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RESUMO

O Plasmodium vivax representa um grande desafio no controle da malaria devido a
sua vasta distribuicdo ao redor do globo, grande frequéncia de infecgbes sub
microscopicas e habilidade de induzir recaidas em consequéncia das formas
evolutivas que podem ficar latentes no figado por longos periodos (hipnozoitos). O
recente aumento de cepas de P. vivax resistentes aos farmacos disponiveis, a
evolucao de formas mais virulentas do parasito e a produgéo precoce de gametdcitos,
caracteristica desta espécie, contribuem para classificar a malaria vivax como um
problema de saude publica que merece atencdo. Ainda que reconhecido por suas
caracteristicas biolégicas peculiares e pelo agravamento recente de sua viruléncia,
poucos investimentos tém sido feitos no desenvolvimento de ferramentas de controle
para vivax. Portanto, o presente estudo teve como obijetivo identificar e caracterizar
novos alvos potenciais utilizando amostras de diferentes areas endémicas ao redor
do mundo (Brasil, Mali, Camboja e Estados Unidos da América). Para tanto,
investigamos e caracterizamos uma proteina recém descoberta na urina de pacientes
naturalmente infectados (PwVir14); e descrevemos o potencial imunogénico de
epitopos de células B de uma das proteinas mais bem caracterizadas de P. vivax, a
PvAMA-1. Anti-IgG circulantes contra PvVir14 apareceram em 61% e 34.5% dos
individuos do Brasil e Camboja, respectivamente, enquanto que individuos de Mali
(infectados com falciparum e n&o expostos a vivax), tiveram 0% de reconhecimento.
Ainda, os niveis de anti-PwVir14 correlacionaram-se com aqueles contra outros
antigenos de vivax ja bem caracterizados, como a PvCSP e a PvDBP, que foram
reconhecidos por 7.6% e 42% dos individuos respectivamente. Com relagéo ao perfil
celular, individuos sororreativos para PvVir14 apresentaram niveis significativamente
maiores de células B atipicas circulantes (CD 21- CD 27-), sugerindo que tal tipo celular
possa estar ligado a resposta anti-PvVir14. Entre as células T, os niveis de CD4" e
CD8* diferiram entre individuos com e sem anticorpos contra PwWir14 (menor e maior
expressao, respectivamente), enquanto que os niveis de células NKT foram mais
expressivos em individuos sem anti-Pwir14. Se tratando da PvAMA-1, a
antigenicidade dos peptideos com epitopos para células B previamente selecionados
foi avaliada através de multiplos ensaios sorolégicos utilizando amostras de individuos
com infecgdo aguda por P.vivax do norte do Brasil. Os peptideos sintéticos foram
reconhecidos por 45.5%, 48.7% e 31.2% (PIl, Pll e PIl, respectivamente) dos



individuos selecionados para o estudo. Quando sintetizados em conjunto (tripeptideo),
a reatividade aumentou para 62%, porcentagem comparavel aquela obtida pela
proteina em sua forma e tamanho originais (57%). Além disso, a reatividade anti-lgG
conta o tripeptideo foi reduzida em 42% pds-deplegéo, indicando que tais epitopos
podem ser responsaveis por parte consideravel da imunogenicidade da proteina.
Esses resultados representam uma excelente perspectiva na identificacdo de novos
alvos com potencial imunogénico para compor uma vacina, ou auxiliar no
desenvolvimento de outras medidas de controle, como testes diagndsticos, ja que
contemplar diversos alvos do ciclo de vida do parasito parece ser a chave para
alcancar a resposta robusta e protetora que uma vacina contra a malaria vivax precisa

para ter sucesso.

Palavras-chave: Malaria, Plasmodium vivax, Imunidade humoral, PWir14, PvAMA-1



ABSTRACT

Plasmodium vivax is a major challenge for malaria control due to its wide geographic
distribution, high frequency of submicroscopic infections, and ability to induce relapses
due to the latent forms present in the liver (hypnozoites). The recent increase in drug-
resistant P. vivax strains, the evolution toward more virulent forms and the early
production of gametocytes adds up to make P. vivax malaria a public health issue of
increasing importance. Besides its tricky biological features and new awareness of its
virulence, minimal investments have been made in vaccine discovery for P. vivax.
Given that, this study aimed to discover and characterize potential new targets for
future vaccine development using samples from different endemic areas around the
world (Brazil, Mali, Cambodia and United States of America). For this purpose, we
investigated and characterized a novel protein recently discovered in the urine of
naturally infected subjects (PwVir14) and described the immunogenic potential of
peptides from a well-known vivax protein (PvAMA-1), which has been proved to have
important B cell epitopes that can induce specific immune response. Circulating
antibodies against PvVir14 appeared in 61% and 34.5% of subjects from Brazil and
Cambodia, respectively, versus none (0%) of the P. falciparum-infected subjects from
Mali who have no exposure to P. vivax. PvVir14 antibody levels correlated with those
against other well-characterized sporozoite/liver (PvCSP) and blood stage (PvDBP-
RIl) antigens, which were recognized by 7.6% and 42% of Brazilians, respectively.
Concerning the cellular immune profiling of Brazilian subjects, PvVir14 seroreactive
individuals displayed significantly higher levels of circulating atypical (CD21~ CD277) B
cells, raising the possibility that atypical B cells may be contribute to the Pwir14
antibody response. Among T cells, CD4* and CD8"* levels differed (lower and higher,
respectively) between subjects with versus without antibodies to PvVir14, while NKT
cell levels were higher in those without antibodies. As for PvAMA-1, the antigenicity of
the selected B-cell peptides was assessed by multiple serological assays using sera
from acute P.vivax infected subjects. The synthetic peptides were recognized by
45.5%, 48.7% and 32.2% of infected subjects for peptides I, Il and Il respectively.
Moreover, when synthetized together (tripeptide), the reactivity increases up to 62%,
which is comparable to the reactivity found against the whole protein PvAMA-1 (57%).
Furthermore, IgG reactivity against the tripeptide after depletion was reduced by 42%,

