showing prediction accuracy from 70 to
89% (22). To evaluate the antigenicity of predicted epitopes
we used the threshold of 0.6. All predicted epitopes with a
Vaxijen score higher than threshold value (0.6) were selected to
experimental validation.

Peptide Synthesis

After a consensual analysis of the in silico prediction tools,
four peptide sequences appeared as relevant epitopes within
PvTRAP. Therefore, the sequences were synthesized by
fluorenylmethoxycarbonyl (F-moc) solid-phase chemistry (23)
(GenOne Biotechnologies, Brazil). Analytical chromatography
of the peptides demonstrated a purity of >95% and the mass
spectrometric analysis also indicated the estimated masses for
each of them: 3395.78 g/mol (peptide PvIRAPRi97_H227)s
2332.61 g/mol (peptide PVTRAPEz37_T258), 3487.59
g/mol (peptide PvTRAPp3gy_g3za), and 2333.55 g/mol
(peptide PvTRAPEg439_1460)-

Confirmation of B-Cell Epitopes (Peptide
ELISA)

To confirm the overlapping epitopes detected with the prediction
programs, enzyme-linked immunosorbent assay (ELISA) was
performed. MaxiSorp 96-well-plates (Nunc, Rochester, NY, USA)
were coated with PBS containing 0.5pg/ml of each peptide,
followed by overnight incubation at 37°C. The plates were
washed and blocked with BSA 4% for 1 h and 30 min at 37°C in
the humid incubator. After this, the individual plasma samples
were diluted 1:100 in PBS-Tween containing BSA 2% in duplicate
wells. After 2h at 37°C in the humid incubator, and three
washings with PBS-Tween, bound antibodies were detected
with peroxidase-conjugated goat anti-human IgG (Sigma, St.
Louis) and followed by the addition of o-phenylenediamine and
hydrogen peroxide. Optical density was identified at 490 nm
using a SpectraMax 250 ELISA reader (Molecular Devices,
Sunnyvale, CA, USA). As made for recombinant protein, the
results for each peptide were expressed as reactivity indexes
(RIs), which were calculated by the mean optical density of

an individuals tested sample divided by the mean optical
density of 10 non-exposed control individuals' samples plus 3
standard deviations.

Statistical Analysis

All statistical analyses were carried out using Prism 5.0
for Windows (GraphPad Software, Inc.). The one-sample
Kolmogorov-Smirnoff test was used to determine whether a
variable was normally distributed. The Mann-Whitney test was
used to compare RIs of IgG against recombinant PvTRAP
between studied groups. Differences in proportions of the RI of
IgG subclasses and epidemiological parameters were evaluated by
Fisher’s exact test and associations between antibody responses
and epidemiological data were determined by Spearman rank
test. A two-sided p < 0.05 was considered significant.

We used a principal component analysis (PCA) to detect
the variation pattern of Anti-PvTRAP total IgG, age, time of
residence in endemic area, time since last infection response,
and number of previous malaria infections. Our objective was to
reduce dimensionality of multivariate data to detect the variables
that explained the variance structure of the data. Each axis of
PCA, hereafter named Principal Component (PC) represents the
amount of variation associated to this axis. Each variable studied
in the PCA has a loading value indicating its contribution to
each PC. In the graph, individuals are represented as points
located between principal component 1 (PC1) and principal
component 2 (PC2). Variables are represented as arrows and
its longitude represent its contribution to the variation of data.
Additionally, closer angles between variables (arrows), represents
more correlated variables, and angles closer to 90° represent
independence between variables (orthogonality).

To evaluate total IgG responses to PvTRAP peptides and
compare with PVTRAP recombinant protein, we constructed
a two-dimensional heatmap with hierarchical clustering
grouping individuals with similar responses and the responses
for peptides and recombinant PvIRAP. We calculated
Z-scores from transformed total IgG values for PvTRAP
peptides and recombinant protein: Z-score = [(PVTRAP
peptides/recombinant protein total IgG values - population
PvTRAP peptides/recombinant protein total IgG mean
value)/population PVITRAP peptides/recombinant protein
total IgG standard deviation]. Clustering was performed from
Z-scores using Euclidean distance metrics and Ward as the
linkage algorithm. PCA was constructed using vegan package
(24) and a two-dimensional heatmap was build using gplots
package (25) in R statistical environment (26).

RESULTS

Epidemiological Profile of Studied

Individuals

The studied population is composed of 299 individuals living in
three close municipalities of the Brazilian Amazon. The majority
was composed by adults and all individuals were naturally
exposed to malaria infection (Table 1). The age range was 12-
88 years with an average of 35 years, and the cohort presented
a similar prevalence in gender (male = 48.3%; female = 51.7%).
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TABLE 1 | Summary of the epidemiological characteristics of studied individuals
enrolled in the survey.

Epidemiological features Total

(N =299)
Gender N (%)
Male 48.3%
Female 51.7%
Malaria exposure Mean (+SD)
Age 35 (+£15.97)
Time of residence in the endemic area 34 (£16.10)
Time of residence in the present address 24 (£19.35)
Months since the last malaria episode 33 (£57.07)
Number of malaria episodes on the last year 0.82 (£1.13)
Number of previous malaria episodes 10 (£12.41)
Previous species contracted N (%)
P, vivax 56 (19%)
P, falciparum 16 (5%)
P, vivax and P, falciparum 186 (62%)
Never infected 7 (2%)
Not reported 34 (11%)
Diagnosis N (%)
P, vivax 73 (24.4%)
P, falciparum 41 (13.7%)
Mixed 4(1.3%)
Negative 181 (60.5%)
Species of the last infection N (%)
P, vivax 173 (48%)
P, falciparum 62 (17%)

Values of age. time of residence in endemic areas (TREA) and time of residence in
the present adaress (TRPA), months since the last malana episode (MSLM), number
of malana episodes on the last year, and number of previous malania episodes (NPME)
are represented by mean (with standard variation values). The frequency of individuals
regarding to malaria diagnosis, previous infections and species of the last infection was
compared by Fisher's test, and other epicdemiological parameters were compared by
Mann-Whitney test. We can observe that the prevalence of P. vivax cases Is significantly
higher than that of P, falciparum cases (p < 0.0001).

The time of residence in malaria endemic area (TREA) ranged
from 3 to 88 years, which indicated different degrees of exposure
among the studied individuals. With regards to prior history
of malaria infections, 11% of all studied individuals did not
remember having had previous malaria episodes (PME) and
2% did not report any malaria episode during their entire
life. Sixty-two percent informed us of previous episodes of P.
falciparum and P. vivax malaria during their entire life, which
are the two prevalent species in Brazil. The number of past
infections reported by individuals also varied greatly, ranging
from 0 to 48 (mean = 8.62 £ 10.24) and the time elapsed since
the last infection (TLI) varied from 0 to 240 months (mean
= 33.5 & 57.1). Finally, at the time of blood collection, 118
(39.5%) individuals were naturally infected with Plasmodium sp.
The frequency of P. vivax infections (24.4%) was significantly
higher than that of P. falciparum infections (13.7%; p = 0.0016).
Collectively, the parameters evaluated indicated that the studied
population are naturally exposed to malaria, but have different
degrees of exposure and/or immunity.

Frequency and Magnitude of IgG Immune

Response Against Recombinant PvTRAP

To verify if PVTRAP is a target of naturally acquired humoral
response against P. vivax in Brazilian amazon individuals, we
assessed the IgG reactivity against the recombinant antigen.
Firstly, we confirmed that P'TRAP is immunogenic in naturally
exposed individuals from the Brazilian Amazon, as 148 (49%)
individuals presented specific antibodies against the recombinant
PvTRAP (Figure 2A) with no significant difference among P.
vivax or P. falciparum infected individuals and exposed but
non-infected individuals (Figure S1). Among responders, the
reactivity indexes (RI) values ranged from 1.01 to 4.29 (mean =
1.55 & 0.48). We also assessed the overall distribution of the IgG
antibody subclass responses to PYTRAP protein using different
comparative analyses. Secondly, we determined subclass-specific
prevalence in total IgG positive responders, in which IgGl
was the most prevalent subclass present in 68% of responders
(Figure 2B), followed by IgG3 (49%) and IgG2 (45%). The
subclass with the lower frequency was IgG4 (16%). The frequency
of IgG1 responders was significantly higher when compared to
IgG2 (p = 0.0002), IgG3 (p = 0.0021), and IgG4 (p < 0.0001).
Thirdly, in relation to magnitude of antigen-specific IgG subclass
responses, a wide distribution of RIs was observed, which ranged
from 0.28 observed in IgG2 to 18.33 in IgGl. However, the
overall mean of specific subclass RIs indicate that IgG1 cytophilic
antibodies against PVTRAP (mean = 1.53 + 1.91) was also
significantly higher (p < 0.0001) than all other subclasses (IgG2 =
1.17 £ 0.93, IgG3 = 1.08 £ 0.47), and IgG4 (mean = 0.76 &= 0.60).

Influence of Malaria Exposure on Naturally
Acquired IgG Against PvTRAP

In order to identify the contribuition of epidemiological data
on the variation observed in humoral response to P'TRAP, data
was matched with the magnitude and frequency of responses to
PvTRAP. Firstly, we noted that the distribution of individuals
into ordination space was homogeneous, without evident groups
into it. Age and TREA were highly correlated, and previous
malaria infections as well as time since last malaria infection
were negatively correlated between them. However, only age
and TREA was related to RIs against PYTRAP IgG to data
variation. The nature of variables relationship was confirmed
by calculating the correlation between the anti-PvTRAP IgG
reactivity index and age (r = 0.190; p = 0.001) and TREA
(r = 0.194; p = 0.001). Antibody levels and the number of
previous infections were orthogonal variables and we also did
not observe correlation (r = 0.013; p = 0.832). A similar
result was observed in the PCA for anti-PvTRAP IgG reactivity
index and time elapsed since the last malaria episode (r =
—0.051; p = 0.398) (Figure 3). Regarding the IgG subclass and
malaria exposure and/or indicatives of protection, there was
no significant difference between subclass responders and non-
responders in relation to TREA or PME. However, interestingly,
the time elapsed since the last malaria episode was significantly
higher in TRAP-specific IG3 responders than non-responders
(Figure 4). This finding was corroborated by the observed
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FIGURE 2 | (A) Frequency of responders and reactivity indices of specific IgG antibodies. The red line represents the cutoff reactivity index (Rl) value that was
considered to classify individuals as positive (= 1) and negative (<1) for PvTRAP. (B) Profile of IgG subclasses in responder individuals for PvTRAP. *“p < 0.0001.
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FIGURE 3 | Principal Component analysis of IgG Anti-PvTRAP and
epidemiological variables. Representation of principal components 1 (PC1 =
40.96% and 2 PC2 = 25.43%). Each point in the graphs represents a single
individual along multidimensional space. The length of the arrows represents
the strengh in variability explaining for each principal component. (TREA, time
of residence in the endemic area; PMI, past malaria infections; TSL, time since
the last malaria infection/episode).

correlation between IgG3 RIs against PYTRAP and the time
elapsed since the last malaria episode (r = 0.184; p = 0.0032).

In silico Prediction of B-Cell Linear
Epitopes of PvTRAP

Firstly, five sequences were predicted as potential linear B-cell
epitopes on PVIRAP (PVIRAPRri97_m227, PVTRAPg237 71258,
PvTRAPps0—k279, PVTRAPp344_G374, and PVTRAPE439_K454)
(Figure 5A). Among these sequences, four (PvTRAPR197-H227,
PvTRAPE237_T258, PVTRAPp344 G374, and PVTRAPE439_k4s54)
presented Vaxijen score higher than threshold value
(0.6) and were considered antigenic epitopes selected to
experimental validation. Regarding the localization of predicted
antigenic linear B-cell epitopes, epitopes PVITRAPE»37_T258;
PVTRAPP344_G374, and PVTRAPE439_K454 were localized
in repeat region of TRAP, while epitope PvTRAPRi97_H227
was inserted in thrombospondin type I repeat (TSR)
domain (Figure 5B).

Experimental Validation of Predicted Linear
B-Cell Epitopes
To validate predicted antigenic epitopes of P'TRAP, we tested by
ELISA the plasma from responders to the recombinant protein,
against selected epitopes (PvTRAPR197_1227, PYTRAPE237 _T258,
PvTRAPp344_G374, and PYTRAPE439_k454)-

Among the 148 responders to PVTRAP recombinant protein,
as showed in Figure 6, all predicted epitopes (PvTRAPR 971227
PvTRAPE237-T258, PVTRAPp3g4_G37a, and PVTRAPE439_K454)
presented low frequencies of responders (26, 25, 32, and
29%, respectively). Beside, peptide Rjg7-Hzy; presented the
lowest magnitude of response (median 1.25 interquartile
range = 1.13-147) when compared to PVIRAPg»37_T258,
PvTRAPp344—G374, or PVTRAPE439-k454 (median 1.60
interquartile range = 1.22-2.65, p = 0.003; median = 1.87
interquartile range = 1.12-2.61, p < 0.0001; median = 1.44
interquartile range = 1.16-2.08, p = 0.035; respectively).

In order to investigate the protective role of antibodies against
linear epitopes of PvTRAP, we compared epidemiological data
from individuals who recognized at least one of the linear
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FIGURE 4 | Comparison of exposure parameters between responders and non-responders for IgG subclasses. Medians of time of residence in endemic area (TREA),
past malaria episodes (PME), and past months since last infection (TLME) for positive and negative individuals tested for IgG and subclasses were compared. Positive
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epitopes with data from those who did not recognize linear
epitopes. Interestingly, individuals who were responders to linear
epitopes presented a lower mean of the time elapsed since the last
malaria episode (mean = 23.97 £ 49.78) and a higher number
of previous malaria episodes (mean = 13.35 £ 14.10) when
compared to non-responders (mean = 40.20 £ 63.91, p = 0.0175;
mean = 8.35 & 9.60, p = 0.005, respectively).

In order to understand the profile of IgG directed to peptides
and its relationship to IgG response detected agains recombinant
PvTRAP, we used a clustered bidimensional heatmap (Figure 7).
In the vertical cluster localized in the left side of the heatmap,
we noted that those peptides grouped in the first level of the
cluster. PYTRAPE237-T258 and PYTRAPE439_k460 presented more
similarity followed by PVTRAPR197_H227 and PVTRAPP344_G374.
The IgG responses were heterogeneous. IgG values for peptides
were more similar between them compared to recombinant
PvTRAP. Nevertheless, responses for recombinant PVTRAP
were heterogeneous and not matched with high RI values for
peptides. We also observed a mixed profile of responses including
individuals that responded to recombinant PYTRAP but not to
peptides, other non-responders to peptides and recombinant
PvTRAP, and individuals that responded to peptides and
recombinant PVTRAP.

DISCUSSION

Despite numerous advances in the understanding of the biology
of Plasmodium vivax, there is still no vaccine against this parasite.
Recently, PVTRAP has emerged as a leading vaccine candidate
(27). Sero-epidemiological studies have played a significant role
in the identification of leading vaccine candidates (28), which
underlies the importance of assessing the immune response
against PvVTRAP and its role in immunity in exposed individuals
from endemic regions, such as within the Brazilian Amazon.
Here, we have assessed the naturally acquired humoral immune
response against a recombinant PvTRAP and have investigated
the associations between TRAP-specific immune responses with

the epidemiological profile of inhabitants of three municipalities
in the southwestern Brazilian Amazon. We additionally searched
for linear B-cell epitopes in the entire PvTRAP sequence
and associated the immune response against epitopes and the
recombinant protein.

The profile of studied individuals indicates that our
population is composed of rainforest region natives and
migrants from non-endemic areas of Brazil who had lived in the
area for more than 10 years (92%). The majority of individuals
reported a prior exposure to P. vivax and P. falciparum malaria
parasites. The highly variable range of numbers of previous
infections, the time of residence in endemic area, and the time
elapsed since the last infection, suggest that there are differences
in exposure and immunity. It is well-known that the acquisition
of clinical immunity is mediated by antibodies and depends
on continued exposure to the parasite (29, 30). Selection of
individuals in this cohort from the Amazon was ideal to assess
presence of antibodies against the PYTRAP and distinguish
whether their relationship to malaria exposure and/or indicatives
of protection.

Firstly, we confirmed that PYTRAP is naturally immunogenic
in individuals from the Amazon, since almost half of volunteers
studied presented TRAP-specific IgG antibodies with a wide
range in magnitude of IgG response. Our results were similar
to TRAP reactivity in South East Asia, where Kosuwin et al.
found an overall 51% reactivity against PvTRAP Domain II
in Thailand in exposed individuals (31), and in middle-east
endemic areas, where Nazeri et al. found an immune response
with related frequencies in Iran (42%), Afghanistan (38%), and
Pakistan (44%) (16). The frequency of responders to PvTRAP
in Brazilian endemic areas herein reported was also comparable
to other P. vivax vaccine candidates, such as AMA-1 (32),
MSP-9 (33), MSP-1 (34), and DBP (35) in Amazon regions,
as well as to PfTRAP in unstable transmission endemic areas
of Africa (36) and Iran (37). Despite the naturally acquired
immune response against PVTRAP being confirmed in studied
areas, we did not find differences in reactivity index of IgG
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FIGURE 5 | In silico identification of linear epitopes on PVTRAP. (A) /n silico prediction of linear epitopes on PYTRAP sequence. Letters on figure represent one letter
amino acid code. Bepreds, Bepipred, and ABCpred predicted epitopes were represented by red, green, and blue lines, respectively. Black bold letters indicate
predicted epitopes. Sequences with more than 8-mers and predicted by at least two algorithms were considered B-cell linear epitopes. (B) Schematic diagram of
PvTRAP and predicted linear B-cell epitopes. The black line box represents the PvTRAP. The blue box represents the domain A, the purple boxes are Extensible p
ribbon, the yellow box represent the thrombospondin type 1 repeat (TSR) domain, the white box represents the repeat region, the light green box is the
transmembrane region (TR) and dark green represents the cytosolic region (CR) of PVTRAP. Predicted linear B-cell epitopes were illustrated by red line boxes and the
first and the last amino acids of each epitope were indicated. The Vaxijen Score indicates the value of predicted antigenicity of each epitope.

antibodies among exposed individuals with P. falciparum, P.  receiving infectious stimuli by sporozoites that could not develop
vivax and negatives. As expected, such differences are most  the disease but still stimulate the immune system and the
noticeable in serology against erythrocyte phase antigens, since  production of specific antibodies. It is important to mention that
individuals residing in the transmission areas may be constantly ~ recently a frequency of uninfected responders against PfCSP and
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FIGURE 6 | Frequency of responders for tested peptides and mean of Rl among responders (low responders and high responders). Each point represents an
individual Rl against PvTRAP and the red traced line represents the cutoff that separates responders and non-responders. The gray dotted line separates the
individuals tested in low responders (LR) (RI>1 and RI<2) and high responders (HR) (RI>2). Peptide PvTRAPR 197 _ 207 presented a lower median of Rithan peptide
PVTRAPE237_T259 (P = 0.0049), peptide PYTRAPp344_ga74 (P < 0.0001), or peptide PVTRAPE43g_k454 (P = 0.0073).
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FIGURE 7 | Clustered heatmap. Each cell represents the IgG value for the studied PVTRAP peptides and recombinant protein. The vertical cluster shows the grouping
hierarchy of PVTRAP peptides and recombinant protein. Along horizontal axis, individuals with similar responses are grouped. The red color in the cells indicates high
IgG values and the blue color indicates low ones. The white color represents no changes in the IgG values for PvTRAP peptides and recombinant protein.

PvCSP derived antigens was also reported in Brazilian endemic  effective mediators of antibody-dependent cellular inhibition
areas (38). (ADCI) of malaria parasites growth in vitro, associated with

Studies on the humoral immune responses to P. falciparum  the acquisition of clinical immunity to malaria (39-42) and
antigens have constantly shown that immunity to blood-stage  with fixation and complement activation (43). In fact, the
antigens is dependent on a specific pattern of immunoglobulin  subclass-specific antibodies to P. vivax in the development of
subclass response. Pattern of IgG subclasses responses of IgGl ~ protective immunity is still unclear and the effect of each
and/or IgG3 antibodies to several blood-stage antigens are IgG subclass is still controversial. In our cohort, the IgG

Frontiers in Immunology | www.frontiersin.org 9 September 2019 | Volume 10 | Article 2230

252



Matos et al

Immune Response to PvTRAP in BRAZIL

subclass profile among responders revealed an IgGl biased
humoral response with a considerable frequency of IgG3 and
IgG2 antibodies. The prevalence of cytophilic antibodies against
TRAP was also observed in individuals from the Middle East.
However, the high frequency of IgG2 found in our work was not
observed in individuals from those studies (16). In fact, we can
hypothesize that host genetics factors, such HLA polymorphisms,
can affect the development of specific immune response against
PvIRAP as it does against other P. vivax antigens (44). In
addition, epidemiological and environmental factors certainly
affect the immune repertoire activation, potential of recognition
and magnitude of TRAP-specific antibodies in such different
regions. Therefore, the parameters of exposure and/or protection
available in our epidemiological survey were matched with
the magnitude of IgG specific antibodies in order to allow
the study of potential associations. Regarding exposure, age,
and time of residence in endemic areas were correlated with
magnitude of anti-PvTRAP IgG antibodies. However, since in
our study the majority of individuals were born in endemic
areas, age related changes in antibody responses could reflect,
in fact, only the time of exposure in an endemic region. This
phenomenon has been frequently reported for various antigens
(45-48) and most likely could reflect exposure to the malaria
parasite and possibly maturation of the immune system over
time, which can culminate in protection against subsequent
infections. Unfortunately, the cross-sectional design of our
study limited the investigation to retrospective malaria histories
reported by the volunteers, and the best approximation of an
individual’s protection was the time elapsed since their last
recalled malaria episode. Using this approach, we observed that
IgG3 responders presented a significantly longer time since the
last malaria episode than IgG3 non-responders. These results
could suggest a possible role of PVTRAP cythophilic antibodies
in protective immunity against P. vivax infection. However, more
prospective studies on humoral immune responses with a follow
up of participants and/or biologic studies addressing the ability
of these antibodies to inhibit sporozoite motility or invasion will
provide more direct evidence in protective efficacy of specific
PvTRAP antibodies.

Whilst there is strong evidence showing that specific
antibodies are associated with cumulative exposure and
protection against vivax malaria (28, 30, 49-51), the relative
contribution of different regions to the molecule inducing
protective antibodies is another important point to be addressed.
Therefore, we also map the linear epitopes in PYTRAP using in
silico tools and confirmed the antigenicity by ELISA in PVTRAP
responders. The four linear epitopes in PYTRAP sequence were
identified in different regions of protein (PvTRAPR197_H227 in
the TSR domain; PVTRAPE37_1258 in a region between the
repeat region and TSR domain; PvTRAPp344_g374 fully in the
repeat region; and PvTRAPE439_1460 in the repeat region near
to the transmembrane domain). It is important to mention that
two extracellular portions of PVTRAP (Domain II and repetitive
region) are crucial for initial host cell adherence and stabilization
of adhesion/deadhesion during gliding mobility of sporozoites
(52) and are associated with protective immunity against P.
falciparum (50). In our work, no linear epitope was confirmed in

Domain IT and the epitopes located at repetitive region presented
low frequency of reactivity among responders to full-length
recombinant PVTRAP. The frequencies and magnitude of
antibodies against PvTRAP-derived peptides were also lower
than other linear epitopes identified in sporozoite surface of
P. vivax, such CelTOS (53) and CSP (54, 55), and merozoites
(MSP9 and AMA-1) (19, 56). Indeed, despite the observation
of a discrete immunodominance of PvTRAPp344—G374 fragment
over the other peptide epitopes, the heatmap analysis and the
correlation of reactivity index against recombinant protein
did not show a possible relationship with epidemiological
parameters related to exposure or protection. The Domain II
folded region probably presents conformational epitopes, which
seem to be more related with blocking activity and protective
immunity, making it a more suitable candidate for vaccine
development. Therefore, the functional roles of these specific
antibodies need to be further investigated. Lastly, although
we have found a high response against PVTRAP, we do not
believe that there is a cross response between PfTRAP and
PvTRAP as the amino acid sequence of these proteins has low
homology and prediction of epitopes for both proteins revealed
no potentially antigenic sequence shared (data not shown). In
addition, the B cell epitopes confirmed in our study are not
preserved following PfTRAP.

In conclusion, this study describes the naturally acquired
antibody response against PVIRAP in three endemic
municipalities of the Brazilian Amazon. The IgG immune
response was associated with exposure and mainly mediated
by cytophilic IgGl antibodies. A significant proportion of
IgG3 responders presented a higher time elapsed since the
last malaria episode, which could indicate the participation
of anti-PvTRAP specific antibodies in protective immune
response. Lastly, beyond the validation of four linear B-cell
epitopes within PVTRAP full-length sequence, the low response
observed against the peptide epitopes could suggest that the
functional Domain II of PvIRAP present conformational
epitopes. Therefore, more studies need to be addressed to this
unexplored target.
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Circumsporozoite protein (CSP) variants of P. vivax, besides having variations in the protein
repetitive portion, can differ from each other in aspects such as geographical distribution, intensity
of transmission, vectorial competence and immune response. Such aspects must be considered to

P. vivaxvaccine development.Therefore, we evaluated the immunogenicity of novel recombinant
proteins corresponding to each of the three P. vivax allelic variants (VK210, VK247 and P. vivax-like)
and of the C-terminal region (shared by all PvCSP variants) in naturally malaria-exposed populations
of Brazilian Amazon. Our results demonstrated that PvCSP-VK210 was the major target of humoral
immune response in studied population, presenting higher frequency and magnitude of IgG response.
The IgG subclass profile showed a prevalence of cytophilic antibodies (IgG1l and IgG3), that seem to
have an essential role in protectiveimmune response. Differently of PvCSP allelic variants, antibodies
elicited against C-terminal region of protein did not correlate with epidemiological parameters,
bringing additional evidence that humoral response against this protein region is not essential to
protective immunity. Taken together, these findings increase the knowledge on serological response
to distinct PvCSP allelic variants and may contribute to the development of a global and effective P.
vivaxvaccine.

Plasmodium, a complex multi-stage organism, has specialized proteins that promote the parasite’s survival in both
vertebrate and invertebrate hosts and support the invasion of multiple cell types. Vaccines targeting sporozoites
correspond to an attractive strategy widely explored since fewer than 100 sporozoites are inoculated in human
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host during the blood meal of infected female Anopheles mosquito’. Moreover, it was already demonstrated
that in mice’, non-human primates"? and humans?, the immunization using irradiated sporozoites is capable
to elicit protective immunity.

Despite the broad investigation of various proteins as vaccine candidates, the circumsporozoite surface protein
(CSP) remains in the lead because it was described as sporozoites’ major surface protein and it has a crucial role
in sporozoite’s motility and hepatocyte invasion**. It has been reported that the CSP play a vital role in invading
to the mosquito’s salivary glands, binding sporozoite to liver cells, and inactivating the host cell protein synthesis
machinery®. It has already been demonstrated that specific antibodies against the P. falciparum circumsporozoite
protein (PfCSP), present in the serum of vaccinated mice, rhesus macaques and humans, have the ability to block
sporozoite invasion of hepatocytes’. Structurally, CSP contains approximately 400 amino acids and is organized
into three domains: The N-terminal, which contain the conserved pentapeptide (region I); a highly repetitive
species-specific central domain (repetitive region) and a conserved C-terminal domain (region II).

Currently, the most advanced malaria vaccine is the RTS,S, manufactured by GlaxoSmithKline (GSK). RTS,S,
produced in Saccharomyces cerevisiae, consists in a recombinant vaccine comprising PfCSP’s C-terminal and
repeat regions in combination with hepatitis B virus surface antigen (S)®. This already licensed vaccine is being
implemented since 2018 in selected areas of Ghana, Kenya and Malawi”!. On the other hand, such as almost
all vaccine candidates currently tested, this vaccine targets only P. falciparum. The priority given to falciparum
malaria results from the ability of this plasmodial species in producing elevated parasite loads and to invade
red blood cells in all stages, causing extensive morbidity and mortality"'. Nevertheless, some particularities of
P vivax, such as the increasing numbers of reports of severe vivax malaria'>""* and the appearance of strains
resistant to treatment'®-'8, highlight the importance of the development of a specific vaccine against P. vivax.

In contrast to PfCSP, P. vivax CSP (PvCSP) is polymorphic and has three allelic variants. Analyses in PvCSP
genotypes demonstrated the existence of sequence repeats of this protein belonging to one of two types of
nonapeptide repeat units known as VK210 (GDRA(A/D)GQPA) and VK247 (ANGA(G/D)(N/D)QPG)"**". In
addition, a third variant, identified by Qary et al.*' as P vivax-like, is different from both nonapeptide variants,
and it is composed by a repeat sequence of 11-mer-APGANQ(E/G)GGAA-. Phylogenetic and serological study
conducted by Souza-Neiras et al.>*, has demonstrated that differences in these three variants are strictly present
in the central repeats of the protein, but present several nucleotide variations with important serological impact.
Therefore, it should be considered for PvCSP vaccine trials once they represent important intra-specific biologi-
cal signatures. In Brazil, the prevalence of PvCSP allelic variants was previously studied and is known in several
states such as Acre, Amazonas, Belém, Macapd, Mato Grosso, Pard, Porto Velho and Rondénia®?*.

Although less investigated than PfCSP, P. vivax CSP began to receive more attention in recent years and
strategies were developed to overcome the variations in central domain. An example is the Escherichia coli
expressed vaccine VMP001, which encodes a chimeric CSP and contains sequences with repetitions of alleles
VK210 and VK247. This vaccine went into clinical testing and was capable of inducing recognition, agglutination
and virulence loss of live sporozoites, due to the high levels of antibodies induced”. Salman et al. also reported
the deployment of a highly protective P. vivax vaccine, composed by Salvador I sequences of CSP, including its
C-terminal region and central repeats of VK210 and VK247, on the surface of a virus-like particle (VLP) based
on the Hepatitis B surface antigen, overall known as Rv21. This vaccine was used in rodent model challenges
with transgenic sporozoites, where it was capable to achieve 100% sterile protection?. In the present study, the
naturally acquired humoral immune response to PvCSP repeat variants was evaluated in exposed populations
of three regions in the Brazilian Amazon, using recombinant proteins for each one of the three alleles already
described. We have also determined the antibody subclass profile induced by different PvCSP variants and veri-
fied the associations between the specific IgG and its subclasses (IgG1, IgG2, IgG3 ad IgG4) with epidemiological
characteristics that can suggest exposition and/or protection indicatives in exposed populations.

Results

Epidemiological profile of the studied population. 299 individuals living in three different endemic
areas of Brazilian Amazon composed our study population (Cruzeiro do Sul, Guajard and Mancio Lima). The
population age ranged from 12 to 88 years old (median 32 years) and presented similar frequencies of female
and male individuals. Studied individuals have been naturally exposed to malaria infection, have been living
in endemic areas for 31 years (ranging from 3 to 88 years), most frequently in the same address (0 to 88 years,
median 20 years) and reporting, for 86% of the population, at least one previous malaria episode. P. vivax was
the most prevalent species, together this species mono-infections and mixed infections corresponded to 65.2%
of cases diagnosed during the period of study (p <0.0001), and to the leading cause of previous malaria episodes
in 81% of studied individuals. The control group composed by 53 individuals from the non-endemic area of
Rio de Janeiro, who never reported malaria episodes, was composed by 69.8% female and 30.2% male, ranging
from 17 to 43 years old (median 20 years). The analysis of individual populations based on localities studied
(Table 1) reveals a similar profile in relation to time of exposure, number of past malaria infections and diagnosis
at the time of blood collection. However, volunteers residing in Guajara (GJ) presented longer time since the
last malaria episode (median 12 months) than those of Cruzeiro do Sul (median 2.5 months) and Mancio Lima
(median 3.5 months; p=0.0044 and 0.0001, respectively).

Design of the vCSP proteins and assessment of protein secretion for purification. Serological
analysis of the immune response to malarial antigens is paramount to establish the immunogenicity of poten-
tial vaccine candidates and the immune competence or even the effect of parasite genetic polymorphisms in
the immunity of residing populations in a given geographical location. However, most of the studies conduct
ELISAS against the full-length protein of interest. Here we sought to dissect the serological immune responses
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Gender—N (%)

Male 65 (52.4%) 45 (51.7%) 44 (50%) 154 (51.5%)
Female 59 (47.6%) 42 (48.3%) 44 (50%) 145 (48.5%)
Malaria exposure—median (IR)

API 55,5 42,5 107,2 61,4

Age (years) 29.5(20-45) 33 (22-50) 33.5(23-42.5) 32 (22-47)
Years of residence on endemic area 29(19.5-44) | 33.5(23-50) 32.5(21-43) 31 (21-47)
Years of residence in the present address 20 (6-36) 18 (3-29)°* 27.5(12.5-38.5)"* | 20(5-36)
Months since the last malaria episode 2.5(0-60)"** | 12 (4-48)2+¥/e+++ | 35 (0-22)"*** 5(0-36)
Number of malaria episodes on the last year 1(0-1) 0(0-1) 1(0-1.5) 05 (0-1)
Number of previous malaria episodes 6(2-12) 5(2-10) 10 (5-20) 7(3-15)
Species ing previous episodes—N (%)

Pvivax 23 (19%) 16 (18%) 17 (19%) 56 (19%)

P falciparum 10 (8%) 6 (7%) 0(0%) 16 (5%)

P vivax and P. falciparum 68 (55%) 51 (59%) 67 (76%) 186 (62%)
Never infected 1(0.8%) 6 (7%) 0 (0%) 7 (2%)

Not reported 21 (17%) 8 (9%) 5 (6%) 34 (11%)
Diagnosis—N (%)

P vivax 39(31.5%) 10 (11.5%) 24 (27.3%) 73 (24.4%)
P, falciparum 25(20.2%) 6 (6.9%) 10 (11.4%) 41 (13.7%)
Mixed 0(0%) 1(1.1%) 3(3.4%) 4(1.3%)
Negative 60 (48.4%)°** | 70 (80.5%)™*<** | 51 (58%)™** 181 (60.5%)

Table 1. Epidemiological features of the study population. Values of A.P.I (annual parasitic index), Age,
Years of residence in endemic areas, Years of residence in the present address, Months since the last malaria,
Number of malaria episodes on the last year and number of previous malaria episodes represent the median
(interquartile range). Frequencies were compared by Fisher's test, and other epidemiological parameters
were compared by Mann-Whitney test. Upper scripted letters (*¢) indicate the studied populations

(CZS =Cruzeiro do Sul; ML = GJ = Guajard and Mancio Lima, respectively) and statistical differences were
represented by * (*)p <0.05; (**)p < 0.005; ***p <0.0005.

against vivax CSP malaria by constructing expression plasmids encoding the sole central repeats of each of the
allelic variants of VK247, VK210 and V-Like, respectively, and the C-terminal region of CSP (Fig. 1). The design
of these sub-domain regions is based in the antigenic conformation of the chimeric CSP 210/247 from the Rv21
vaccine®® which also contains the highly conserved C-Terminal region of vCSP. For the case of the Vivax-Like
repeats we used a sequence previously reported®. Figure 1a shows a diagrammatic representation of vCSP and
the four subunits that were synthesized and enzyme-digested to ligate (Fig. 1b) into the expression plasmid
PhLSec. After ligation with the PhLsec backbone, bacterial transformants were double-digested to verify the
right size of the transgenes (Fig. 1c). The red and black asterisks denote the specific size of each transgene and
the PhLSec backbone, respectively. Upon confirmation of the right clones by enzymatic digestion, plasmids were
further verified by Sanger-sequencing. PhLsec plasmids were then transfected into HEK293 cells and superna-
tant was recovered to assess the secretion capabilities of our c-tagged vCSP subunits. Supernatants were sub-
jected to western blot analysis using a camelid anti-C-Tag antibody (Fig. 1d). Specific bands were detected for
the C-term, VK247 and Vivax-Like as well as in the unrelated NS1 beta ladder protein fused to EPEA (c-tag).
No bands were detected in the negative untransfected cells or in the unrelated PhLsec plasmid fused to His-tag.
However, the anti-C-Tag antibody failed to recognize the VK210 repeats, suggesting a masking effect inflicted
by the protein-resolving conditions. To further investigate this masking effect, we used specific monoclonal anti-
bodies (mAb) targeting the VK210 (Fig. 1e) and the VK247 (Fig. 1f) repeats, respectively. By using the anti-210
mAb, we detected a strong signal in the sample that was negative in the C-tag western blot, and not in the other
transfectant supernatants, thus confirming the secretion capabilities of VK210 repeats (Fig. 1e). On the other
hand, when using the anti-247 antibody, we detected abundant signal in the lane corresponding to the VK247
supernatants, thus confirming the secretion of the VK247 repeats (Fig. 1f). A non-specific band of 35 Kda was
detected in all samples. Therefore, the design of the expression plasmids allows the expression and the secretion
of the vCSP subunits for a subsequent protein-column purification, to be used as coating agents in the ELISA
assays.