indicating that these epitopes may be responsible for a considerable part of the protein



immunogenicity. These results represent an excellent perspective on discovering new
targets with immunogenic potential to compose a vaccine, or even to assist the
development of other control measures, such as diagnostic tools, since contemplating
several targets seems to be the key to achieving a robust and protective response that

a malaria vaccine needs to be successful.

Key-words: Malaria, Plasmodium vivax, Humoral Immunity, PwVir14, PvAMA-1
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1. CONSIDERAGOES INICIAIS

O trabalho intitulado “Identificacao, caracterizagao e determinacao de padrées da
resposta imune de epitopos imunogénicos de Plasmodium vivax” foi
desenvolvido no Laboratério de Imunobiologia e Controle de Parasitos (LICP), sob
coordenacao da Profa. Dra. Lilian Lacerda Bueno dentro da linha de pesquisa
“Imunologia das doencas infecciosas e tropicais” do Programa de Pds-Graduagao em
Ciéncias da Saude: Infectologia e Medicina Tropical da Faculdade de Medicina da
Universidade Federal de Minas Gerais (UFMG).

A definicao do tema do estudo se deu levando em consideragao que a malaria
€ uma doenca negligenciada de grande importancia e que no Brasil atinge, em
especial, a regido Norte de forma bastante expressiva. Ainda, a determinacédo de
Plasmodium vivax como a principal espécie de interesse neste trabalho atende a uma
demanda crescente de informacao a respeito desta espécie, que é responsavel por
cerca de 90% dos casos registrados no pais além de comprovadamente ser a mais
difundida ao redor do globo. Ademais, nos ultimos anos, P. vivax vem sendo descrita
como capaz de causar infecgbes graves e até fatais, resultando em indices de
morbidade e mortalidade globais bastante significativos. Desse modo, estudos que
tém como objetivo ampliar o repertério do conhecimento acerca da biologia do parasito
sdo essenciais para o desenvolvimento de novas ferramentas de controle, tais como
vacinas, farmacos e ferramentas diagnésticas. De forma complementar, o tema se
alinha de forma bastante significativa com as linhas de pesquisa atualmente
desenvolvidas no Laboratorio de Imunobiologia e Controle de Parasitos (LICP), que
envolvem a descoberta de alvos imunogénicos através de metodologias de
vacinologia reversa, predicdo de epitopos por meio de técnicas de bioinformatica e,
ainda, a avaliacdo de tais alvos utilizando diferentes imunoensaios.

O estudo foi realizado utilizando amostras biologicas (soro e células
mononucleares de sangue periférico/PBMCs) de trés diferentes regides endémicas
para a malaria: Brasil (regido Norte), Camboja e Mali; além de amostras provenientes
de doadores de regides ndao endémicas: Brasil (regido Sudeste) e Estados Unidos da
América. De relevancia, as amostras do Brasil foram coletadas em Porto Velho (RO)

durante o periodo de doutoramento em colaboragdo com o Centro de Pesquisa em
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Medicina Tropical (CEPEM). Ainda, parte do trabalho foi realizado em colaboragao
com o National Institutes of Health (Bethesda, MD, USA) durante periodo de
doutorado sanduiche. Além das importantes colaboragdes, durante os quatro anos de
doutoramento, foram publicados trés artigos cientificos oriundos da tese, que séo
respectivamente intitulados: New highly antigenic linear B cell epitope peptides
from PvAMA-1 as potential vaccine candidates (PLoS One); Proteomic analysis of
urine from patients with Plasmodium vivax malaria unravels a unique Plasmodium
vivax protein that is absent from Plasmodium falciparum (Tropical Medicine and
Infectious Disease); e Immunological characterization of a VIR protein Family member
(VIR-14) in Plasmodium vivax-infected subjects from different epidemiological regions
in Africa and South America (PLoS Neglected Tropical Diseases) (todos anexados na
secao “Resultados e Discussao”). Parte da pesquisa também foi apresentada em
diversos congressos cientificos, sendo agraciada como uma mengao honrosa no eixo
tematico de Protozoologia do XXVII Congresso da Sociedade Brasileira de
Parasitologia (2021).