Frequency and magnitude of IgG antibodies to recombinant proteinsderived from PvCSP.  We
assessed the naturally acquired IgG response against PvCSP recombinant central repeats of PvCSP-VK210,
PvCSP-VK247, and PvCSP-P. vivax-like, as well as the PvCSP-C terminal region, in 299 exposed individuals.

SCIENTIFIC REPORTS |

(2020) 10:14020 | https://doi.org/10.1038/s41598-020-70893-3

259



www.nature.com/scientificreports/

2x(ANGAGNOPG/ANGAGGOAA),

QP G/ANGA(
1EDGAGNQOPG/ANGAGDQPG)

(b)

Cterm  Vlke VK210 VK247 M(Kb) C-term Viike VK210 VK247 M (Kb)

ll ¥

—1
— 0.7

— 05 — 0.5

* 0

(d) (e) . 0 "
LA L S 8 LS P LS
100 -
‘ - 37
37 - — 3! =
- .

15 3 > 15' 1
10/ - 10 10

Anti-C-tag Anti-210 Anti-247

Figure 1. Expression of vCSP malarial antigens for protein production. (a) Schematic representation of the vivax
CSP protein. The C-term portion (yellow) without its transmembrane domain, as well as the 3 different allelic
variants from the central repeat region (VK217, VK247 and V-like) were fused to the c-tag epitope (EPEA) to allow
purification using a c-tag affinity column (red). Black color represents the exogenous signal sequence contained in
the expression plasmid construct. (b) Synthetic DNA sequences carrying such malarial antigens were extracted by
double enzymatic digestion (Agel and Kpnl), red asterisk represents the specific size for each construct that were
cut from the agarose gel, followed by ligation to the backbone plasmid pHLsec. (c) Enzymatic restriction from the
PhLsec plasmids after ligation with the malarial antigens. Red asterisk represents the specific size of the coding
regions and black asterisk represents the PhLSec backbone. PhLSec plasmid were transfected into HEK293 cells and
supernatant was recovered 4 days after transfection. 10 ml of each of the supernatants was subjected to SDS-PAGE
and western blot against the anti-C-Tag (d), the anti-210 (e), and the anti-247 (f) antibodies.
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Figure 2. Humoral response against PvCSP recombinant proteins. Frequencies of IgG responders in each
studied locality (a); reactivity indexes of responders in the three studied localities (b); overall frequencies of
IgG responders (c) and overall reactivity indexes of IgG antibodies of responders (d) to each recombinant
protein derived from PvCSP. In (a) and (c), each bar represents the frequency of responders to one of the
recombinant proteins (PvCSP-VK210: orange bar; PvCSP-VK247: green bar; PvCSP-Pvivax-like: gray bar and
PyCSP-Ct: purple bar). Figure 1b,d, each point represents an individual RI against PvCSP recombinant proteins
(PvCSP-VK210: orange points; PvCSP-VK247: green points; PvCSP-Pvivax-like: gray points and PvCSP-CT:
purple points). Black bars on (b) and (d) represent values of median and interquartile range. RIs higher than 1
are considered responders to the recombinant protein. Frequencies of responders were compared by Fisher’s
exact test and RIs were compared by Mann-Whitney test. Significant differences were indicated by *. (*) p<0.05;
(**) p<0.005; ***p <0.0005.

Firstly, we evaluated the frequency of responders to recombinant PvCSPs in each studied community (Fig. 2a).
In Cruzeiro do Sul (CZS), the frequencies of responders to PvCSP allelic variants (PvCSP-VK210, PvCSP-
VK247, PvCSP-P. vivax-like) were quite similar (52%, 42% and 40%, respectively), while in Guajara (GJ) we
observed higher frequencies of responders to PvCSP-VK210 (63%) and PvCSP-P vivax-like (57%) than fre-
quencies of responders to PvCSP-VK247 (24%) (p <0.0001 and p <0.0001, respectively) and to PvCSP-Ct (31%)
(p<0.0001 and p=0.0007, respectively). Moreover, in Mancio Lima community (ML), we observed a preva-
lence of responders to PvCSP-VK210 (65%) when compared to frequency of responders to PvCSP-VK247 (33%,
p<0.0001), PvCSP-Pvivax-like (48%, p=0.0331) and to PvCSP-Ct (34%, p<0.0001). In relation to the magni-
tude of response to different recombinant PvCSP among responders, despite differences in epidemiological data
and frequencies of responders in each studied location, similar IgG reactivity indexes against PvCSP variants
and PvCSP-Ct were observed in all studied populations (Fig. 2b). Based on the absence of statistical differences
among IgG reactivity indexes against recombinant proteins in these three studied places, we decided to analyze
themas a single population. Responders to PvCSP-VK210 (n= 177; 59%) were more prevalent when compared to
responders to PvCSP-VK247 (n =102, 34%; p < 0.0001), to PvCSP-P. vivax-like (n =141, 47%; p=0.0041) and to
PvCSP-Ct (n=101, 34%; p <0.0001), followed by responders to PvCSP-P. vivax-like, which were more prevalent
than those responding to PvCSP-VK247 (p=0.0015) and to PvCSP-Ct (p=0.0011) (Fig. 2¢c). Despite differences
observed in frequencies of IgG responders, the magnitude of IgG responses was similar among responders to
PvCSP recombinant proteins. The average RI of responders against PvCSP-VK210 (1.84 +0.72), PvCSP-VK247
(1.86+0.77), PvCSP-P. vivax-like (1.96+0.95) and PvCSP-Ct (1.74+0.65) did not differ statistically (p>0.05)
(Fig. 2d). All samples from healthy Control group were negative to all four recombinant proteins.

Two hundred and seven of individuals (69%) presented IgG antibodies against at least one of recombinant
proteins, from these 92% (190) have reported previous P. vivax infections, including ongoing infections 23,7%
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Figure 3. Venn diagram of responders to at least one of the recombinant proteins. In this diagram, values of
N and the percentage of responders are demonstrated. Values marked with colors represent individuals that
respond exclusively to the indicated protein (orange PvCSP-VK210, green PvCSP-VK247 and gray PvCSP-P
vivax-like). Values in black represent individuals that respond to two or three of the recombinant proteins
according to the circles in which values are inserted.

(49). Only 17 individuals never reported previous P. vivax episodes and 4 of these (2%) were infected with P.
falciparum. Among responders, 16.9% of individuals presented antibodies against all four recombinant proteins,
37.7% against three recombinant proteins, 25.6% to two of the recombinant proteins and 19.8% to only one
antigen. Inside the group of responders to only one recombinant protein (n=41), PvCSP-VK210 represented
56.1%. Moreover, focusing on humoral immune response to PvCSP variants, 28.5% of responders to at least one of
recombinant proteins, responds to the three PvCSP-variants, 14.5% to PvCSP-VK210 and PvCSP-VK247, 28.5%
to PvCSP-VK210 and PvCSP-P. vivax-like, 3.4% to PvCSP-VK247 and PvCSP-P. vivax-like, 14% responds only
to PvCSP-VK210, 2.9% only to PvCSP-VK247 and 7.7% only to PvCSP-P. vivax-like, as demonstrated in Fig. 3.

In order to evaluate if the infection status could change the antibody profile of recognition, we also assessed
the frequency and magnitude of antibodies against the recombinants by the presence/absence of P. vivax at the
time of blood collection. Among individuals living in endemic areas, 31% (n=92) did not present antibodies
to any of the recombinant proteins, these individuals include 28 infected P. vivax individuals. We have also
selected P. vivax infected and non-infected individuals inside the group of 207 recombinant protein responders
and compared their frequencies and IgG reactivity indexes. We found out higher frequencies of IgG responders
to PvCSP-VK210 and PvCSP-Ct in non-infected individuals (p=0.0086 and p=0.0117, respectively). However,
IgG magnitude was similar between these two groups (supplementary figure S1).

Evaluation of IgG subclass profile against PvCSP variants. We assessed the overall subclass distri-
bution of the IgG antibody (IgG1, IgG2, IgG3, IgG4) responses among responders to each recombinant protein.
Among 177 responders to PvCSP-VK210, 149 individuals (84.2%) presented IgG1 antibodies. This is higher
than the frequencies of IgG2 (67.8%, p=0.0005), IgG3 (43.5%, p <0.0001) and IgG4 (5.6%, p <0.0001). Similarly,
responders to PvCSP-VK247 (n=102), also had a prevalence of IgG1 (70.6%) over the other IgG subclasses
(p<0.0001), followed by IgG2 (33.3%) and similar frequencies of IgG3 (13.7%) and IgG4 (17.6%) (p=0.0015 and
p=0.0155, respectively, when compared to IgG2) responders. In contrast, among responders to PvCSP-P. vivax-
like (n=141), IgG3 was the most frequent subclass, representing 76.6% of responders (p <0.0001 as compared to
other subclasses), while 33.3%, 19% (p=0.0063) and 25.5% of this group presented IgG1, IgG2 and IgG4 specific
antibodies respectively. Lastly, among responders to the C-terminal region of PvCSP (PvCSP-Ct, n=101), we
observed a minor frequency of responders to IgG4 (7.9%) than to all other subclasses (p<0.0001). Moreover,
similar frequencies of responders to IgG3 (58.4%) and IgG2 (47.5%) were observed, both of them, higher than
the observed frequency of responders to IgG1 (25.7%) (p<0.0001 and p =0.0021, respectively) (Fig. 4a).
Concerning the magnitude of response of each IgG subclass against PvCSP, the Rls ranged from 0.15 to 34.32.
Focusing on subclasses profile against PvCSP-VK210, IgG1 responders presented higher RIs (median = 2.97;
interquartile range=1.86-4.83) than IgG2 (median = 1.86; interquartile range=1.39-2.93, p <0.0001), IgG3
(median=1.2; interquartile range=1.1-1.6, p<0.0001) and IgG4 responders (median =1.39; interquartile
range=1.07-1.79, p=0.0002), while responders to IgG3 and to IgG4 presented similar RI and both subclasses had
lower RIs than IgG2 (p <0.0001 and 0.018, respectively). Moreover, despite the high prevalence of IgG1 respond-
ers against PvCSP-VK247, the Rls of IgG1 responders (median = 1.43; interquartile range = 1.2-2.28) were only
higher than IgG2 (median = 1.28; interquartile range = 1.07-1.66; p=0.0359) and IgG4 (median = 1.23; interquar-
tile range = 1.08-1.69; p=0.0436), although RIs of [gG3 responders (median=1.2; interquartile range = 1.07-2.34)
were similar to other IgG subclasses. Besides, concerning the reactivity to PvCSP-P. vivax-like, the RIs of IgG3
responders (median = 1.76; interquartile range = 1.31-2.38) were higher than that of [gG1 (median= 1.15; inter-
quartile range =1.09-1.3, p<0.0001), of IgG2 (median =1.04; interquartile range =1.02-1.15, p <0.0001) and
of I[gG4 (median =1.23; interquartile range =1.05-1.54, p<0.0002). Finally, considering the responsiveness to
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PvCSP-C-terminal region, we observed no differences among the RIs of responders to IgG1 (median=1.16;
interquartile range = 1.08-1.39); IgG2 (median = 1.29; interquartile range = 1.12-1.82); IgG3 (median=1.15;
interquartile range = 1.06-1.25) and IgG4 (median =1.18; interquartile range =1.06-1.73).

Furthermore, a higher IgG1 RI response against PvCSP-VK210 was observed when compared to RI of IgG1
against PvCSP-VK247 (p <0.0001) and to PvCSP-P.vivax-like (p <0.0001), and a higher IgG3 reactivity to PvCSP-
Pvivax-like than to PvCSP-VK210 (p<0.0001) (Fig. 4b). When we selected and compared infected and non-
infected responders to each subclass per recombinant protein we did not find differences in frequencies and
reactivity indexes (supplementary figure S1).

Evaluation of associations between exposition/protection factors and humoral immune
response to PvCSP. In order to investigate the influence of epidemiological parameters on the responsive-
ness to PvCSP, we compared the epidemiological data of responders and non-responders to each one of the
PvCSP recombinant proteins. Responders to PvCSP-VK210, VK247 and P. vivax-like presented higher median
of age (p=0.007; p=0.003; p=0.007, respectively) and time of residence in endemic area (p=0.005; p=0.005
and p=0.015, respectively) than non-responders to each protein. No statistical difference was found between
responders and non-responders to PvCSP-Ct (Fig. 5a-d).

To identify factors associated with the magnitude of response to each antigen, we investigated the existence of
correlations between Rls against recombinant proteins and epidemiological data. Firstly, we observed a tendency
of correlation between age and time of residence on endemic area with RIs of IgG antibodies against PvCSP-
VK210 (p=0.007, r=0.159 and p =0.005, r=0.165; respectively) and against PvCSP-P. vivax-like (p =0.026,
r=0.131 and p=0.037, r=0.124; respectively). In addition, RIs of IgG antibodies against PvCSP-VK247 presented
a tendency of correlation with the number of previous malaria episodes (NPME) (p=0.024, r=0.135).

Besides, searching for associations between subclass profile against PvCSP-variants and epidemiological data,
we identified that the number of previous malaria episodes positively correlated with the IgG1 levels to PvCSP-
VK210 (p=0.008, r=0.204) and IgG3 levels to PvCSP-VK247 (p =0.0007, r = 0.278). For PvCSP-P.vivax-like
responders, the RIs of IgG2 were directly correlated with both, age (p =0.002, r=0.266) and time of residence
in endemic area (p=0,001, r=0.294). No significant correlations were observed between epidemiological data
and humoral response to PvCSP-Ct.

Characteristics of responders to the three major PvCSP variants. In order to investigate the effect
of responsiveness against all PvCSP variants on protection against malaria, we compared the epidemiological
data of responders to all three PvCSP variants (VK210, VK247 and P. vivax-like; N=59) with those of indi-
viduals who did not respond to at least one of these variants (N=240). Samples of responders to three variants
have a significantly longer time of residence in endemic area (TREA) (median = 38; interquartile range=24.5-
52.5), on average 6 years more than individuals that did not respond (median = 30; interquartile range =21-44)
(p=0.017). Moreover, the RIs of cytophilic antibodies of responders to three PvCSP variants inversely corre-
lated with months since the last malaria (MSLM). Reactivity indexes of IgG1 against PvCSP-VK210 (p =0.047;
r=-0.276), IgG1 (p=0.041; r=— 0.285) and IgG3 (p=0.029; r=— 0.303) against PvCSP-P. vivax-like inversely
correlated with MSLM (Fig. 6a,c,d). However, as it is shown in Fig. 6b, RIs of IgG1 against PvCSPVK247 directly
correlated with this same parameter (p =0.041; r=0.285).

Discussion

Previous works have proposed that CSP variants of P. vivax, besides having variations in the repetitive portion
of the protein, can differ from each other in aspects such as geographical distribution, intensity of transmission,
vectorial competence, immune response, response to treatment and drug resistance”*-%°. Such aspects must be
considered to P. vivax vaccine development?. Therefore, multidisciplinary studies characterizing PvCSP variants
epidemiology may advance in the development of an effective vaccine against P. vivax.

In our study, we evaluated and characterized the humoral IgG response to the PvCSP variant repeats (VK210,
VK247 and P, vivax-like) and the C-terminal region, in a population consisting of 299 individuals naturally
exposed to P. vivax malaria, living in Acre, a state of the malaria endemic Brazilian Amazon. From 207 respond-
ers to at least one of recombinant proteins, 190 described previous P. vivax infections and just 49 were infected
with this species. This result suggests that production of antibodies against PvCSP extends for past infections.
This feature was previously demonstrated in a study conducted by Longley et al. at a low transmission region
in Thailand, where the majority of study population was not infected with P. vivax but still presented detectable
IgG levels™. Other study of a yearlong cohort also demonstrated IgG positivity and magnitude persistence over
1 year period in absence of qPCR-detectable blood stage P. vivax infections®’. Our results demonstrated that,
PvCSP-VK210 presented the highest prevalence of responders, followed by PvCSP-P. vivax-like and PvCSP-
VK247. Frequency profiles were already described in different Amazon regions and they are consistent with our
results. Oliveira-Ferreira et al. have observed the same profile of IgG responders to these PvCSP variants (More
responders to PvCSP-VK210, followed by PvCSP-P. vivax-like and PvCSP-VK247) in Candeias do Jamari in
Rondonia state, in 20042, However, the mentioned paper found lower frequencies in comparison to our study,
which could be related to the use of synthetic peptides as antigens in their ELISA assays. In 2000, Machado
and Povoa evaluated the distribution of PvCSP variants of P. vivax from three endemic areas (Belém, Macapa
and Porto Velho), and again found a dominance of prevalence similar to ours™. Years later, Storti-Melo et al.
assessed the frequency of PvCSP variants using PCR/RFLP samples from five states of the Brazilian Amazon,
Acre, Amapa, Mato Grosso, Pard and Rondénia. Again the profile of distribution of the variants was similar to
ours*. Among facts that may explain observed prevalences, we highlight the distinct susceptibility of Anopheles
mosquitoes to different PvCSP variants, which depends on the recognition of specific ligands of the peritrophic
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Figure 4. Frequency of IgG subclass responders (a) and their reactivity indexes (b) against the recombinant
PvCSP proteins in the studied population. Points represent an individual RI against PvCSP recombinant
proteins (PvCSP-VK210: orange points; PvCSP-VK247: green points; PvCSP-P. vivax-like: gray points and
PvCSP-CT: purple points). The red traced line represents the cutoff, RIs higher than 1 are considered responders
to the recombinant protein. Frequencies of responders were compared by Fisher 's exact test and Rls were
compared by Mann-Whitney test. Significant differences among subclasses were indicated by * and significant
differences among responsiveness to each protein were indicated by +; (*) p<0.05; (**) p<0.01; (***;+ ++)
p<0.001. In this figure # means that the subclass is different from all the others against the same protein.

matrix by ookinete surface proteins, triggering migration or entrapment of the parasite’*. A study that used
dissected blood fed infected mosquitoes and ELISA assays, demonstrated a preferential development of PvCSP-
VK210, as compared to that of PvCSP-VK247, in An. aquasalis and An. darlingi, in the state of Para”. Moreover,
frequencies of IgG responders to PvCSP recombinant proteins corroborate the co-circulation of all three P
vivax variants in Amazon region?*?%*, Besides, the higher frequency of antibodies to VK210 are in according
to studies that described this variant as the most common in Amazon, while VK247 was rarely reported as sin-
gle infection*>?**, In our study we found 28 P. vivax infected patients that are non-responders to recombinant
proteins and this was already described in literature. In 2018, Oliveira-Ferreira performed a study to evaluate
seroprevalence to CSP and demonstrated that not only Brazilian naturally exposed individuals but also P. vivax
infected ones, were unresponsive to peptides of this protein. In this same study, two specific allelic groups were
associated with absence of antibodies against PvCSP (HLA-DRB1*01 and HLA-DQB1*05)*". In this scenario,
we believe our findings can be explained by well documented associations of the immune response with specific
HLA alleles against malaria antigens®*.