A redacao deste documento foi realizada de acordo com a Resolugdo n°
02/2013, de 18 de setembro de 2013; que regulamenta o formato dos trabalhos finais
e de qualificacao, estabelecendo condi¢cdes para a marcagao das defesas de teses e
dissertagdes do Programa de Pds-Graduagdo em Ciéncias da Saude: Infectologia e
Medicina Tropical da Faculdade de Medicina da UFMG.
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2. INTRODUGAO

A malaria € uma doenca de reconhecida importadncia que tem impactado
populagdes ao redor do globo de forma consistente no ultimo século. Embora atinja
milhdes de pessoas todos 0s anos, em especial nas regides tropicais e subtropicais,
a malaria se enquadra na categoria denominada como “doengas negligenciadas”. Tal
categoria reune, principalmente, aquelas enfermidades que apresentam baixissimo
investimento financeiro em pesquisas cientificas que visam o desenvolvimento de
medidas de controle e medicamentos. O principal motivo para o desinteresse nas
doengas abarcadas nesta categoria € o fato de que, via de regra, elas acometem
populagdes de baixa renda de regides em desenvolvimento. Dentre as espécies
capazes de infectar o homem, duas predominam como responsaveis por infec¢des no
Brasil e no mundo: Plasmodium vivax e Plasmodium falciparum.

O desafio de reduzir o impacto dessa doenga nas populagdes vulneraveis é
ainda maior quando levamos em consideracao a crescente resisténcia do parasito aos
farmacos atualmente disponiveis (Ntumngia et al., 2016), a evolugao do parasito para
formas mais virulentas (Riley and Stewart, 2013) e, ainda, se tratando especificamente
de P. vivax — que € o foco deste trabalho — a produgao precoce de gametdcitos e a
formagao de hipnozoitos. Evidéncias recentes demonstram que a gravidade clinica da
malaria vivax pode estar sendo subestimada, com registros frequentes de
incapacitacao de individuos de todas as idades devido a episddios febris recorrentes
e anemia grave (Kochar et al., 2009; Alexandre et al., 2010; Antinori et al., 2012;
Rahimi et al., 2014; Siqueira et al., 2016). A medida que esses relatos de gravidade
clinica e casos letais se tornam mais frequentes, o desenvolvimento de uma vacina
antimalarica eficaz para P. vivax se apresenta como um importante pilar a ser incluido
nas medidas de controle, que atualmente consistem em: (i) diagnéstico e tratamento
oportunos; (ii) busca ativa e eliminagdo de criadouros e; (iii) uso de repelentes e
mosqueteiros impregnados no combate ao mosquito vetor (Wangdi et al., 2018; Baia-
Da-Silva et al., 2019). Inumeros desafios se interpdéem na logistica dessas medidas,
dentre eles a inconstancia e falta de interesse do poder publico. Nesse sentido, a
vacina funcionaria como uma estratégia independente e com um bom custo-beneficio

quando avaliado a longo prazo.
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Na corrida para o desenvolvimento de vacinas, atualmente mais de 70
formulagdes estdo em desenvolvimento para P. falciparum, com cerca de 20 em fase
de estudo clinico (Agnandiji et al., 2012; Laurens et al., 2017; Olotu et al., 2018; Duffy
and Patrick Gorres, 2020; Molina-Franky et al., 2020). Ainda, recentemente a
Organizagdo Mundial da Saude autorizou e recomendou o uso de uma delas, a
RTS,S/AS0O, que tem como populagdo alvo criangas que vivem em regides de
transmissdo moderada a alta (RTS,S Clinical Trials Partnership, 2015; Penny et al.,
2016; WHO, 2021). Infelizmente, os mesmos avangos nao sdo observados para P.
vivax, ja que as poucas abordagens que evoluiram para estudos clinicos tiveram
resultados insatisfatérios, muito por questdes peculiares e particulares da espécie,
que precisam ser desvendadas e contornadas. Atualmente, somente seis antigenos
se encontram em fase inicial de estudo clinico para esta espécie (Tabela 1),
reforcando a necessidade de investimento intelectual, pratico e financeiro nesta
espécie. Nesta perspectiva, a recente disponibilidade de sequéncias completas do
genoma, proteoma e transcriptoma de P. vivax (Bozdech et al., 2008; Carlton et al.,
2008; Moreno-Pérez et al., 2015; Ray et al., 2016) possibilitou a expansao do
conhecimento a respeito da biologia do parasito, uma vez que fung¢des de diversas
proteinas puderam ser previstas e validadas; antigenos potenciais puderam ser
rastreados de acordo com caracteristicas especificas (como local de expresséo); e,
ainda, informacdes criticas sobre perfis de expressao de proteinas durante as fases
do ciclo de vida do parasito puderam ser acessadas. Embora a publicagcdo dessas
sequéncias tenha tido um papel importante na descoberta de alvos, o panorama de
vacinas contra P. vivax ainda precisa ser melhor explorado.

As caracteristicas uUnicas de P. vivax representam o principal desafio na
concepgao de estratégias para construgdes vacinais (Adams e Mueller, 2017). Dois
fatores importantes tornam a identificagdo de antigenos um grande desafio: (i) a
complexidade do seu ciclo de vida, que apresenta inumeros alvos potenciais; (ii) a
enorme diversidade global entre as populagdes do parasito, que torna a indugao de
protecao transcendente um grande desafio. Portanto, uma vacina eficaz certamente
precisara ser composta de varios alvos (Skwarczynski et al., 2020). Nesse sentido,
ferramentas de bioinformatica como a vacinologia reversa e a predi¢cao de epitopos
de células B em proteinas previamente identificadas apresentam-se como

ferramentas essenciais na detecgao de alvos potenciais.
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Esta tese alia-se a diversas outras pesquisas basicas que visam ampliar o
repertorio de medidas de controle especificas para P. vivax. Para esta finalidade,
experimentos utilizando amostras de populagdes de diferentes regides endémicas e
nao endémicas, contemplando individuos infectados, expostos, ndo expostos e nao
infectados, foram realizados de modo a caracterizar a resposta imune naturalmente

adquirida frente aos antigenos investigados.