Concerning the functionality of the IgG subclasses, we did observe a predominance of cytophilic antibodies to
PvCSP variants, once that [gG1 was the prevailing subclass against VK210 and VK247, and IgG3 was the principal
IgG subclass of antibodies to P. vivax-like. Interestingly, this preponderance of cytophilic antibodies was previ-
ously described to PvCSP and PvTRAP, suggesting that this profile could be associated to the adaptive immune

SCIENTIFIC REPORTS |

(2020)10:14020 | https://doi.org/10.1038/s41598-020-70893-3

264



www.nature.com/scientificreports/

(a) PvCSP-VK210

TREA **
40

(b) PvCSP-VK210

TRPA NPME TRPA NPME
MSUg Age** MM Age**
u Responders (n=177) u Responders (n=102)
u Non-responders (n=122) u Non-responders (n=197)
(c) PVCSP-P. vivax-like (d) PvCSP-Ct
TREA * TREA
40 40
35
TRPA NPME TRPA NPME
MSLM Age** MSLM Age

M Responders (n=141) ® Responders (n=101)

u Non-responders (n=158) ® Non-responders (n=198)

Figure 5. Comparison of epidemiological parameters between responders and non-responders to each PvCSP
recombinant protein. TREA =Time of residence in endemic area (years), NPME = Number of previous malaria
episodes, MSLM = Months since last malaria and TRPA = Time of residence in the present address (years).
Epidemiological data of responders and non-responders to each one of the recombinant proteins were compared
by Mann-Whitney test.

response against preerythrocyte stage proteins*. Moreover, in places where malaria is endemic and the local
population has had several malaria episodes through the years, there are evidences that the premonition (immune
condition characterizing clinical protection as reflected by the absence of fever and presence of infection at low
densities of parasitemia) is reached after repeated infections, due to the presence of both cytophilic antibodies
(IgG1 and IgG3) and memory cells*-*3. In this context, despite that we not found any significant association
between cytophilic antibodies and protection in this study, we believe that these antibodies could act in synergy
with other antibodies against preerythrocytic targets, promoting a protective effect. However, it is important to
highlight that previous works have already demonstrated heterologous reactivity occurring in antibodies elicited
against CSP antigens of P. vivax and P. falciparum*, so, despite the fact that the majority of our recombinant
protein responders got in touch with P. vivax, we can't affirm that these antibodies are exclusively to P. vivax.
For the purpose of elucidating the influence of epidemiological factors in humoral response to PvCSP vari-
ants and C-terminal region, we correlated induced RI’s of IgG and its” subclasses with the studied population
parameters. We found out that IgG reactivity indexes of PvCSP-VK210 and PvCSP-P. vivax-like presented a
trend to increase with time of exposition to infection. This tendency could be explained by both, the prefer-
ential development of PvCSP-VK210 in predominant species of anopheles mosquitoes in Amazon and the
widely geographical distribution of these variants when compared to PvCSP-VK247 (suggested to have a lower
geographic adaptation in Brazil}*”**. These data may explain why people living longer in these endemic regions
tend to have higher IgG reactivity indexes against PvCSP-VK210 and PvCSP-P. vivax-like, since they get in
touch more frequently with these two variants. On the other hand, IgG reactivity indexes of PvCSP-VK247
presented a tendency of correlation with the number of previous malaria episodes, which is also coherent with
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Figure 6. Correlation of RIs of cytophilic IgG subclasses with months since the last malaria (MSLM). (a)
Correlation of IgG1 Rls against PvCSP-VK210 with MSLM. (b) Correlation of IgG1 RlIs against PvCSP-VK247
with MSLM. (c) Correlation of IgG1 RIs against PvCSP-P. vivax-like with MSLM. (d) Correlation of IgG3 RIs
against PvCSP-P. vivax-like with MSLM.

the aforementioned condition, since individuals that have more infections will probably have more chances to
get in touch with this less geographically distributed variant. In our results we have considered three areas as a
single one. However, looking separately to these areas, Mancio Lima and Cruzeiro do Sul demonstrate a similar/
higher prevalence of the variant PvCSP-VK247 on PvCSP-P. vivax-like as a previous work has demonstrated in
other Brazilian endemic areas*'.

We have then checked possible correlations between subclass reactivity indexes and epidemiological param-
eters. Our findings suggest a cumulative effect on IgG1 reactivity indexes against PvCSP-VK210 as a result of
previous malaria episodes. On the other hand, PvCSP-VK247 IgG3 RT’s presented a direct correlation with the
NPME. Differently of the PvCSP variants, the RI's of IgG and its” subclasses able to recognize the C-terminal
region of the protein were not able to correlate with any of the epidemiological parameters described. These find-
ings are consistent with those reported by Arévalo-Herrera describing high levels of cytophilic antibodies capable
to recognize fragments from both PvCSP N-terminal and repeated regions, based on immunizations with long
synthetic peptides in phase I clinical assays, while the C-terminal region was not immunogenic in humans*. In
addition, despite immunogenic in mice, N or C terminals only (i.e. lacking either VK210 or 247 repeat sequences)
also failed to induce protective immunity®. Since Kurtovic et al. pointed complement activation by antibodies
as an important mechanism of anti-sporozoite human immunity, one of the possible mechanisms that might
explain the non-immunogenic profile of PvCSP-Ct is by means of the complement fragment C3d, capable to limit
the anti-CSP C-terminal flanking sequence-specific antibody response by masking epitopes in this region of the
molecule. Thus, C3d binding to CSP C-terminal region may represent a mechanism based on the exploitation
of the innate immune response by the parasite in order to suppress the development of an acquired immune
response against a conserved region of the protein*.

In agreement with the previous discussed results, comparison of epidemiological parameters of responders
and non-responders to each one of the recombinant proteins presented statistical differences of age and TREA
for the three PvCSP allelic variants. Again, only PvCSP-Ct did not present such a difference and induced low
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responses in natural exposure conditions. This finding could suggest that the production of specific antibodies
against the C-terminal region is not conditioned by the TREA or parasite exposure. In fact, the production of
antibodies to PvCSP-Ct may be related to the ability of each individual’s immune system to circumvent a possible
mechanism of parasite-mediated evasion, like we previously suggested.

From all of the studied population (299) individuals, 59 presented specific IgG antibodies to all of PvCSP
variants. When compared to individuals that did not respond to at least one of the variants, these individuals
presented significantly longer TREA (mean of 6 years). Furthermore, this same group presents inverse correla-
tions between cytophilic RI's (IgG1 against PvCSP-VK210; IgG1 and IgG3 against PvCSP-P. vivax-like) and
MSLM, suggesting that these specific antibodies could, somehow, represent markers of recent infection. On the
other hand, only IgG1 RI’s of PvCSP-VK247 were directly correlated with MSLM, implying that these specific
antibodies may be important for a protective immune response.

In conclusion, despite the limitations in sample size and study design, our work indicates that IgG positivity
and magnitude against PvCSP variants can persist from past infections in the studied population, even in the
absence of an ongoing malaria episode. The profile of responders to PvCSP allelic variants and its geographi-
cal distribution are still compatible with scientific literature, with dominance of PvCSP-VK210, followed by
PvCSP-P. vivax-like and PvCSP-VK247. The immune response raised against the recombinant proteins studied
here, were mediated, predominantly, by cytophilic antibodies, which have a relevant role to trigger a protective
immune response. Conversely, C-terminal region, does not seem to be the best option in vaccine design due
its low-immunogenic properties and absence of correlation with epidemiological parameters and protection
indicatives. Lastly, taking into account the limitations of the number of individuals enrolled in our study and the
unique features of studied population, which is historically exposed to P. vivax and P. falciparum simultaneously,
we can not exclude the possibility of heterologous reactivity of antibodies against P. vivax CSP variants. Therefore,
other epidemiological studies regarding P. vivax allelic variants in other areas are encouraged and essential to
address this question and increase the knowledge about the serological landscapes in endemic regions, which is
fundamental to develop a global P vivax vaccine.

Methods

Study area and volunteers. The cross-sectional cohort study included 299 individuals from three differ-
ent communities with malaria transmission in Acre state: Cruzeiro do Sul (n=124), Guajara (n=87) and Mancio
Lima (n=88). Samples of 53 individuals living in non aendemic areas of Rio de Janeiro and never exposed to
malaria were the control group. Samples and survey data were collected from June to August of 2016. Informed
consent was obtained from all donors by written declaration. The study was reviewed and approved by the
Fundagao Oswaldo Cruz Ethical Committee and the National Ethical Committee of Brazil.

Epidemiological survey. To evaluate the potential influence of clinical and exposure features on immunity
response against PvCSP variants, the donors were interviewed prior the blood sampling. Questions related to
personal exposure to malaria, such as time of residence in transmission areas, previous maldria episodes, use
of prophylactic measures, symptoms and personal knowledge of malaria transmission were done with all study
participants. The answers were stored in Epi-Info databank for subsequent analysis (Centers for Disease Control
and Prevention, Atlanta, GA, USA). Written informed consent was obtained from all adult donors or from par-
ents of donors in the case of minors.

Malaria diagnosis and blood sampling.  Blood samples were collected by venipuncture in heparin tubes
and centrifuged (350xg, 10 min) to plasma separation and storage at — 20 °C to ship to Laboratério de Imu-
noparasitologia, Fiocruz—R]. Thin and thick blood smears were stained and analyzed for malaria parasites.
The diagnosis were done by examination of 200 fields at 1,000x magnifications under oil-immersion and two
research experts in malaria diagnosis examined all slides. Individuals positive for P. vivax and/or P. falciparum
at the time of blood collection were treated using the chemotherapeutic regimen recommended by the Brazilian
Ministry of Health.

Recombinant PvCSP variants expression in HEK-293 T cells.  As previously described by Longley
et al.”!, the P, vivax sequences used were PvCSPVK210 of Belem strain (GenBank accession number P08677),
PvCSPVK247 of Papua New Guinea (GenBank accession number M69059), PvCSPVivax-like of Papua New
Guinea (GenBank accession number L13724.1) and PvCSP C-terminal region from Salvador I strain (NCBI
Reference Sequence XP_001613068.1). Each one of the domains contained in the multi-variant chimeric recom-
binant protein used in the Rv21 vaccine described by Salman et al.?® was synthesized and codon-optimized using
the Geneart service (ThermoFisher), as follows;

C-terminal: NNEGANAPNEKSVKEYLDKVRATVGTEWTPCSVTCGVGVRVRRRVNAANKKPEDLTLND-
LETDVCTMDK.

VK210: (5x(GDRAAGQPA), 4x(GDRADGQPA), 1x(GNGAGGQAA)); VK247: (2x(ANGAGNQPG/
ANGAGGQAA), IX(ANGAGDQPG/ANGAGDQPG), 1x(ANGADDQPG/ANGAGDQPG), 1X(EDGAGNQPG/
ANGAGDQPG)).

Finally, Vivax-like repeats, with a sequence 3x(APGANQEGGAA), 3x(APGANQGGGAA), was obtained
from the genebank accession number: AAA18616.

DNA fragments encoding each of the vCSP regions were cloned in the expression vector pHLsec, which is
flanked by the chicken B-actin/rabbit p-globin hybrid promoter with a signal secretion sequence and with a
modification of a C-tag instead of a His-tag tail.
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For expression and purification of vCSP malarial antigens, the codon-optimized coding regions were cloned
into the pHLsec vector, as previously described*’, which is flanked by the chicken p-actin/rabbit p-globin hybrid
promoter with a signal secretion sequence and a C-tag (EPEA). The pHLsec plasmids (500 ug) were transfected
in HEK-293 cells using polyethyleneimine (PEI) in roller bottles (surface area of 2,125 cm?) under standard cell
culture conditions. Five days after transfection, cells were discarded and media was filtered through 0.22 uM
disposable filters. The secreted protein was purified from the supernatant by affinity chromatography (C-tag
column), using the Akta Start chromatography system and eluted with 2.0 M MgCl, and 20 mM Tris, pH 7.0.
Finally, the eluted protein was dialysed using Slide-A-LyzerTM cassette (Fisher Scientific) against 1x PBS.

Western Blot. Supernatants from transfected HEK293 cells were boiled at 100 °C for 5 min in laemli buffer.
Equal amounts cell supernatants were resolved by SDS/PAGE and transferred to PVDF membranes. Blots were
blocked with 1x PBS-Tween- 5% milk and incubated with an anti-C-Tag antibody (CaptureSelect™ Biotin Anti-
C-tag Conjugate at 1:2,000 dilution, supernatants from a MRA-185 hybridoma cell line (2E10.E9) that recognize
the VK247 repeats, and supernatants from a MRA-184 hybridoma cell line (2F2) that recognize the VK210
repeats. followed by incubation with HRP-conjugated secondary antibody (1:5,000). Chemiluminescence (Per-
kin-Elmer Life Sciences, Boston, MA) was visualized using the BioRad ChemiDoc SRS device.

Antibody assays. Anti-PvCSP specific antibodies against recombinant VK210, VK247, Vivax-like and C
terminal region (CT), were evaluated by enzyme-linked immunosorbent assay (ELISA) as previously described
by Matos et al.**. Briefly, MaxiSorp 96-well plates (Nunc, Rochester, NY, USA) were coated overnight with 1.0 ug/
ml of each recombinant protein. Plates were washed and blocked for 1 hat 37 °C. After blocking, plasma samples
(1:100 in PBS-Tween-BSA 5%) were incubated in duplicate wells during 1 h. After three washing steps, bound
antibodies were detected with anti-human IgG-PE (Sigma, St. Louis) and followed by addition of o-phenylene-
diamine and hydrogen peroxide. Plates were read at 492 nm using a SpectraMax 250 ELISA reader (Molecular
Devices, Sunnyvale, CA, USA). The results for total IgG were expressed as reactivity indexes (RIs), which were
calculated by the mean optical density (O.D.) of an each tested sample divided by the cut-off, number expressed
by the mean optical density of 10 non-exposed control individuals’ samples plus 3 standard deviation (cut-offs
values: VK210=0.208, Vivax-like=0.268, VK247=0.260 and Ct=0.245). These 10 non-exposed control indi-
viduals' corresponded to 10 higher DO’s found in 53 control individuals tested (VK210=0.126; 0.131; 0.137;
0.143; 0.146; 0.146; 0.149; 0.153; 0.183; 0.184; Vivax-like =0.147; 0.175; 0.185; 0.189; 0.191; 0.202; 0.210; 0.210;
0.220; 0.230; VK247 =0.139; 0.146; 0.149; 0.168; 0.172; 0.178; 0.188; 0.193; 0.215; 0.220; Ct=0.129; 0.131; 0.137;
0.148; 0.156; 0.182; 0.183; 0.189; 0.192; 0.196). Subjects were scored as responders to PvCSP variants if the RI
of IgG against each one of the recombinant proteins was higher than 1. Additionally, the RIs of IgG subclasses
for each one of the proteins, were evaluated on responders of each PvCSP variant. The same method was done,
using peroxidase-conjugated goat anti-human IgG1, IgG2, IgG3, and IgG4 (Sigma, St. Louis) (cut-offts—VK210
IgG1=0.158, [gG2=0.168 , IgG3 =0.194 and IgG4 =0.315, Vivax-like IgG1=0.060, IgG2 =0.053, IgG3=0.110
and IgG4=0.065, VK247 IgG1=0.234, [gG2=0.337, 1gG3=0.288 and IgG4=0.439 and Ct IgG1=0.161,
IgG2=0.308, [gG3=0.191 and IgG4 = 0.284).

Statistical analysis. Statistical analyzes were done in GraphPad Prism 5.0 for Windows (GraphPad Soft-
ware, Inc.). Normality test were done in all variables using the one-sample Kolmogorov-Smirnoft test. The
Dunn’s test was used to compare Rls of IgG against recombinant PvCSP variants in studied groups. Uncor-
rected Fisher’s plus LSD was done to access the differences in proportions of IgG, IgG subclass. Correlations
between immune response and epidemiological parameters were evaluated by Spearman rank test. A two-sided
p value <0.05 was considered significant.