Candidato Fase Achados principais Registro
Candidatos de fase pré-eritrocitica
Reducéo de
VMP001 1/2a parasitemia, mas NCT01157897

baixa eficacia.
Resposta humoral de
longa duragéo, com
Peptideos N R&C 1b/2 36% de eficacia em NCT0108184
voluntarios nunca
infectados/expostos.
Baixa resposta celular,
PVRAS 1/2a 42% de eficacia.
Candidatos de fase sanguinea
Indugao de anticorpos
inibidores da interacao
com reticuldcitos;
Chﬁd63'MVA' 1al2a respostas humoral e NCT01816113
vDBPII i
celular; 50% de
resposta cepa-
transcendente.
Alta produgéao de
anticorpos inibidores
PvDBPII-GLA-SE 1 da interagdo com CTRI/2016/09/007289
reticulécitos; resposta
cepa-independente.
Candidatos de bloqueio de transmissao
Indugéo de anticorpos
Pvs25 1 protejores; 30% (je
reducédo de mosquitos
infectados

Tabela 1: Candidatos a vacina contra Plasmodium vivax em fase de estudo clinico
(Da Veiga et al., 2023, Adaptado).

NCT01082341

NCT00295581
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3. REVISAO DA LITERATURA

3.1 A malaria no mundo e no Brasil

A malaria tem sido uma doencga de grande importancia epidemiolégica ao longo
da histéria ao redor do mundo. Causada por protozoarios do filo Apicomplexa e
transmitida por mosquitos do género Anopheles, atualmente mais de 120 espécies
sdo conhecidas por causarem a doenca em diferentes hospedeiros vertebrados,
incluindo répteis, aves e primatas (Talapko et al., 2019; WHO, 2020). Dessas, 7 ja
foram identificadas como capazes de infectar o homem: Plasmodium vivax,
Plasmodium falciparum, Plasmodium malariae, Plasmodium knowlesi, Plasmodium
ovale, Plasmodium cynomolgi e, mais recentemente, Plasmodium simium (Brasil et
al., 2017). Enquanto as duas primeiras sdo consideradas as mais importantes do
ponto de vista de saude publica, uma vez que sao responsaveis por mais de 90% dos
casos registrados anualmente (WHO, 2022); a ultima, comumente relacionada a
infecgdes em primatas nao humanos, foi recentemente associada a surtos de malaria
humana em regides de mata atlantica em carater zoonético (Brasil et al., 2017; De
Alvarenga et al., 2018; De Lemos et al., 2021). Cerca de metade da populagdo mundial
corre risco de contrair malaria, que atualmente é considerada endémica em 87 paises
tropicais e subtropicais, abrangendo toda a Africa Subsaariana, bem como grande
parte do Sudeste Asiatico, do Mediterraneo Oriental, do Pacifico Ocidental e das
Américas (Roser and Ritchie, 2019). Os primeiros 15 anos do milénio foram marcados
por uma diminuicdo consistente da incidéncia de malaria, com mudancas significativas
em sua distribuicdo geografica e uma reducédo de cerca de 60% em termos de
mortalidade. No entanto, nos ultimos 5 anos, o progresso rumo a meta de eliminagao
da doenga parece ter estagnado em um desbalango, com um conjunto de paises
progredindo como esperado enquanto outros registram um agravamento na incidéncia
da doencga (Figura 1) (Varo et al., 2020). No ano de 2021, foram registrados cerca de
247 milhdes de casos ao redor do mundo com 627 mil mortes associadas, sobretudo
no continente africano (WHO, 2022). Se tratando do Brasil, neste mesmo periodo,
foram registrados pouco menos de 140 mil casos da doenga, com vasta maioria
proveniente da regido conhecida como Amazénia Legal, que contempla os estados
do Acre, Amazonas, Amapa, Maranhao, Mato Grosso, Para, Rondbnia, Roraima e
Tocantins (Ministério da Saude do Brasil, 2021). Embora considerado expressivo,

esse numero representa uma redugdo de cerca de 4% quando comparado ao
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registrado no ano anterior (Secretaria de Vigilancia Publica do Brasil, 2021). Assim
como no mundo, os ultimos anos foram marcados por flutuagdées no niumero de casos
no pais (por isso eventual redu¢cdo pode nao representar uma tendéncia de queda
quando avaliada em série histérica), com picos de até cerca de 600 mil casos entre
os anos de 1998 — 2000 e 2004 — 2006, porém as razdes para tal variagao ainda nao
sdo completamente compreendidas, embora acredita-se estarem ligadas a uma série
de fatores como mudangas ambientais, ma gest&do da piscicultura, migragdo humana
e recrudescéncia (Oliveira-Ferreira et al., 2010). Ainda, a instabilidade dos numeros
esta intimamente ligada as medidas de contencéo, que preconizam agdes integradas
de controle vetorial, diagnéstico oportuno e tratamento adequado (Adams e Mueller,
2017; Plewes et al., 2019). Tais agbes fazem parte do Programa Nacional de Controle
da Malaria na Regido Amazonica (PNCM), que estabelece uma politica permanente
no combate dessa endemia (Ministério da Saude do Brasil, 2003). Por se tratar de
uma politica publica que visa descentralizar as agdes epidemioldgicas e integra-las as
atividades da atengéo basica, o financiamento e a valorizagdo dessas medidas n&o
acontece de forma homogénea, uma vez que os governos federal, estadual e

municipal se alteram a cada ciclo eleitoral.

1000 200¢

Redu 5% - de 40% ou ma"is

Figura 1: Mapa de paises endémicos para a malaria indicando redugéo e aumento de
incidéncia a partir de 2015 de acordo com a Estratégia Global para Malaria (OMS,
2021, Adaptado).

Dentre as espécies que atualmente circulam no pais — P. vivax, P. falciparum,

P. malariae e P. simium — destacam-se as duas primeiras: P. vivax por ser responsavel
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por "90% dos casos registrados e P. falciparum ("9% dos casos) (Figura 2) (Recht et
al.,, 2017). Pelo fato de a transmissdo de P. vivax ter mantido uma tendéncia
ascendente a partir da década de 1990, enquanto a de P. falciparum sofreu redugdes
continuas, o equilibrio na propor¢cao de casos entre as duas espécies diminuiu
(Oliveira-Ferreira et al., 2010; Carlos et al., 2019). De importancia, as mortes
relacionadas a malaria no pais seguiram o mesmo padrdo de redugdo, ja que sao
majoritariamente causadas por P. falciparum (Bezerra et al., 2020). Porém, ndo raro
observa-se um aumento temporario de casos de malaria falciparum em determinadas
localidades (Carlos et al., 2019) e essa alta na dindmica de transmissdo normalmente
se da por extensas mudangas ambientais antropogénicas que favorecem o aumento
da densidade vetorial, alterando o balango das medidas de controle. Nesse sentido, o
movimento migratério da populagdo se apresenta como uma questdo fundamental.
Ainda que as movimentagdes transitérias associadas a viagens de negdcios ou visitas
sociais e de lazer possam contribuir para surtos em pequena escala em areas
originalmente livres de malaria (De Pina-Costa et al., 2014; Gomes et al., 2020), a
migracao continua e de longo prazo com consequente desflorestamento e ocupagao
de areas antes inabitadas tém papel significativo no registro de casos por essa espécie
(Macdonald e Mordecai, 2019; Melo et al., 2020).
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Figura 2: Distribuicdo espacial de casos clinicos de malaria por Plasmodium vivax e
Plasmodium falciparum no Brasil no ano de 2021 (Malaria Atlas Project, 2023;
Adaptado).

No que se refere a malaria vivax, embora os casos por essa espécie tenham
sido considerados, via de regra, como infecgdes benignas e por vezes assintomaticas
(doenca febril sem instabilidade hemodinamica, hemdlise ou anemia grave) por muito
tempo (Villamil Gémez et al., 2016), nos ultimos anos casos graves tém sido
registrados de forma cada vez mais frequente em diversas regides endémicas,
inclusive no Brasil (Rahimi et al., 2014). Dentre as possiveis manifestagdes clinicas e
complicagdes, incluem-se: sangramento fatal por ruptura traumatica ou espontanea
de baco aumentado; convulsdes; choque; hepatite; insuficiéncia renal; anemia grave
e trombocitopenia; dificuldade respiratéria; lesdo pulmonar aguda; e insuficiéncia
multipla de 6rgaos. Ademais, a crescente evidéncia da presenga de cepas de P. vivax
resistentes aos farmacos, a evolugao de formas mais virulentas do parasito, sua ampla
distribuicdo geografica, a produgao precoce de gametdcitos bem como a formacéao de
hipnozoitos, sdo motivos de preocupagao com relagéo a essa espécie (Ntumngia et
al., 2016). A presenca de hipnozoitos no figado, peculiar de P. vivax, pode levar a

recidiva do parasito, que é uma forma de malaria observada de maneira recorrente
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em pessoas previamente tratadas (Melo et al., 2020). Essa peculiaridade exige um
esquema terapéutico diferenciado para casos por essa espécie, com a associacio da
cloroquina (atua eliminando formas sanguineas) e da primaquina (atua eliminando
hipnozoitos), de modo a alcangar a chamada cura radical (Brasil, 2010; Daher et al.,
2018). No entanto, o uso da primaquina pode enfrentar barreiras fisiolégicas em
individuos com deficiéncia na enzima glicose-6-fosfato desidrogenase (G6PD), que
atua protegendo células vermelhas do estresse oxidativo (Cappellini e Fiorelli, 2008;
Howes et al., 2013; Watson et al., 2017). Nesses pacientes, a primaquina pode induzir
hemdlise grave (Bowman et al., 2005). No Brasil, a prevaléncia da deficiéncia nessa
enzima varia e pode chegar a 10% em algumas regides (Saad et al., 1997; Castro et
al., 2006; Santana et al., 2009; Cardoso et al., 2012), e a frequéncia de hemdlise entre
esses pacientes é de 90% (Melo et al., 2020). Ainda que testes rapidos pra identificar
tal deficiéncia e garantir tratamento adequado de modo a reduzir o risco da hemdalise
ja possam ser utilizados, sua adogao ainda é feita em pequena escala e de forma
insuficiente (Kim et al., 2011; Ley et al., 2015; Ley et al., 2019). De interesse, outra
caracteristica biolégica peculiar a vivax € a baixa densidade parasitaria, o que cria um
desafio para o diagndstico e tratamento oportuno de individuos infectados de modo a

interromper a cadeia de transmissao (Price et al., 2020).