Ethics approval and consent to participate. Written consent for use of plasma samples and survey data
were obtained in accordance to the revised Declaration of Helsinki. Both collection and consent protocols were
under approval of Fundagao Oswaldo Cruz Ethical Committee and the National Ethical Committee of Brazil
(CEP-FIOCRUZ CAAE 46084015.1.0000.5248).
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RESUMO

A maldria continua sendo um dos principais problemas globais de saide piblica, sendo responsavel pela morte de
409.000 pessoas anualmente, principalmente devido d infecgd@o por Plasmodium falciparum. Assim, o desenvolvimento
de uma vacina tem sido uma das prioridades de pesquisa para o enfrentamento desse problema. Né&o existe vacina
licenciada contra a maldria e, embora mais de 30 antigenos tenham sido identificados como candidatos vacinais,
nenhum deles gerou uma perspectiva sélida de que uma vacina possa estar disponivel nos préoximos anos. Toma-se
fundamental a pesquisa de candidatos vacinais mais imunogénicos, eficazes e seguros. Os primatas neotropicais dos
géneros Saimiri e Aotus s@o os modelos recomendados para estudos experimentais em maldria, visto que podem ser
infectados por plasmédios humanos. O Laboratério de Pesquisa em Maléria (LabMal) da Fundagéo Oswaldo Cruz
estuda os mecanismos de defesa e doenga na maldria e utiliza os modelos Saimiri e Aotus para a avaliagéo pré-clinica
de antigenos candidatos & vacina e estudos de mecanismos de aquisigéo de imunidade e fisiopatogenia da maléria.
Para a realizagéo dos estudos, o LabMal estabeleceu uma parceria com o Centro Nacional de Primatas (CENP) do
Instituto Evandro Chagas, que resultou na ampliagéo das colénias de Saimiri sciureus, colocando o CENP entre as raras
instituigdes no mundo que dispdem desse recurso para pesquisa. O presente trabalho é um refrospecto dos resultados
obtidos durante 25 anos de parceria entre o LabMal e o CENP na utilizagéo de primatas Saimiri e Aotus como modelos
de estudo para pesquisa e desenvolvimento de uma vacina anfimaldrica.

Palavras-chave: Maléria; Plasmodium falciparum; Modelos Animais; Experimentagdo animal; Saimiri; Aotus.

ABSTRACT

Malaria remains a significant public health problem and, responsible for 409,000 deaths annually, mainly due to infection
by Plasmodium falciparum. Thus, the development of an effective vaccine has been a research priority to address the
problem. There is no licensed vaccine, and although more than 30 antigens have been identified as candidates, none
of them has yet generated a solid prospect that an effective vaccine may be available in the coming years. Therefore,
it is essential fo search for new, more immunogenic, more effective and safer vaccine candidates. The neotropical,
non-human primates (NHP) of the genera Saimiri and Aotus are recommended as experimental models for the study of
human malaria because these animals can be infected with the Plasmodium that infect humans. The Laboratory of Malaria
Research (LabMal, Fiocruz) studies the mechanisms of defense and disease in malaria and uses the Saimiri and Aotus
experimental models for preclinical evaluation of antimalarial vaccine candidates and for conducting studies of immunity
acquisition mechanisms and physiopathogenesis of malaria. To carry out the studies, LabMal established a partnership
with the Centro Nacional de Primatas (CENP) of the Instituto Evandro Chagas, which resulted in the expansion of Saimiri
sciureus colonies, placing CENP among the few institutions in the world that have this resource for malaria research. The
present paper is a retrospective of the results obtained during 25 years of partnership between LabMal and CENP in the
use of Saimiri and Aotus as study models for research and development of an antimalarial vaccine.
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INTRODUCAO

A maldria é indiscutivelmente a parasitose mais
importante em humanos ainda nos dias de hoje, e apesar
dos avangos no seu controle, fatores como a demora no
diagnéstico, a resisténcia dos parasitos aos antimaldricos
e a resisténcia do inseto vetor aos inseticidas dificultam
o controle da doenga. Assim, a maldria continua sendo
um dos principais problemas globais de satde piblica,
estando presente em 91 paises das regides tropicais e
subtropicais do mundo, pondo em risco cerca de 61%
da populagéo mundial. Sete espécies de Plasmodium
(Figura 1) causam doengas em humanos: Plasmodium
falciparum, Plasmodium  vivax, Plasmodium ovale,
Plasmodium malariae, Plasmodium knowlesi, Plasmodium
cynomolgi e  Plasmodium  simium.  Globalmente,
P falciparum e P vivax séo responsdveis pela maioria dos
casos'?, Segundo estimativas da Organizagdo Mundial
da Satde (OMS), no ano de 2019, foram registrados

229 milhdes de casos no mundo com 409.000 mortes,

a maioria em criangas menores de 5 anos de idade?.
As mortes por maldria séo, em sua grande maioria, de
individuos que contraem a infecgdo por P falciparum
(99,7%). A infecgdo por P knowlesi resulta em uma
maldria de evolugdo muito rdpida, que pode ser fatal
com bastante frequéncia®*34.

Em 2019, o Brasil registrou cerca de 22% dos casos de
maldria das Américas?, tendo sido notificados 155.638
casos, quase fodos (99,6%) na RegiGo Amazénica, drea
endémica da doenga, que inclui os estados do Acre,
Amapd, Amazonas, Maranhéo, Mato Grosso, Parg,
Rondénia, Roraima e Tocantins. Nos outros estados, os
casos (~0,4% do total) sdo frequentemente importados
da Regido Amazénica ou de outros paises onde ocorre
a transmissd@o. A proporgéo de casos importados/casos
autéctones, em torno de 9/1, diminuiu nos Ultimos anos
depois do aumento da prevaléncia de casos autéctones
de transmissd@o zoondtica de P simium em regides de
Mata Atlantica no sudeste brasileiro’.

Mosquito Mosquito
Anopheles Anopheles )
PELE
Esfégio’ . “‘\'\ Gametécitos
exoeritrocifico o Hepatocito infectado
[ |
FIGADO
Estagio
eritrocitico

Merozoitos I

Eritrécitos

Esquizonle

eritrocitico

Trofozoito
maduro

Trofozoito jovem
(anel)

Fonte: Adaptado de Lima-Junior JC, Pratt-Riccio LR. Major histocompatibility complex and malaria: focus on Plasmodium vivax infection. Front

Immunol. 2016;7:13. Doi: 10.3389 /fimmu.2016.00013.

A infecc@o no homem se inicia quando fémeas do mosquito Anopheles, durante o repasto sanguineo, inoculam na pele os esporozoitos acumulados
em suas glandulas salivares. Essas formas se movem ativamente até encontrarem os vasos linfdticos ou sanguineos, vias pelas quais chegam ao figado,
onde invadem os hepatdcitos, iniciando a fase exoeritrocitica. Os esporozoitas se diferenciam em esquizontes hepaticos com milhares de merozoitos
que sdo liberados na corrente sanguinea e séo capazes de invadir erifrécitos. No ciclo do Plasmodium vivax e do Plasmodium ovale, nem todos os
esporozoitos que infeciam os hepatdcitos entram em processo de esquizogonia. Ao invés disso, eles se desenvolvem em formas hepdticas latentes,
chamadas hipnozoitos, permitindo as recaidas tardias da doenga. A invaséo dos merozoitos nos eritrocitos da inicio ao ciclo eritrocitico da infecgdo,
fase na qual ocorrem os sinftomas clinicos da malaria. Dentro do eritrécito, os merozoitos se diferenciam em frofozoitos jovens e maduros, que se
multiplicam, dando origem a esquizontes replefos de merozoitos sanguineos. Com o amadurecimento do esquizonte, ocorre a lise dos eritrocitos,
liberando os merozoitos sanguineos, que invadirdo novos eritrécitos. Apds alguns ciclos, alguns merozoitos se diferenciam em formas eritrociticas
sexvadas, os gametdcitos femininos (macrogametécitos) e os gametocitos masculinos (microgametécitos), que, ao serem ingeridos por um mosquito
durante um repasto sanguineo, déo inicio ao ciclo esporogénico. Nessa fase, apds subsequentes diferenciagdes celulares, os esporozoitos que se
desenvolvem atingem as glandulas salivares do inseto, possibilitando continuidade do ciclo parasitario.

Figura 1 — Ciclo evolutivo do Plasmodium
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O controle da maléria depende do combate ao
vetor e do diagnéstico e tratamento oportunos?. No
entanto, a eficacia das intervengdes estd sob ameaca
devido a crescente resisténcia dos plasmédios aos
antimaldricos e dos vetores aos inseficidas atualmente
disponiveis, além do surgimento de isolados resistentes
aos derivados de artemisinina®?10.111213  Assim, o
desenvolvimento de uma vacina eficaz contra a maldria
tem sido uma das prioridades de pesquisa para o
enfrenfamento desse problema, e a OMS definiu o
objetivo ambicioso de licenciar uma vacina que seja
pelo menos 75% eficaz contra a maldria clinica até
2030

Né&o existe ainda vacina licenciada disponivel contra
o P falciparum, espécie que estd associada as formas
mais graves e letais da doenga'®'é. Embora mais de 30
antigenos tenham sido identificados como candidatos a
vacina, muitos dos quais j& foram testados em ensaios
pré-clinicos e clinicos até de fase lll, at¢ o momento
nenhum deles gerou a perspectiva sélida de que uma
vacina verdadeiramente eficaz possa estar disponivel
nos préximos anos' 7181920,

1987, a RTS,S/ASO1
avangada vacina contra a maléria por P falciparum
em desenvolvimento. A RTS,S/ASO1
em ensaio clinico de fase lll e, em 2019, comegou
a implementagéo piloto em paises endémicos para
avaliar a seguranga e o impacto na mortalidade
em populagdes de criangas no Gana, Quénia e
Malawi?'22,  Entretanto, em vdrios ensaios clinicos
realizados, a vacina mostrou protegdo parcial em
adultos, criangas e bebés, além de apresentar uma
variagdo preocupante na eficdcia contra a maldria
clinica (12,5% a 86%)%2425262728  Além disso, testes
conduzidos em fase Ill, em sefe paises subsaarianos,
mostraram eficdcia varidvel da vacina em 11 locais
(40-77%)??°. Portanto, ainda é fundamental a pesquisa
de novos candidatos vacinais mais imunogénicos, mais
eficazes e seguros.

Criada em é a mais

estd atualmente

Para se avaliar imunogenicidade, inocuidade e
capacidade protetora de uma candidata vacinal contra
qualquer patégeno humano, é necessaria a utilizagéo
de uma variedade de modelos animais. Em geral, os
primeiros ensaios séo feitos em animais de laboratério
de pequeno porte, como camundongos, rafos e
coelhos, pela facilidade de obtengdo de quantidade
razodvel de espécimes e material biolégico a pregos
acessiveis. Entretanto, resultados obtidos nesses
modelos podem néo refletir a situagdo no homem e
néo s@o, portanto, facilmente extrapoldveis.

Pesquisas envolvendo primatas ndo humanos
(PNH) tém desempenhado um papel critico em
muitos dos avangos médicos e cientificos nas Ultimas
décadas. PNH sé@o usados devido as semelhangas com
os humanos em termos de fisiologia, neuroanatomia,
reprodugéo, desenvolvimento, cognig@o e complexidade
social. Essas semelhangas sugerem que os dados
obtidos em PNH séo mais vdlidos em comparagé@o com
outros modelos3031.3233.34,

Pela sua proximidade filogenética com o homem,
os grandes PNH Hominoidea (chimpanzés, gorilas,
orangotangos e gibdes) seriam os ideais para estudos
pré-clinicos de vacinas®'®. Entretanto, a dificuldade
de obtengéo de tais animais para experimentagdo
se deve ao fato de que eles: 1) estdo em sua maioria
ameagados na natureza; 2) sdo de grande porte e
possuem baixa taxa de fecundidade e longo ciclo
de vida e; 3) tém alio custo de manutengio em
cativeiro, acarretando impedimen’ros vezes
infransponiveis para seu uso experimental. Uma melhor
opgéo seria a utilizagédo de macacos do Velho Mundo,
como o Rhesus (Macaca mulatta), o Cynomolgus
(Macaca nemestrina) ou os macacos verdes africanos
(Cercopithecus aethiops). Todavia, apesar de serem
mais acessiveis que os anteriores, fambém séo animais
de porte e longevidade considerdveis, sendo cara a sua
manutengdo.

muitas

Os primatas do Novo Mundo sGo uma opgdo
bem mais razodvel para estudos vacinais. Em geral,
esses animais sdo de pequeno porte e ndo estdo,
em sua maioria, cmecgudos na natureza. Entre as
espécies utilizadas em pesquisa biomédica, pode-se
citar os dos géneros Aotus (macaco-da-noite),
Saimiri  (macaco-de-cheiro), Cebus (macaco prego)
e variedades de saguis, como o Callithrix jacchus
(mico-estrela).

Os primatas neotropicais dos géneros Saimiri e
Aotus séio os modelos recomendados pela OMS para
estudos experimentais em maldria, especialmente para
estudos vacinais®®*3¢373%. A principal vantagem dos
primatas neotropicais Saimiri e Aofus — animais de
muito menor porte e abundantes na natureza — é que
podem ser infectados, sob determinadas condigdes, por
plasmédios humanos como o P falciparum, o R vivax
e o P malarige. Isso permite a realizagéo de estudos
capazes de trazer informagdes impossiveis de serem
obtidas em outros modelos. Por exemplo, os modelos
de maldria murina utilizam plasmédios préprios de
roedores, com suas caracteristicas especfficas. Assim,
apesar de informativos, esses sistemas estdo muito
distantes do que podem ser as interagdes de um
parasito humano com seu hospedeiro. Desse modo,
a possibilidade de estudar o préprio parasito-alvo em
um animal filogeneticamente préximo ao homem traz
vantagens &bvias. A susceptibilidade & infecgdo por
plasmédios humanos traz outra vantagem aos modelos
Saimiri e Aotus, pois permite que, em ensaios vacinais,
além das avaliagdes cldssicas de imunogenicidade
e inocuidade das formulagdes-teste, seja possivel
verificar a capacidade protetora dos candidatos
vacinais estudados por meio de experimentos de
desafio, o que ndo é o caso em macacos como o
Rhesus, filogeneticamente mais préximo ao homem e
também utilizdvel em estudos de imunogenicidade e
inocuidade. Assim, primatas neotfropicais vém sendo
usados para a avaliagdo de potenciais candidatos
vacinais e para o estudo da fisiopatologia das formas
graves da maldria causada por P, falciparum.
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Embora recomendados pela OMS, esses modelos
também apresentam desvantagens. Uma das principais
limitagdes é a necessidade de esplenectomia para
atingir parasitemias altas e consistentes®. A resposta
imune contra as formas eritrociticas do Plasmodium
é amplamente mediada por células residentes no
bago*®#142 e esse érgdo tem papel importante na
resposta durante a infecgéo. Portanto, a
esplenectomia cirrgica radical representa uma forte
limitagdo para o teste de vacinas contra a maldria,
i@ que as proprias respostas imunolégicas que as
vacinas pretendem provocar podem ser afetadas pela

imune

intervengdo.

O Laboratério de Pesquisa em Maldria (LabMal)
do Instituto Oswaldo Cruz, Fundagdo Oswaldo Cruz
(Fiocruz, Rio de Janeiro, RJ), estuda, desde 1984,
os mecanismos de defesa e doenga na maldrig,
trabalhando na avaliagéo de vacinas antimaldricas em
primatas ndo humanos desde 1997. O LabMal tem
inferesse na exploragdo dos modelos Saimiri e Aotus
ndo apenas para avaliagido pré-clinica de antigenos
candidatos & vacina antimaldrica, mas também para
a condugdo de estudos de mecanismos de aquisigéo
de imunidade e de fisiopatogenia da maldria. Para a
realizagio dos estudos, o LabMal estabeleceu uma
parceria com o Centro Nacional de Primatas (CENP),
Instituto  Evandro  Chagas (IEC, Ananindeua, Pard),
que resultou, como desdobramento dos projetos,
na ampliagdo das colénias de Saimiri sciureus,
colocando o CENP juntamente com o Departamento
de Primatologia do Instituto de Ciéncia e Tecnologia
em Biomodelos (ICTB, Fiocruz, Rio de Janeiro, RJ),
entre as raras instituigdes no mundo que dispdem desse
recurso em quantidade e qualidade necessaria para
apoiar a pesquisa em maldria. A ampliagéo da colénia
se operacionalizou & custa de capturas realizadas em
parceria entre técnicos da Fiocruz, CENP e Instituto
Brasileiro do Meio Ambiente e dos Recursos Naturais

Renovaveis. No ICTB, a extens@o da colénia deveu-se,
sobretudo, & cesséo de mais de duas centenas de
primatas neotfropicais da espécie S. sciureus pelo Institut
Pasteur de Cayenne (Guiana Francesa).

No presente trabalho, foram descritos os resultados
obtidos durante 25 anos de colaboragdo entre o
LabMal e o CENP na utilizagio de PNH dos géneros
como modelos de estudo para
a pesquisa e o desenvolvimento de uma vacina
antimaldrica humana.

Saimiri e Aotus

DESCRICAO DA SUSCEPTIBILIDADE DE MACACOS
AOTUS INFULATUS A INFECCAO PELO P
FALCIPARUM

A espécie Aofus griseimembra, do nore da
Colémbia, é altamente susceptivel a infecgdo por
Plasmodium nos estdgios esporozoito e eritrocitdrio***+;
porém, a dificuldade na sua obtengéo tem levado a
avaliagdo de outras espécies do género Aofus como
modelos alternativos para  estudos  experimentais
em maldria humana. Assim, o LabMal avaliou a
susceptibilidade dos primatas neotropicais A. infulatus,
abundantes na Amazénia brasileira, & infecgéo
experimental por P falciparum.

Cinco macacos Aotus (dois esplenectomizados e
trés intactos), foram inoculados com 10° hemdcias
parasitadas por PR falciparum (Pthp) cepa FVO
provenientes de um Aotus doador infectado. Tanto os
Aotus esplenectomizados quanto os intactos apresentaram
parasitos no sangue a partir do dia trés ou quatro. A
parasitemia subiu nos dois grupos de modo semelhante
nos primeiros dias até atingir valores préximos a 1%
no dia sefe (Figura 2), mostrando que tanto os animais
intactos quanto os esplenectomizados foram susceptiveis
a infecgdo por P falciparum e podem representar um
modelo altemativo para estudos experimentais em
maldria®®.

100
./'_—./. —e— AH-ADB
10 —o— AH-ADW
e —a— AH-AFJ
E 1
g —a— AH-AGS
8
8 01 —a— AH-ACZ
R /
0,01 .///
0,001 -

12 3 45 6 7 8 9

10 11

12 13 14 15 16 17 18 19 20

Dias pés-infecgdo

Os macacos foram inoculados com 1x10% de hemdcias parasitadas por P, falciparum cepa FVO. Esplenectomizados: AH-ADB e AH-ADW;

Intactos: AH-AFJ, AH-AGS e AH-ACZ.