Por esses motivos, esforcos para o desenvolvimento de novas ferramentas
diagnosticas e vigilancia epidemioldgica, terapias e vacinas tém se acentuado no
intuito de alcancar a meta de eliminagdo da doenga em algumas regides do globo.
Dentre as medidas de controle possiveis, uma eventual vacina seria a ferramenta ideal
para prevenir a malaria ao redor do mundo. No entanto, seu desenvolvimento é
tecnicamente bastante desafiador quando comparado ao de vacinas contra virus e
bactérias. Isso acontece, principalmente, porque o genoma do parasito da malaria é
muito mais complexo, além do fato de o Plasmodium possuir diferentes estagios em
seu ciclo de vida e passar por fases de reproducdo sexuada e assexuada em dois
hospedeiros diferentes (vertebrado e invertebrado). Assoma-se a isso a falta de um
mercado tradicional de vacinas para doengas que afetam desproporcionalmente
paises mais pobres e que, portanto, ndo despertam o interesse de grandes
companhias farmacéuticas. Por esses motivos, a malaria € considerada uma doencga
tropical negligenciada, especialmente no que se refere no incentivo ao

desenvolvimento ferramentas que impegam a reinfegdo e/ou progressao da doenga.
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Especificamente se tratando de P. vivax, a organizagdo e investimento para o
desenvolvimento de iniciativas coerentes que preconizem a eliminacdo da espécie €
substancialmente menor quando comparada a P. falciparum, contribuindo para um
cenario ainda mais desfavoravel. Tal dificuldade se baseia nas caracteristicas
peculiares da espécie ja comentadas e, ainda, na inexisténcia de um sistema de
cultura in vitro continuo e da disponibilidade restrita de modelos animais adequados
para auxiliar no estudo da biologia do parasito. De relevancia, essa espécie infecta
preferencialmente reticuldcitos, que correspondem a apenas 1-2% do total de
hemacias circulantes no sangue periférico, o que afeta o suporte a estudos
conduzidos ex vivo. Os fatores citados anteriormente prejudicam o progresso de
estudos mais aprofundados acerca da dindmica e da biologia de P. vivax, que
certamente poderiam resultar na identificagdo e avaliagdo da imunogenicidade de
mais candidatos vacinais e alvos terapéuticos. Nao obstante, a diversidade genética
da espécie também se apresenta como um fator de importancia, visto que a imunidade
contra o parasito pode ser influenciada por epitopos imunodominantes e polimorficos,

fazendo com que uma eventual resposta seja cepa-especifica.

3.2Ciclo biolégico do parasito

O ciclo biolégico dos plasmaddios inclui duas fases distintas de reprodugao: uma
sexuada que acontece dentro do hospedeiro invertebrado — fémeas do género
Anopheles — e outra assexuada, que se desenvolve no hospedeiro vertebrado (Figura
3). Durante o repasto sanguineo do hospedeiro invertebrado, os esporozoitos —
formas evolutivas alongadas com nucleo central e extremidades afiladas — sao
inoculados na pele do hospedeiro vertebrado (de 15 a 2000 formas) juntamente com
vasodilatadores e anticoagulantes (Medica e Sinnis, 2005). Uma vez na pele, os
esporozoitos atingem o sistema circulatorio e migram para o figado, com o objetivo de
infectar hepatocitos. Uma rota alternativa através do sistema linfatico ja foi descrita
por alguns autores, todavia, os parasitos ndo parecem chegar ao figado através deste
caminho, uma vez que ficam mais suscetiveis a serem capturados e fagocitados por
células dendriticas e macréfagos (Amino et al., 2006; Antonelli et al., 2020). O
processo de invasao dos hepatdocitos € complexo e envolve inumeras interagdes
especificas. De interesse, sabe-se que 0s esporozoitos podem migrar extensivamente

antes de se estabelecerem, no entanto, tal comportamento ainda n&o foi
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completamente elucidado (Mota e Rodriguez, 2004). De relevancia, para as espécies
P. vivax e P. ovale, alguns parasitos podem permanecer em estado de laténcia no
figado e, eventualmente, levarem a episddios de recaida da doenga. A essas formas
especiais da-se o nome de hipnozoitos (Krotoski, 1985). A infec¢ao do figado é uma
fase essencial do ciclo de vida do Plasmodium e é clinicamente silenciosa, e ha muito
vem sido considerada como um bom alvo para o desenvolvimento de vacinas (Duffy
e Gorres, 2020), ja que bloquear o progresso do parasito nesta fase protegeria n&o
somente contra a patologia da doenga, mas como também a eventual transmissao a

mosquitos vetores (Loubens et al., 2021).