Figura 2 — Curso de parasitemia em A. infulatus esplenectomizados ou intactos
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Outro dado importante foi a observagio de
que os animais esplenectomizados ndo foram
capazes de confrolar o crescimento do parasito,
desenvolvendo uma alta parasitemia, sendo necessdrio
o fratamento com mefloquina. Por outro lado, os
animais ndo esplenectomizados conseguiram manter
a parasitemia em niveis mais baixos por longos
periodos, mas desenvolveram uma anemia grave*,
O desenvolvimento dessa complicagéo, que j& foi
descrita para outras espécies de Aoftus durante a
infecgiio por P falciparum¥484°, faz de A. infulatus
um modelo potencial ndo sé para ensaios vacinais,
mas fambém para estudos da patogenia da anemia
grave. Entretanto, esse experimenfo utilizou um
nimero restrito de animais, néo permitindo conclusées
definitivas. Assim, o LabMal avaliou o curso de
infecgo em A. infulatus por formas sanguineas
de P falciparum, utilizando diferentes inéculos, em
um ndmero maior de animais, e a frequéncia de
acometimento de animais por anemia grave decorrente
dessa infecg@o*®*. Quatorze macacos A. infulatus
(quatro  esplenectomizados e 10 intactos) foram
inoculados com Pthp cepa FVO proveniente de um
Aotus doador infectado. O grupo de 10 animais
infactos foi dividido em dois subgrupos de cinco
animais cada e inoculados com 50.000 ou 500.000
Pfhp. Os animais esplenectomizados receberam
um inéculo de 50.000 Pfhp. Os Aofus intactos,
tanto os que receberam o indculo de 50.000 Pfhp
quanto os que receberam o inéculo de 500.000
Pfhp, mostraram um padréo similar de crescimento
parasitario (Figura 3A). Apesar dos animais terem
conseguido contfrolar a parasitemia, nove dos 10
macacos apresentaram redugéo de 45 a 72% no valor
do hematécrito (Figura 3B). Trés dos quatro Aofus
esplenectomizados inoculados com 50.000 Pfhp néo
conseguiram contfrolar a parasitemia (Figura 3A) e
apresentaram uma queda de mais de 50% nos valores
do hematécrito inicial (Figura 3B).

Depois de avaliar os evenfos resultantes de uma
infecgio primdria, procurou-se avaliar também as
caracteristicas de infecgdes secunddrias. Assim, trés
meses apds o tratamento da primeira infecgdo,
todos os animais receberam 10° Pfhp. Justifica-se
o inéculo elevado ao se considerar que os animais
estariam semi-imunes e poderiam estar resistenfes
a essa infecgdo secunddria. Duas inoculagdes
posteriores com um inéculo menor (10° Pfhp) foram
efetuadas quatro e dois meses apds a segunda e a
terceira  inoculagdes, respectivamente. Objetivou-se
assim reforcar a imunidade dos animais ao
parasito (uma vez que os animais se mostraram
bastante resistentes j@ na segunda inoculag@o) para
posterior obteng@io de soro hiperimune para ensaios
imunolégicos. Os Aofus intactos submetidos a infecgdes
repetidas com parasitos homélogos tornaram-se
rapidamente e progressivamente resistentes & infecg@o
e ao desenvolvimento de anemia grave.

Esses dados mostram que o primata neotropical
A. infulafus é susceptivel ao desenvolvimento de
anemia grave devido & infecgdo por P falciparum,
de forma independente da presenga do bago ou da
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parasitemia, tfornando-os bons modelos de estudos
experimentais em maldria humana, especialmente no
que diz respeifo a patogénese de anemia grave*#650,

DESENVOLVIMENTO E VALIDACAO , DE
FERRAMENTAS MOLECULARES PARA ANALISE
DA RESPOSTA IMUNE DE PRIMATAS AOTUS E
SAIMIRI

Apesar de Aofus e Saimiri serem os modelos mais
adequados para estudos em maldria, a caréncia de
reagentes comerciais especificos dificulta a avaliagéo
da resposta imune em ensaios pré-clinicos vacinais
e o estudo de patogenia da maldria, representando
uma desvantagem importante na utilizagdo desses
modelos. O grupo do LabMal produziu reagentes
especificos para andlise da resposta humoral,
que aumentou enormemente a sensibilidade das
medidas realizadas com ensaios de ELISA e de
imunofluorescéncia com soro de Saimiri e Aotus®'.
Com a obtfengdo de reagentes especificos para andlise
de resposta humoral, decidiu-se que uma abordagem
semelhante poderia ser aplicada ao desenvolvimento
de reagentes para andlise de resposta celular nesses
modelos, uma vez que isso permitiia uma avaliagéo
mais refinada das respostas imunes nesses animais.

Dessa forma, o LabMal se propds a desenvolver
ferramentas moleculares especificas das espécies Saimiri
e Aotus e utilizd-las para avaliar a expresséo génica
de moléculas relacionadas & resposta imune, tais
como citocinas, quimiocinas, marcadores de ativagdo,
diferenciagio e morte celular A disponibilizagéo
dessas ferramentas permite uma avaliagdo mais
aprofundada da resposta imune durante imunizagdes
e infecgdes maldricas experimentais utilizando essas
espécies como modelos. E poderd permitir ainda a
identificagéio e a caracterizagiio de processos imunes
durante a infecg@io, por exemplo, de mecanismos
que levam & desestruturago de érgéos linfoides com
intensa ativagéo, proliferagéo e morte celular e pouca
diferenciagé@o, fenémenos que podem contribuir para
a baixa eficdcia da resposta imune na maldria. O
conhecimento mais aprofundado desses fenémenos em
modelos que refletem melhor a infecgdo humana
poderd gerar informagdes cruciais para a compreenséo
dos mecanismos de imunopatogenia da maldria
humana.

Para isso, um painel de 31 moléculas do sistema
imune, enfre cifocinas, quimiocinas, marcadores de
afivagéo celular e de apoptose, foi selecionado:
[FNy, TNF LTA, IL-2, IL-6, IL-10, IL-12, IL-3, IL-4, IL-5,
IL-8, IL-13, IL-17, IL-18, IL-27, CCL1, CCL2, CCRS,
CCR4, CCR5, CCR8, CSF2, CD40, FAS, STAT4, MIF,
EPO, TGFB, TNFRSF1A, BAX e AID2. As sequéncias
dos genes humanos comrespondentes  serviram
como molde para o desenho de primers usados na
amplificagéio e no sequenciamento de DNA gendmico
de Saimiri e Aotus. As sequéncias, entdo obtidas,
foram usadas como moldes para desenhar primers
especificos para o estudo da expressdo génica por
meio de reagdo em cadeia da polimerase (PCR) em
tempo real quantitativa (PCR-TRq). Posteriormente,
células mononucleares do sangue periférico (PBMC)



de Aotus e Saimiri foram purificadas e cultivadas
para avaliagdo de cinética e de expressdo génica
sob estimulagdo mitogénica (entre 2 e 18 h). Foram
realizadas a extragdo de RNA e a sintese de cDNA,
que foi usado como molde para as reagdes de
PCRTRq, utilizando-se os iniciadores baseados nas
sequéncias das duas espécies de macacos. Apds a
escolha do melhor tempo de expressdo (6 h), foi
realizado o experimento de infecgdo em macacos
Saimiri e a andlise da expressdo de citocinas em
esplendcitos  de  macacos  primo-infectados  sob
estimulos mitogénico e antigénico. Dos 31 pares
de primers desenhados a partir de genes humanos,
17 foram capazes de amplificar e sequenciar o
fragmento génico correspondente em  Saimiri e
Aotus. As 17 sequéncias obtidas foram comparadas
com as sequéncias humanas e de outros primatas
n&o-humanos (Tabela 1). Em alguns casos, graus muito
elevados de identidade entre as sequéncias humana
e de Saimiri e Aotus foram observados (acima de
97%), como TGFB e BAX, enquanto outras como IL-3
apresentaram baixa identidade (82%). Esses dados
mostram que, inicialmente, as sequéncias humanas
podem ser usadas como molde para o desenho de
primers empregados na amplificagéo e sequenciamento
de genes de macacos Saimiri e Aotus. Entretanto,
apesar da estreita relagdo filogenética existente
entre Aotus, Saimiri, outros primatas néo-humanos
e humanos, as diferengas gendmicas existentes sédo
suficientes para restringir ou mesmo impedir o uso
de iniciadores baseados em sequéncias humanas e
justificam o esforgo de desenvolvimento de ferramentas
especificas para os primatas neotropicais. Com base
nos dados de sequéncia obtidos, foram desenhados
pares de iniciadores para PCR-TRq para sete das
17 sequéncias obtidas (IFN-y, IL-12, TNF IL-2, IL-6,
IL-10 e LTA). Para validar os iniciadores de PCR-TRq
e testar o efeito da ativagdo celular sobre a indugdo
da transcrigio desses genes, PBMC de Saimiri
foram cultivadas em presenga ou ndo de mitbégenos
(ionomicina/fitohemaglutinina - PMA) durante 2, 4, 6,
8, 12 e 18 h. Os primers detectaram a presenga de
transcritos em células estimuladas j@ com 2 h de cultivo
celular e que os melhores tempos para defecgéo de
transcritos ocorreram entre 6 e 12 h (Figura 4).

De posse de pares de iniciadores funcionais em
PCRTRq, realizou-se um experimento de infecgdo
de seis S. sciureus infactos por formas de estdgio
sanguineo de P falciparum. Péde-se observar que o
modelo de infecg@o de animais néo esplenectomizados
com a cepa FUP de P falciparum foi vidvel para
indugéo de parasitemias consistentes, que alcangaram
cerca de 10% com nove a 13 dias de infecgdo
(Figura 5A). Os animais apresenfaram uma queda
brusca de hematécrito, quadro de anemia grave
idéntico ao da maléria humana (Figura 5B). Para a
realizagéo do experimento de infecgéo, foram usados
seis animais intactos, os quais foram esplenectomizados
somente sefe, 14 ou 28 dias apés a infecgdo. Em todos
os casos, foram feitas paralelamente a esplenectomia
e a separagdo de esplenécitos de um animal-controle.
As células esplénicas (2x10¢  células/ml) foram

Tabela 1 — Grau de identidade encontrado entre os
primatas Aotus e Saimiri, outros primatas
nd@o-humanos e o homem

Grau de identidade de sequéncia entre espécies

Gene
A. infulatus S. sciureus
BAX Homem 98,0 98,5
CCR5 S. sciureus NS 98,0
A. trivirgatus - 95,5
Homem - 94,0
CCR8 Homem 93,1 94,1
CD40 Homem 91,0 91,0
CSF2 Homem 91,1 89,0
IFN-y A. lemurinus 99,0 98,0
A. nancymaae 97,2 96,4
A. nigriceps 99,2 98,4
A. vociferans 99,0 98,0
S. sciureus 98,4 99,2
Homem 92,8 92,0
IL-2 A. lemurinus 99,0 99,4
A. nancymaae 99,0 99,4
A. nigriceps 99,0 99,4
A. vociferans 99,0 99,4
S. sciureus 98,4 99,0
Homem 93,4 92,0
IL-3 S. sciureus 94,3 =
M. mullata 86,7 84,3
P troglodytes 83,6 82,0
Homem 84,0 83,0
IL-4 S. sciureus 92,7
M. radiate 93,5 93,5
P papio 88,5 88,5
P pygmaeus 90,1 90,2
P troglodytes 88,5 89,0
G. gorilla 89,5 90,1
Homem 90,1 90,2
IL-5 S. sciureus 96,4 NS
Homem 95,2 -
IL-10 S. sciureus NS 97,3
A. lemurinus - 94,4
A. nancymaae - 92,1
A. nigriceps - 94,4
A. vociferans = 94,4
Homem - 89,2
IL-12B P anubis 90,1 90,1
C. torquatus 89,3 90,1
M. mullata 90,1 90,1
P troglodytes 88,8 91,0
Homem 90,6 92,3
IL-13 Homem 95,7 94,3
TGFB2  Homem 98,0 97,4
TNF S. sciureus 95,0 99,4
Homem 92,4 89,2

NS: Néo sequenciado. Sinal convencional utilizado: — Dado numérico
igual a zero, ndo resultante de arredondamento.
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Figura 4 — Cinética de expressdo génica de IFNy, IL-10, IL-2, IL-12 e TNF em células
mononucleares do sangue periférico (PBMC) de S. sciureus cultivadas por 2, 4, 6,
8, 12 e 18 h, sob estimulagdo dos mitégenos ionomicina/fitohemaglutinina

A 100

10 A

= infectado 1

e infectado 2

s infectado 3

Parasitemia %
-

e infectado 4

01 / e infectado 5

e infectado 6

0,01 . . . )
d2 dé do d13

Dias pés-infecgdo

45

01—\
35 \

infectado 1
¥ 30 — infactado 2
:g \ / infectado
3 25
5 \A_\ e infectado 3
::g e WV/ ——— infectado 4
infectado
15 —t
10 s infectado 5
5 infectado 6
0 T T T T T 1

do dé d9 di3 di6 d23
Dias pés-infecgao
Os animais infectados 1 e 2 foram esplenectomizados com sete dias de infecgdo, os 3 e 4 foram
esplenectomizados com 14 dias de infecgéo e os infectados 5 e 6 foram esplenectomizados com 28 dias
de infecgdio.
Figura 5 — Cinética de parasitemia (A) e do hematécrito (B) nos S. sciureus ndo-
esplenectomizados apés a infecgdo com 5x107 hemdcias parasitadas/ml pela cepa

FUP de P, falciparum
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cultivadas in vitro sob as seguintes condigdes: i) em realizadas a extragéo de RNA, a sintese de cDNA e as
presenca de hemdcias infectadas por R falciparum reagdes de PCR-TRq para a defecgéo de IFNy, IL-2, IL-6,
cultivadas in vitro; ii) parasitos livres de P falciparum; IL-10, IL-12B, LTA e TNFE Os transcritos de beta actina
iii) antigenos extraidos de P falciparum; e iv) hemdcias  (B-actina) foram usados como controle-interno das

humanas normais. Apés 6 h de cultivo celular, foram reagdes (controle endégeno).

Fotos: Leonardo José de Moura Carvalho.
As esplenectomias foram realizadas nos dias sete, 14 ou 28 apds a infecgéo sanguinea. Cortes (5pum) foram realizados, corados com Giemsa e
analisados ao microscopio de luz. A: Arquitetura esplénica de animal-controle néo-infectado mostrando polpa vermelha (PV) e polpa branca (PB)
com aspectos normais. B: Organizagéo da arquitetura da polpa branca do bago de animal-controle néo-infectado mostrando foliculo de células
B (Fc), zona do manto (Mi) e zona marginal (ZM). C: Bago de animal infectado esplenectomizado sete dias apds a infecgéo sanguinea mostrando
centro germinal (CG) aumentado de tamanho delimitado por uma zona do manto escura (Mi) e uma delgada zona marginal (ZM). Na polpa
vermelha, pode-se observar deposigdo de grumos de cor marrom, sugestivos de hemozoina (seta). D: No dia sete, a polpa branca apresentou
intensa ativagdo celular evidenciada por focos de ocorréncia de mitoses dentro do centro germinal (setas). E: No dia 14, foi observado aumento
do tamanho da polpa branca com evidente perda dos limites com a zona do manto. F: No dia 14, foi observada também uma intensa drea de
congestéo de erifrécitos (asterisco). G: No dia 14, a zona do manto j& ndo era mais evidenciada na polpa branca, ocorrev um aumento de focos
de células em diviséo celular com presenga de muitos centroblastos (setas), e néo se pode mais evidenciar um centro germinativo. H: No dia 28,
a polpa branca (PB) ocupou quase que a totalidade do estroma esplénico e ocorreu intensa deposigdo de grumos de coloragéo marrom na polpa
vermelha, sugestivos de hemozoina (setas). I: No dia 28, observou-se um principio de recuperagéo da arquitetura normal do bago, mas ainda
com uma definigéo imprecisa entre as zonas da polpa branca. J: No dia 28, observou-se congestdo infensa da polpa esplénica vermelha com
extensa acumulagdo de pigmentos sugestivos de hemozoina (setas).

Figura 6 — Andlise histopatolégica do bago de animais S. sciureus infectados com 5x107 hemdcias parasitadas pela cepa FUP de
P falciparum e do bago de animal-controle néo-infectado
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A andlise de expressio das moléculas
esplenécitos de Saimiri infectados evidenciou uma forte
reagé@o inflamatéria, mediada principalmente por IFNy,
com sete dias de infecgdo, quando j& se observava uma
desestruturag@o da arquitetura normal do bago. Com 28
dias, houve uma diminvigdo da expressdo desses genes
que coincidiu com uma reestruturagéo da arquitetura
esplénica, que se apresenfava ainda com regides de
congest@o da microcirculagéo e importante deposigéo
de hemozoina® (Figura 6). Esses dados corroboram os
obtidos em humanos, nos quais demonstrou-se que uma
forte reag@o inflamatéria durante os estdgios iniciais
de infecgdo é seguida por uma inibigdo tardia dessa
resposta, o que corresponde ao padrdo de resposta
imune imporfante para o confrole do crescimento do
parasifo e consequente redugdo das complicagdes
associadas & imunopatogenia®®34.

em

AVALIACAO DA IMUNOGENICIDADE E DA
EFICACIA VACINAL DAS PROTEINAS MSP-3
E GLURP DE R FALCIPARUM NOS PRIMATAS
NEOTROPICAIS S. SCIUREUS E A. INFULATUS

A proteina 3 da superficie de merozoita (MSP-3) e
a protfeina rica em glutamato (GLURP) séo candidatas
a enfrar na composigdo de uma vacina antimaldrica,
com base em dados experimentais e epidemiolégicos
sélidos. Essas proteinas séo capazes de induzir altos titulos
de anticorpos especificos, que estdo correlacionados
com diversos graus de protegéo clinica de individuos
residentes em dreas endémicas, profegdo confra alta
parasitemia e contra a doenga. Tais correlagées, assim
como a capacidade de anticorpos isolados de individuos
imunes inibirem o crescimento do parasito in vifro,
também foram observadas na Amazdnia brasileira®.
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Figura 7 — Curso de parasitemia (A) e fitulos de anticorpos anti-MSP-3 C-terminal (ELISA) (B) e
anti-parasito (IFl) (C) em macacos S. sciureus, imunizados com MSP-3 C-terminal (Saimiri 124,
G1 e H5) ou confroles ndo imunizados (Saimiri 41, H13 e H17), inoculados com 50.000

hemdcias parasitadas por P falciparum
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Diante disso, o LlabMal se propés a avaliar a
imunogenicidade e a capacidade de indugdo de
imunidade  protetora  desses antigenos  utilizando
primatas neotfropicais S. sciureus e A. infulafus. A
avaliagéo consistiv em verificar se os antigenos-teste,
em associagdo com diferentes adjuvantes, eram
imunogénicos e capazes de induzir protegéo, e estudar
o grau de semelhanga entre a resposta imune gerada
e aquela observada no homem, no que se refere ao
reconhecimenfo dos antigenos e aos mecanismos de
profeg@o envolvidos®47,

Quatro construgdes derivadas de MSP-3 e uma de
GLURP foram avaliadas. As construgdes derivadas da
MSP-3 foram as proteinas recombinantes DG210 e
MSP-3 C-terminal e os peptideos sintéticos MSP-3b e
MSP-3 TLP (irés long peptide — peptideo muito longo),
em combinagdo com cinco adjuvantes diferentes (ribi,
IFA, SBAS2, Montanide ISA 720 e PMC), além de uma
construgdo MSP-3 MAP (multiple antigen peptide —
antigeno multipeptidico). Com relagdo & GLURE uma
Unica combinagéo consistiu na proteina recombinante
RO associada ao adjuvante hidréxido de aluminio (alum).