Ja dentro dos hepatdcitos, os esporozoitos se diferenciam em trofozoitos que,
por meio de sucessivas divisdes por esquizogonia, ddo origem aos esquizontes.
Através do processo de brotamento de vesiculas, os esquizontes maduros liberam
merossomas, que ao atingirem a corrente sanguinea, liberam merozoitos (Sturm et
al., 2006). Uma vez na corrente sanguinea, esses merozoitos passam a invadir
hemacias, dando inicio ao ciclo eritrocitico. A invasdo das hemacias é um processo
complexo, especifico e altamente dependente de interagdes ligante-receptor, que se
da, principalmente, através da chamada Jungcao Mével (JM), que consiste numa
estrutura composta, em partes, por proteinas RON (proteina de pescogo de roptria)
secretadas pelo parasito. A JM ancora o parasito na célula e serve como uma “peneira
molecular’, que de forma seletiva exclui as proteinas do hospedeiro da membrana do
vacuolo parasitéforo inicial, o protegendo da acdo degradante dos lisossomos
hospedeiros (Risco-Castillo et al., 2015). Em P. falciparum, sabe-se que a proteina
do parasito envolvida no processo de invasao é a antigeno de membrana apical (AMA-
1), o que a torna pega-chave no sucesso da infecgdo. De interesse, estudos recentes
demonstraram que a jungcdo RON-AMA-1 também parece acontecer para P. vivax
(Salgado-Mejias et al., 2019). De forma importante, quando falamos de de P.
falciparum, inumeras vias de invasdo ja foram descritas (Petter e Duffy, 2015), no
entanto para P. vivax, atualmente ha apenas uma via bem caracterizada, que envolve
a Duffy Binding Protein (DBP), proteina presente na regido apical do merozoito, e o
receptor de quimiocinas de células humanas presente nos reticulécitos humanos
(DARC - Duffy Antigen/Receptor for Chemokines). Ainda, foi descrito que P. vivax
invade, preferencialmente, reticuldcitos jovens imaturos, ou seja, aqueles que

expressam o receptor CD71 +, também conhecido como Receptor de Transferrina 1
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(Petter e Duffy, 2015; Antonelli et al., 2020). Este tipo de glicoproteina media o
transporte de ferro para as células através da ligacdo de transferrinas que servem
como receptor para proteinas da familia RBP (Proteinas de Ligagao aos Reticulocitos)
(Gruszczyk et al., 2018). Junto ao complexo RON, elas formam a chamada “juncao
movel irreversivel”’, que da origem a um anel conectivo entre o merozoito e os
reticuldcitos, e tal formagao caracteriza uma invasao bem sucedida com subsequente
replicacdo e aumento exponencial de merozoitos (Antonelli et al., 2020). Apds
inumeras geragcdes de merozoitos, alguns se diferenciam em gametécitos femininos
e masculinos, formas sexuadas do parasito que amadurecem sem sofrer divisao
celular. Quando ingeridas pela fémea do Anopheles durante repasto sanguineo, da-

se inicio ao ciclo sexuado do parasito dentro do vetor invertebrado.

No mosquito, os gametdcitos masculinos e femininos se diferenciam em
gametas que, dentro do intestino médio, se fundem para a formagao do zigoto. Horas
depois, o agora denominado oocineto se desloca através de células epiteliais por
movimentos ameboides a fim de se fixar entre o epitélio e a membrana basal. Uma
vez fixado, o oocineto passa a se chamar oocisto, momento quando se inicia o
processo de multiplicagdo esporogdnica. Em aproximadamente duas semanas, a
parede do oocisto se rompe, liberando os esporozoitos que prontamente invadem a
hemolinfa do mosquito. Através desta via, os esporozoitos migram até as glandulas
salivares, completando o ciclo do Plasmodium no hospedeiro invertebrado (Josling e
Llinas, 2015; De Niz et al., 2018).



nfecao durang, P
(A epasto Sanguine,

welor anofelin,

P vivax=15 dias <R
P falciparum = 17 dias i B=F &5 g Pe"c‘
795 B @,
L]
. oo * V. - - l.
- \\\, - ® P vivax = 12 dias
< BTN e -« : .
O % ) el 6\ - Formagao de hipnozoitos
O 0\ { Glindulss | (R A
O B peZElE salivares 3'5‘ P, falciparum = 10 dias
D\ b@- i 3" o WU Cétulas endoteliais “%
(=) Oocisto CI=l=l=l=Tol=l=ToT=) O,
o ° 0 @™ © &
P )}
m < ’0 Esporozoito e %.
@ ¢ P — S
O Epitélio do Q T ¢ | = o}
intestino médio i / L © AHEORRES ] 28
§ o 4/ Ativagio Hepatdcitos =g
Lo}
o ?"" 9 x = o]
Gametas ¢
@
d P
— = Macrogametocito : 'Oni" infectado I
T @ ‘\(‘ Merozoito
Microgametocito ‘_’o?"g @ c
"/ Trofozoito 'tuc"
@O Estigio — % _ J T
v 0N
2
% %, E ,\ . &
stigio : \.._
LO/;? s Esquizonte e
%, Estagio
% &260’ ng _{\,ﬁog
'91)1 ’1.5,;? P, vivax 48 horas
P vivax = 4 dias Oq, r;b ﬁﬂc,\%g -Preferéncia por reticulocitos
P, falciparum = 15 dias [OQ OCI{JCO -Todas as formas de estigio sanguineo sdo

observados, porém com predominincia de
aneis.
-Parasitemia mais baixa
P, falciparum 48 horas
-Invade normocitos
-S3o0 observadas formas trofozoitas
-Parasitenia mais alta