Os dados mostraram que a imunogenicidade da
MSP-3 dependeu tfanto da proteina ou do peptideo
utilizado quanto do adjuvante. As formulagdes
MSP-3b-IFA, DG210-IFA, MSP-3 C-terminal-SBAS2 e

>

RO-alum

nodelos de nrimatas neotronicais nara nesavisa em maldria

MSP-3 C-terminal-Montanide ISA 720 foram testadas
em S. sciureus e se mostraram imunogénicas; as
formulagées MSP-3 TLP-SBAS2 e MSP-3 TLP-PMC foram
testadas em S. sciureus e A. infulatus e se mostraram
imunogénicas para ambas as espécies. Entretanto, a
formulag@o MSP-3 C-terminal-SBAS2 foi a mais eficaz
em induzir imunidade protfefora contra o desafio por
P falciparum em S. sciureus, existindo uma correlagéo
enfre a resposta imune dos animais imunizados e
a protegd@o contra a infecgéo, visto que os soros dos
animais protegidos apresentaram titulos mais altos de
anticorpos contra o parasito do que os néo protegidos

(Figura 7).

A formulag@o RO-alum foi testada em S. sciureus e
A. infulatus e se mostrou imunogénica em ambas as
espécies, sendo capaz de induzir imunidade protetora
contra o desafio em um Saimiri que apresentou titulo
elevado de anficorpos contra o parasito®. A protegéo
foi correlacionada com a resposta imune apresentada
por esse Saimiri em comparagdo com os Saimiri ndo
protegidos. Esse animal protegido apresentou baixas
parasitemias e altos titulos de anticorpos contra RO e
contra o parasito (Figura 8). Além disso, a protegéo
estava relacionada com o amplo reconhecimento da
proteina nativa e com o amplo perfil de reconhecimento
epitopico da profeina imunizante.
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Figura 8 — Curso de parasitemia (A) e titulos de anticorpos anti-RO (B) e anti-parasito (C) em
S. sciureus protegido (AT-AAC) e ndo-protegidos (AT-AEK e AT-AEL) imunizados com RO-alum
e inoculados com 5.000 hemdcias parasitadas por P, falciparum
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Foram realizados experimentos de inibigdo celular
dependente de anticorpo (ADCI), com soros de animais
imunizados, soros imunes (pools e soros individuais),
imunoglobulinas (lg) purificadas a partir de um pool
de soros imunes (PIS) e de um pool de soros normais
(SNS), e anticorpos anti-MSP-3b e anti-RO purificados
a partir da Ig imune®. Os dados mostraram que soros
e anticorpos anti-MSP-3 purificados de Saimiri imunes
possuem um forte poder inibidor do crescimento do
parasito, sendo capazes de elimind-lo na presenga
ou ndo de mondcitos. Entre os animais imunizados,
ndo houve correlago entre protecdo e capacidade
de inibigdo do crescimento do parasito in Vvifro
(Figura 9). Em conjunto, esses dados mostraram que o
mecanismo de agdo inibitéria do crescimento in vitro
de P falciparum dos anticorpos anti-MSP-3 e anti-RO

cooperagdo com mondcitos, ao confrario do
mecanismo de ADCI descrito na resposta imune em
humanos imunes®®5. Né&o estd excluido, entretanto,

que tal mecanismo também opere no modelo simiano.

de formulagdes
testadas, as que se apresenfaram mais imunogénicas

Considerando  que, todas as
e capazes de induzir protegio parcial em Saimiri
foram a proteina recombinante MSP-3 C-ferminal
em associagdo com o adjuvante ASO2 e a regido
RO da GLURP em associagio com o alume, o
LabMal avaliou a imunogenicidade e a eficacia de
uma proteina recombinante hibrida GLURP/MSP-3%2.
Essa proteina hibrida, que contém as regides
C-erminal da MSP-3 e RO da GLURP foi expressa

em Llactococcus lactis e formulada com trés diferentes

de S. sciureus pode ndo envolver necessariamente  adjuvantes, alum, Montanide ISA 720 e Freund.
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A: AT-AAH: S. sciureus imunizado com RO-alum (pré-desafio); AT-AAM até AT-AAV: S. sciureus imunizados com DG210-
IFA (pré-desafio); B: PIS e SHI: soros imunes de S. sciureus; 41, H13 e H17: soros de S. sciureus ndo imunizados; 124,
G1, H5, AT-AET e AT-AFN: soros de S. sciureus imunizados com MSP-3 C-terminal-SBAS2 (pré-desafio); AT-ACQ e AT-
AFC: soros de S. sciureus imunizados com DG210-IFA (pre-desafio); AT-AAT, AT-AAH, AT-AHZ, AT-AEK, AT-AEL e AT-AAC:

soros de S. sciureus imunizados com RO-alum.

Figura 9 — Efeito de soros ou imunoglobulinas de macacos S. sciureus tornados imunes por repetidas
infecgdes por P falciparum ou imunizados com MSP-3 ou GLURP sobre o crescimento in vitro de
P falciparum, na presenga de monécitos (ensaio de ADCI) ou ndo
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Vinte macacos Saimiri foram imunizados com as
diferentes formulagées e desafiados com 50.000
Pthp. Os dados mostraram que as frés formulagdes
testadas foram imunogénicas e que, na maioria
dos casos, duas doses eram suficientes para
elicitar altos niveis de anticorpos. A formulagéo
GLURP/MSP-3-Freund induziu titulos mais altos de
anticorpos, enquanto a formulagdo GLURP/MSP-3-alum
induziu os titulos mais baixos de anticorpos. Com a
formulagdo GLURP/MSP-3-Montanide ISA 720, os
titulos de anticorpos variaram (Figura 10), com dois
animais apresentando altos fitulos de anticorpos e trés
apresentando baixos fitulos de anticorpos. Titulos de
anticorpos foram maiores para a proteina GLURP que
para MSP-3 (Figura 11), e, de uma maneira geral, os
titulos de anticorpos para as proteinas individuais foram
mais baixos do que os fitulos de anticorpos para a

proteina hibrida GLURP/MSP-3.

Apds o desafio, os cinco Saimiri imunizados com
GLURP/MSP-3-alume apresentaram um répido aumento
na parasitemia. Os dois Saimiri imunizados com
GLURP/MSP-3-Montanide ISA 720 que apresentaram
altos titulos de antficorpos tfiveram um retardo no
aparecimento da parasitemia. No grupo de animais
imunizados com GLURP/MSP-3-Freund, a parasitemia
permaneceu baixa em um dos cinco animais e outros
trés desenvolveram uma parasitemia relativamente
alta, mas foram capazes de manté-la abaixo de 10%
por varios dias (Figura 12). Quando os animais foram
reagrupados de acordo com o resultado obtido nos
experimenfos de desafio (nenhuma profegdo versus
protegéo parcial ou protegéo total), foi observada uma
associagéo estatisticamente significativa entre altos
titulos de anticorpos e protegéo. Em conjunto, os dados
mostraram que GLURP e MSP-3 sé@o capazes de induzir
protegdo contra a infecgao*>52%3,
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Figura 10 — Evolugéo dos titulos de anticorpos anti-GLURP/MSP-3 hibrida (em ELISA) em S. sciureus

imunizados com a proteina hibrida
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Figura 11 - Titulos de anticorpos anti-MSP-3 C-terminal, anti-GLURP/RO e anti-sobrenadante de cultura
de Lactococcus (controle) em S. sciureus imunizados com a proteina hibrida GLURP/MSP-3

CONCLUSAO

Em suma, os dados relacionados no presente
trabalho, frutos da parceria entre o LabMal e o CENP
mostraram que os primatas neotropicais A. infulatus,
esplenectomizados ou ndo, sd@o susceptiveis & infecgdo
experimental por P falciparum, representando um
modelo experimental indicado para ensaios vacinais de
antigenos plasmodiais. Adicionalmente, os A. infulatus
s@o susceptiveis ao desenvolvimento de anemia grave,
tornando-os bons modelos de estudos experimentais
em maldria humana, também no que diz respeito a
patogénese de anemia grave.

Apesar de, inicialmente, as sequéncias humanas
servirem como molde para o desenho de iniciadores
empregados na amplificagio e sequenciamento de
genes de macacos Saimiri e Aofus, as diferengas
genémicas existentes entre humanos, Saimiri e Aotus
sdo suficientes para coibir ou inibir o uso de iniciadores
baseados em sequéncias humanas, sendo, portanto,
necessdrio o desenvolvimento de ferramentas especificas
para primatas neotropicais. O desenvolvimento de uma
PCR em tempo real, utilizando iniciadores especificos
para primatas neotropicais, permitiv a andlise de vdarias
citocinas alteradas durante a infecgdo por maldria, e
essa técnica é considerada a melhor ferramenta para
avaliagéo da resposta imune celular em S. sciureus.
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A imunizagdo de primatas Saimiri e Aofus com
quatro construgdes derivadas da proteina MSP-3 e uma
da proteina GLURP com diferentes adjuvantes (Ribi, IFA,
SBAS2, Montanide ISA 720 e PMC) mostrou que as
formulagdes MSP-3 C-terminal-SBAS2 e RO-alum foram
imunogénicas e capazes de induzir imunidade protetora
contra o desafio por P falciparum. A imunizag@o induziu
a produgdo de anficorpos capazes ndo apenas de
inibir o crescimento, mas de eliminar os parasitos, na
presenga ou ndo de mondcitos.
imunizagdo de macacos Saimiri
com uma proteina recombinante hibrida contendo as
regides C-terminal da MSP-3 e RO da GLURP expressa
em Lacfococcus lactis e formulada com trés diferentes
Montanide ISA 720 e Freund)

mosfrou que as trés formulagdes sdo imunogénicas

Finalmente, a

adjuvantes  (alum,

e capazes de induzir a formagdo de anticorpos
protetores.

Em conjunto, os dados obtidos no LabMal, em
uma colaboragio de cerca de 25 anos com o
CENP/IEC, mostram que os antigenos GLURP e MSP-3
sdo capazes de induzir protegiio contra a infecgéo
plasmodial e que os modelos A. infulatus/P falciparum
e S

para ensaios

sciureus/P. falciparum sdo boas alternativas

vacinais de antigenos plasmodiais.
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Figura 12 — Curso de parasitemia em S. sciureus imunizados com GLURP/MSP-3 hibrida e com
sobrenadante de cultura de Lactococcus (controle) e inoculados com 50.000 hemdacias

parasitadas por P, falciparum

Entretanto, apesar de serem os melhores modelos para
a avaliagdo de vacinas antimaldricas, existem pontos a
serem melhorados na sua utilizagéo.
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In the present study, we investigated the genetic diversity of Plasmodium vivax metacaspase 1 (PvMCAL) catalytic domain in
two municipalities of the main malaria hotspot in Brazil, i.e., the Jurua Valley, and observed complete sequence identity among
all P. vivax field isolates and the Sal-1 reference strain. Analysis of PYMCALI catalytic domain in different P. vivax genomic
sequences publicly available also revealed a high degree of conservation worldwide, with very few amino acid substitutions
that were not related to putative histidine and cysteine catalytic residues, whose involvement with the active site of protease was
herein predicted by molecular modeling. The genetic conservation presented by PYMCAI may contribute to its eligibility as a

druggable target candidate in vivax malaria.
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The emergence and spread of drug-resistant para-
sites constitute major obstacles to malaria control in the
world,® where Plasmodium falciparum and P. vivax are
the most important species causing malaria.® Through-
out the history of antimalarial therapy, P. falciparum has
been notorious for its capacity to develop resistance to
diverse antimalarial drugs, including chloroquine, sulfa-
doxine/pyrimethamine and, more recently, artemisinin
in Southeast Asia.**? Nevertheless, emergence of drug-
resistant P. vivax has also been documented since the
late 1980s in Papua New Guinea and,*? currently, thera-
peutic failure of chloroquine, which combined with pri-
maquine comprise the first-line treatment for vivax ma-
laria, is reported in many vivax-endemic countries,©”
while the magnitude of primaquine tolerance remains
largely unknown.® These facts highlight the urgent need
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for the development of novel compounds targeting plas-
modial molecular pathways with mechanisms of action
different from the classical antimalarial drugs.

In this scenario, proteases playing significant roles
in parasite survival have been for long time considered
molecular targets for antimalarial drug development
and,®!% more recently, members of metacaspase family,
whose activity was already suggested to be implicated
in both growth and cell death of Plasmodium and other
protozoan parasites, have emerged as novel candidates.
(L) Metacaspases are cysteine proteases belonging to
the C14 family that are found in genome of protists, fun-
gi, algae and plants. They present structural similarity
to metazoan caspases, both having a conserved His-Cys
catalytic dyad in the large (p20) domain, but different
substrate specificity.*? In Plasmodium genomes, three
metacaspases (MCAI1-3) occur®™ and a study performed
with field isolates from Mauritania, Sudan and Oman
showed that P. vivax metacaspase 1 (PYMCAL) can pres-
ent single nucleotide polymorphisms in the putative His-
Cys catalytic residues,*” which in some extent can be a
factor limiting the eligibility of PvMCA1 as a novel drug
target for vivax malaria. In the present study, therefore,
we investigated the genetic diversity of the PvMCAL
catalytic domain in a P. vivax population from the main
malaria hotspot in Brazil - a country where this plasmo-
dial species is highly prevalent (~90%).29
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Study area and sample collection - P. vivax parasite
isolates were collected from two municipalities [Cru-
zeiro do Sul (CZS; 7°37'51"S, 72°40'12"W) and Mancio
Lima (ML; 07°36'50"S, 72°53'4"W)] situated in the Jurua
Valley, Northwest of the Acre State, Brazilian Amazon,
from June to August 2016 and 2018. Covering together a
surface area of 12,597 km? (CZS: 7,925 km?; ML: 4,672
km?), these municipalities are among the endemic areas
with the highest annual parasite incidence (API) (posi-
tive blood slides per 1,000 inhabitants) in Brazil, pre-
senting an epidemiological profile with sustained high
transmission over the last decade. For reference, the
Brazilian Ministry of Health considers high risk areas
those with API > 50, and Mancio Lima and Cruzeiro do
Sul registered APIs of 436.4 and 231.9 in 2016 and 422.8
and 147.5 in 2018, respectively. In these areas, eighty-
three P. vivax mono-infected individuals living in dif-
ferent localities and presenting uncomplicated malaria
were diagnosed through microscopic examination of
Giemsa-stained thick blood smears and, then, a single
blood sample was collected in EDTA tubes from each
individual before initiation of treatment. Samples were
centrifuged at 350 g for 10 min to remove plasma and
cell pellet was preserved at -20°C in glycerolyte solution
(1:2). Written informed consent was obtained from all
donors and the study was reviewed and approved by the
Oswaldo Cruz Foundation Ethical Committee and the
National Ethical Committee of Brazil (CEP-FIOCRUZ
CAAE 46084015.1.0000.5248). All P. vivax infections
were later confirmed by polymerase chain reaction
(PCR) assay, as previously described.*”

DNA extraction and PCR amplification - parasite
DNA was extracted from cryopreserved blood samples by
QIAamp DNA blood midi kit (QIAgen), following the man-
ufacturer’s instructions, and stored at -20°C until use. Gene
segment coding for the catalytic domain of PvMCALI was
amplified by standard PCR method using a pair of specific
primers (forward, 5-CATGGAAACAAAAAAAAGG-3
reverse, 5'-CGAAAACTCCATATCTTTGC-3’), as previ-
ously described.®® PCR was performed in a Veriti 96-
well Thermal Cycler (Applied Biosystems) with a total
volume of 25 pL reaction mixture containing 3 pL ge-
nomic DNA, 10 pmol/uL each primer, 2.5 unit Ampli-
Taq™ Gold DNA polymerase, 3 mM MgCL, and 2 pL
of 10X PCR buffer. The following conditions were used:
35 cycles at 95°C for 30 s, 56°C for 30 s and 72°C for 2
min. Amplified products were size-fractionated by elec-
trophoresis within 2% agarose gel (Sigma) containing 0.5
ng/mL of ethidium bromide and, then, were visualised by
ultraviolet illumination.

Sequencing and polymorphism analysis - PCR prod-
ucts were purified by Wizard®* SV Gel and PCR Clean-
Up System (Promega) following the manufacturer’s
instructions and sequenced in both directions using
above-mentioned primers. The sequencing reaction was
performed in duplicate according BigDye™ Terminator
v3.1 Cycle Sequencing Kit Applied Biosystems™ using
75-100 ng of the purified PCR products and, then, the
obtained products were read on a 3730 xI DNA Analyser
(Applied Biosystems). Forward and reverse sequences
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were compared and checked for quality by using SeqMan
v.7.0.0 of the DNASTAR software package (Lasergen,
Madison, WI, USA), with default parameters, following
manual inspection of chromatograms to eliminate am-
biguous bases. A minimum quality score of 20 (base call
accuracy > 99%) was considered. Alignment of edited
sequences was performed in MEGA 7 using Clustal X2
algorithm to identify polymorphisms relative to PvM-
CALl sequence from El Salvador reference strain (Sal-1;
PlasmoDB: PVX 114725). Additionally, for worldwide
analysis, 112 nucleotide sequences for the complete cata-
lytic domain of PYMCAL, as predicted using Pfam data-
base (https:/pfam.xfam.org/), were recovered from Plas-
moDB and GenBank databases by BLAST and aligned
to search for genetic variability. Metadata obtained were
used to identify geographical distribution of the isolates
recovered from these databases.

Molecular modeling - The sequence of GOZIAS (Sal-
1; UniProtKB) was submitted to Blast, in the search of
homologous proteins. The template (4AFR, Tivpano-
soma brucei metacaspase) found in PDB share 38.4%
identity with GOZIAS8. After alignment with blast, the
coverage is 32%. The e-value was 7e-35. The structural
model of GOZIAS8 was constructed with MODELLER
(https://salilab.org/modeller/). Fifty models were con-
structed and the best one was selected according to the
DOPE score. The electrostatic surface potential was cal-
culated by APBS software. The structural analysis was
performed with Pymol.

To investigate the genetic diversity of PvMCAL,
eighty-three wild isolates of P. vivax from Jurua Valley in
the Brazilian Amazon were submitted to DNA sequencing
for gene segment coding the consensus His372-Cys428
catalytic dyad (13). In contrast to work by Sow et al.,*?
in which the majority of isolates (24/28, 85.7%) presented
amino acid substitution in both catalytic dyad and an up-
stream cysteine residue (Cys305) also inserted in the pep-
tidase C14 domain, all the isolates herein studied showed
complete nucleotide sequence identity each other as well
as compared to P. vivax Sal-1 reference, with conserva-
tion of all the amino acid residues successfully sequenced
(A288 to K446) (Fig. 1), supporting that the proteolytic
activity of PvMCAI1 may be critical to the parasite.

Since functional disruption of the single metacaspase
(MCAL) in Saccharomyces cerevisiae by mutagenesis
was already shown to induce in vitro drug-resistance as
a result of refractoriness to apoptosis in the yeasts,*® one
possibility is that polymorphism of PYMCALI could be
related to chemoresistance phenomena reported in vivax
malaria, whose occurrence is reported to be infrequent
in Jurua Valley"” and that was not characterised in our
cross-sectional study. Indeed, metacaspases have been
implicated in apoptosis-like cell-death pathways in dif-
ferent microorganisms®” and drug-resistant strains of P.
falciparum seem to be insensitive to choroquine-induced
apoptosis®? as well as to anti-cell death effect promoted
by inhibition of metacaspase activity.*? Nevertheless,
our preliminary study with recurrent infection in five P.
vivax patients receiving appropriate antimalarial therapy
(chloroquine/primaquine) at a Reference Center for ma-
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286 # 345
ElSalvador|Sall KKALLIGINYYGSREELSGCTNDTLRMMNLLISKYNFHDSPTSMVRLIDNESNPNYRPTR
CZS/ML --ALLIGINYYGSREELSGCTNDTLRMMNLLISKYNFHDSPTSMVRLIDNESNPNYRPTR
Thailand|PvTe1l KKALLIGINYYGSREELSGCTNDTLRMMNLLISKYNFHDSPTSMVRLIDNESNPNYRPTR
Papua|PvPOl KKALLIGINYYGSREELSGCTNDTLRMMNLLISKYNFHDSPTSMVRLIDNESNPNYRPTR
Brazil|Brazil32 KKALLIGINYYGSREELSGCTNDTLRMMNLLISKYNFHDSPTSMVRLIDNESNPNYRPTR
Brazil|Brazill KKALLIGINYYGSREELSGCTNDTLRMMNLLISKYNFHDSPTSMVRLIDNESNPNYRPTR
Mauritania|Mauritanial KKALLIGINYYGSREELSGCTNDTLRMMNLLISKYNFHDSPTSMVRLIDNESNPNYRPTR
India|VII KKALLIGINYYGSREELSGCTNDTLRMMNLLISKYNFHDSPTSMVRLIDNESNPNYRPTR
China|Pvcel KKALLIGINYYGSREELSGCTNDTLRMMNLLISKYNFHDSPTSMVRLIDNESNPNYRPTR
Gabon |Pv1ie KKALLIGINYYGSREELSGCTNDTRMMNLLISKYNFHDSPTSMVRLIDNESNPNYRPTR
Cameroon | PvSY56 KKALLIGINYYGSREELSGCTNDTMRMMNLLISKYNFHDSPTSMVRLIDNESNPNYRPTR
Cameroon | PvSY42 KKALLIGINYYGSREELSGCTNDTMRMMNLLISKYNFHDSPTSMVRLIDNESNPNYRPTR
Gabon|Pv1e4 KKALLIGINYYGSREELSGCTNDTMRMMNLLISKYNFHDSPTSMVRLIDNESNPNYRPTR
346 # ™ 405
ElSalvador|sall KNILSALNWLTKDNQPGDVFFFLYSGHGSQQKDYTYLEDDGYNETILPCDHKTEGQIIDD
CZs/ML KNILSALNWLTKDNQPGDVFFFLYSGHGSQQKDYTYLEDDGYNETILPCDHKTEGQIIDD
Thailand|PvTe1l KNILSALNWLTKDNQPGDVFFFLYSGHGSQQKDYTYLEDDGYNETILPCDHKTEGQIIDD
Papua|PvPO1 KNILSALNWLTKDNQPGDVFFFLYSGHGSQQKDYTYLEDDGYNETILPCDHKTEGQIIDD
Brazil|Brazil32 KNILSALNWLTKDNQPGDVFFFLYSGHGSQQKDYTYLEDDGYNETILPCDHKTEGQIIDD
Brazil|Brazill KNILSALNWLTKDNQPGDVFFFLYSGHGSQQKDYTYLEDDGYNETILPCDHKTEGQIIDD
Mauritania|Mauritanial KNILSALNWLTKDNQPGDVFFFLYSGHGSQQKDYTYLEDDGYNETILPCDHKTEGQIIDD
India|VII KNILSALNWLTKDNQPGDVFFFLYSGHGSQQKDYTYLEDDGYNETILPCDHKTEGQIIDD
China|PvCo1l KNILSALNWLTKDNQPGDVFFFLYSGHGSQQKDYTYLEDDGYNETILPCDHKTEGQIIDD
Gabon | Pv110 KNILSALNWLTKDNQPGDVFFFLYSGHGSQQKDYTYLEDDGYNETILPCDHKTEGQIIDD
Cameroon | PvSY56 KNILSALNWLTKDNEPGDVFFFLYSGHGSQQKDYTYLEDDGYNETILPCDHKTEGQIIDD
Cameroon | PvSY42 KNILSALNWLTKDNEPGDVFFFLYSGHGSQQKDYTYLEDDGYNETILPCDHKTEGQIIDD
Gabon | Pv104 KNILSALNWLTKDNEPGDVFFFLYSGHGSQQKDYTYLEDDGYNETILPCDHKTEGQIIDD
406 Ik # 465
ElSalvador|Sall ELHRFLVQPLNDGVKLIAVMDCCNAGSCIDLAYKYKLKSKKWKEVKNPFHVVCDVSQFSG
CZS/ML ELHRFLVQPLNDGVKLIAVMDCCNAGSCIDLAYKYKLKSKK======ecmcmmcc e e
Thailand|PvTo1 ELHRFLVQPLNDGVKLIAVMDCCNAGSCIDLAYKYKLKSKKWKEVKNPFHVVCDVSQFSG
Papua|PvPO1 ELHRFLVQPLNDGVKLIAVMDCCNAGSCIDLAYKYKLKSKKWKEVKNPFHVVCDVSQFSG
Brazil|Brazil32 ELHRFLVQPLNDGVKLIAVMDCCNAGSCIDLAYKYKLKSKKWKEVKNPFHVVCDVSQFSG
Brazil|Brazill ELHRFLVQPLNDGVKLIAVMDCCNAGSCIDLAYKYKLKSKKWKEVKNPFHVVCDVSQFSG
Mauritania|Mauritanial ELHRFLVQPLNDGVKLIAVMDCCNAGSCIDLAYKYKLKSKKWKEVKNPFHVVCDVSQFSG
India|VII ELHRFLVQPLNDGVKLIAVMDCCNAGSCIDLAYKYKLKSKKWKEVKNPFHVVCDVSQFSG
China|PvCol ELHRFLVQPLNDGVKLIAVMDCCNAGSCIDLAYKYKLKSKKWKEVKNPFHVVCDVSQFSG
Gabon |Pv110 ELHRFLVQPLNDGVKLIAVMDCCNAGSCIDLAYKYKLKSKKWKEVKNPFHVVCDVSQFSG
Cameroon | PVvSY56 ELHRFLVQPLNDGVKLIAVMDCCNAGSCIDLAYKYKLKSKKWKEVKNPFHVVCDVSQFSG
CamerooanVSY42 ELHRFLVQPLNDGVKLIAVMDCCNAGSCIDLAYKYKLKSKKWKEVKNPFHVYCDVSQFSG
Gabon | Pv104 ELHRFLVQPLNDGVKLIAVMDCCNAGSCIDLAYKYKLKSKKWKEVKNPFHWMCDVSQFSG
466 # 497
ElSalvador|Sall CKDMEFSREIDTGKHAPGGALVTAMIHVLGAS
CZs/ML | eeeesscececccecccccccccocceeean-
Thailand|PvTe1 CKDMEFSREIDTGKHAPGGALVTAMIHVLGAS
Papua|PvPO1 CKDMEFSREIDTGKHAPGGALVTAMIHVLGAS
Brazil|Brazil32 CKDMEFSREIDT APGGALVTAMIHVLGAS
Brazil |Brazill CKDMEFSREIDTGRHAPGGALVTAMIHVLGAS
Mauritania|Mauritanial CKDMEFSREIDTERHAPGGALVTAMIHVLGAS
India|VII CKDMEFSREIDTQRHAPGGALVTAMIHVLGAS
China|PvCel CKDMEFSREIDT PGGALVTAMIHVLGAS
Gabon |Pv11e CKDMEFSREIDTQRHAPGGALVTAMIHVLGAS
Cameroon | PvSY56 CKDMEFSREIDTQRHAPGGALVTAMIHVLGAS
Cameroon | PvSY42 CKDMEFSREIDTQRHAPGGALVTAMIHVLGAS
Gabon|Pv1e4 CKDMEFSREIDTGQRHAPGGALVTAMIHVLGAS

Fig. 1: multiple alignment of PYMCA1 peptidase domain from Brazilian Amazon field isolates and Plasmodium vivax strains from different
endemic countries around the world. Deduced amino acid sequences of Peptidase_C14 domain of PYMCAI were obtained from 83 P. vivax
1solates collected in two municipalities of the Jurua Valley (CZS: Cruzeiro do Sul and; Mancio Lima: ML) and were, then, compared against
sequences deduced from 112 P. vivax nucleotide genomic sequences available in GenBank and PlasmoDB, using Sal-1 as reference strain. Se-
lected sequences are shown and the complete analysis is available in Supplementary data. The canonical His372-Cys428 catalytic dyad and the
substitutions of amino acid residues are indicated by (*) and (¥), respectively. (|) indicates the adjacent cysteine residue (Cys427) with possible
involvement in protease activity. CZS/ML represents all field isolates studied, since complete identity was observed. Monkey-adapted strains
are represented by Sall, Brazill, Mauritanial and IndiaVII; clinical isolates by Brazil32, PvC01, PvI01 and PvPOl and; wild ape isolates by
PvSY42, PvSY56, Pv104 and Pvl10. (-): indicates non-determined amino acid residues.
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Fig. 2: prediction of catalytic dyad of PVMCA1 by molecular modeling. (A) Three-dimensional structure of PYMCAL catalytic domain was mod-
eled using comparative modeling and the distances (in A) between the putative amino acid residues participating in catalytic dyad formation were
estimated considering the Ne atom of histidine (H) imidazole ring and Sy atom of cysteine (C), which are crucial for the proteolytic process. (B)
Electrostatic surface potential analysis of PYMCAI catalytic domain: negatively charged regions are shown in red and positively regions in blue.

laria in Manaus city, Amazonas state, does not indicate a
relation between PYMCAL genetic diversity and parasite
chemoresistance, as no mutation in the protease catalytic
domain was detected in these patients (data not shown).
Even so, the conclusion of the survey with a larger number
of samples appropriately characterised in terms of para-
site drug-sensitivity is needed to better clarify this issue.

In order to know the variability of PvMCA1 world-
wide, we extended our analysis to P. vivax isolates from
different geographical regions whose genomic sequenc-
es are publicly available and, additionally, evaluated
complete peptidase Cl4 domain (K286-S497), as pre-
dicted using Pfam database of protein families. Nucleo-
tide sequence analysis of more than one hundred isolates
from Americas, Africa, Asia and Indonesia, which in-
cluded clinical and monkey-adapted strains as well as
ape-infecting strains from Cameroon and Gabon (Sup-
plementary data), revealed only four non-synonymous
polymorphisms at position 310 (Leu to Val), 360 (Gln
to Glu), 457 (Val to Met) and 479 (Lys to Arg) (Fig. 1).
Three of them (L310V, Q360E, V457M) were restricted
to wild ape parasites, with L310V substitution occurring
markedly in all eight isolates analysed, while K479R
substitution was the unique variation observed in the
clinical and monkey-adapted isolates (Fig. 1 and Sup-
plementary data). It is noteworthy that substitutions
were not related to cysteine and histidine residues; even
in the ape-infecting P. vivax strains, whose remarkable
genetic diversity comparing to human strains suggests
distinct demographic histories.®® These data indicate,
therefore, that the peptidase domain of PYMCAI pres-
ents evolutionary conservation of amino acid residues
that are putatively involved in metacaspase activity, as
described across diverse taxa.®+%

Similar results showing few polymorphic nucleo-
tides with high conservation of essential amino acid
residues required to catalytic site formation have previ-
ously been reported for other P. vivax proteases, such
as vivapain-1, -2 and -3, plasmepsin-4 and PYSERA-4.
(62729 Curiously, the polymorphisms reported by Sow
et al.®? in PYMCAI peptidase domain were restricted
to histidine and cysteine residues, including the putative
H372-C428 catalytic dyad, which could impact protease
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activity. Abrogation of proteolytic activity can indeed be
achieved by site-specific mutagenesis of histidine and
cysteine residues forming consensus catalytic dyad in
metacaspases of I. brucei (TPMCAZ2), Leishmania ma-
jor (LmMCA) and Candida albicans (CaMcal).**3%3)
But in other metacaspases this dyad seems not to be es-
sential for catalytic activity, such as in LIMCAL of L.
donovani,®? and a secondary catalytic cysteine has been
evidenced in T. congolense (TcoMCAS) as well as in the
plant species Arabidopsis thaliana (4tMC9) and Tiiti-
cum aestivum (TaeMCATI).3343)

This raises the possibility of alternative amino acid
residues in PYMCA1 compensating for the mutations
previously reported by Sow and colleagues."” For in-
stance, in MCAL of P. berghei, P. chabaudi and P. yoelii
the predicted catalytic cysteine occurs immediately be-
fore of the consensus position, where a substitute resi-
due (proline) is present.®® The same is true for 70 brucei
MCA4 (ThMCA4), in which the activity of such cyste-
ine was experimentally demonstrated.®® Interestingly,
PyMCAL (Fig. 1; Cys427) and other metacaspases, in-
cluding MCAL of P. knowlesi and P. gallinaceum, pres-
ent a second conserved cysteine adjacently preceding
the consensus catalytic cysteine™*¥ and the involvement
in proteolytic activity has been shown as well 23939
Notably, substitution of this alternative cysteine is not
found in any of the P. vivax isolates analysed until now
(Cys427), indicating by its high degree of conservation a
possible role in PvMCAL1 activity.

We then predicted the three-dimensional structure
of PvMCAI catalytic domain by homology modeling to
examine if C427 and additional histidine residues could,
in some extent, participate in catalytic site formation.
As shown in Fig. 2, the area harboring the canonical
catalytic dyad (His372-Cys428) presented typical elec-
trostatic potential of metacaspase catalytic pocket (Fig.
2B), which is endowed with negative charges and con-
fers specificity toward substrates containing basic argi-
nine or lysine residues,**?¥ while Cys427 was located in
a more positively charged area (Fig. 2B). On the other
hand, the proximity of both Cys427 (7.8 A) and Cys428
(6.1 A) to His372 residue was shown to be consistent
with the active site reported for some cysteine proteases



(Fig. 2A), such as legumains, caspases and metacas-
pases.®#373% In the single metacaspase of S. cerevisiae
(YCAL), for instance, the distance between catalytic
residues (Cys-His) was about 9.2 A, while the nearest
histidine (5.8 A) was not implicated in the proteolytic
process,®? supporting that Cys427 could participate in
the activity of PYMCAL. In this context, an additional
histidine residue (His480) was also identified in the vi-
cinity of the canonical catalytic dyad but, unless a con-
formational change occurs before catalytic site activity,
His480 does not seem to constitute a partner residue for
Cys427 or Cys 428, since it is >13.0 A away (Fig. 2A).
In summary, although mutations in the putative cata-
lytic dyad of PyMCALI have previously been reported
in field isolates from Mauritania, Sudan and Oman, a
highly conserved peptidase domain of PvMCAI was re-
markably observed in Brazilian Amazon as well as be-
tween P. vivax isolates from different endemic countries
around the world, which can contribute to eligibility of
this metacaspase as a druggable target candidate in vivax
malaria. Nevertheless, further studies aiming biochemi-
cal and functional characterisation of PvMCALI, together
to identification of amino acid residues that effectively
participate in the proteolytic process are still required to
elucidate the role of PPMCAL in P. vivax biology.
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