36

Figura 3: Representacdo esquematica do ciclo do Plasmodium no hospedeiro
vertebrado humano e no hospedeiro invertebrado — mosquito Anopheles. A) Infeccéo
através do repasto sanguineo da fémea do mosquito anofelino com a inoculacéo de
esporozoitos na pele do hospedeiro. B) Infeccdo em estagio pré-eritrocitico onde os
esporozoitos migram através de células de kupfer ou endoteliais para o figado,
invadem hepatocitos e passam pro processo de esquizogonia com consequente
liberagcado de merozoitos. C) Estagio eritrocitico assexuado com invasao de eritrécitos.
D) Desenvolvimento intra-eritrocitico de gametécitos: determinado numero de
parasitos sofre gametocitogénese e geram gametdécitos — forma infectante para o
mosquito vetor. E) Estagio no mosquito vetor: Gametécitos circulantes podem ser
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ingeridos durante o repasto sanguineo e dar origem ao ciclo sexual no intestino médio
do mosquito. (Adaptado de Bourgard et al., 2018).

3.3A doenga

De forma geral, a malaria € uma doenca curavel se diagnosticada de maneira
oportuna e tratada da forma correta e em tempo habil. Suas manifestagdes sao
normalmente caracterizadas como (i) ndo complicada ou (ii) grave/complicada. Os
sintomas clinicos classicos associados a malaria sdo causados por parasitos do
estagio eritrocitico/sanguineo que, ao se desenvolver, produzem substancias
residuais tais como o pigmento de hemozoina, que podem se acumular e
eventualmente serem despejados na corrente sanguinea. Uma vez circulantes, tais
toxinas podem estimular células do sistema imune a produzirem citocinas e outros
fatores soluveis que agem causando as principais sintomatologias associadas a
doenca. Na malaria ndo complicada, a combinagao mais comum de sintomas envolve:
febre, calafrios, dores de cabeca, nausea, voémito, dores no corpo e mal estar
generalizado (CDC, 2022). Eritrocitos parasitados por algumas espécies (em especial
P. falciparum) podem aderir ao endotélio vascular das paredes dos vasos sanguineos,
a esse processo damos o0 nome de sequestro. Quando tal sequestro acontece em
vasos cerebrais, a sintomatologia associada da origem ao que chamamos de malaria
cerebral, que é a manifestagdo mais grave da doenga e pode causar convulsdes e
outras anomalias neuroldgicas. Além da malaria cerebral, outros sintomas também
podem caracterizar um caso grave da doenca. Sdo eles: anemia grave devido a
hemdlise, hemoglobinuria, sindrome do desconforto respiratério, anormalidades na
coagulagao do sangue, faléncia de 6rgéos, lesdo renal aguda e baixa presséo arterial.
Estudos recentes demonstraram que P. vivax também tem a habilidade de promover
cito aderéncia no endotélio do hospedeiro levando a formacdo de rosetas,
caracteristica até entdo associada somente a malaria grave por falciparum
(Ockenhouse et al., 1991; Rowe et al., 2009; Da Veiga et al., 2022).

3.3.1 Métodos Diagnésticos

O diagnostico da malaria deve ser feito de maneira oportuna de modo a garantir
que o individuo tenha acesso ao tratamento, evitando que a doenca evolua para
formas mais graves. Além do diagndstico clinico realizado através de anamnese e da

avaliacdo dos sintomas, é necessario um teste laboratorial que comprove a presenca
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do parasito. Atualmente, o teste considerado padrao ouro para a malaria se baseia na
busca ativa de formas evolutivas do parasito através do método de gota espessa. Esta
metodologia € muito eficiente, mas exige profissionais treinados e experientes para
garantir sua qualidade. Além dela, outras metodologias também podem ser utilizadas
para auxiliar no diagndstico. Sao elas (i) Detec¢ao de antigenos do parasito através
de testes diagndsticos rapidos (TDRs); (ii) Técnicas moleculares de pesquisa de
material genético do parasito. Essa modalidade também pode ser utilizada como
controle de qualidade da microscopia, porém o custo elevado restringe seu uso
(Ministério da Saude do Brasil, 2021).

3.3.2 Tratamento

O tratamento da malaria depende de inumeros fatores, incluindo a gravidade da
doencga, a espécie do parasito e o local do mundo onde a infec¢ao foi adquirida. Os
dois ultimos critérios ajudam a determinar a probabilidade de resisténcia do parasito
a certos antimalaricos. Fatores adicionais como peso e gravidez podem limitar ainda
mais as opgdes disponiveis. O tratamento tem como objetivos principais a (i)
interrupcado da esquizogonia sanguinea (responsavel pela sintomatologia clinica da
doenga); (ii) eliminacao de formas latentes da doenga nas espécies que apresentam
este estagio (P. vivax e P. ovale); (iii) eliminar as formas evolutivas que transmitem a
doenga para o mosquito anofelino (gametécitos) (CDC, 2023). Dessa forma, o
esquema terapéutico utilizado no Brasil atualmente consiste na combinagdo da
primaquina e da cloroquina para infecgbes por P. vivax e P. ovale. Esse arranjo
aumenta as chances da chamada cura radical, que consiste na eliminacao das formas
sanguineas e hepaticas, evitando recrudescéncias e recaidas. Caso haja falha no
tratamento, um novo esquema utilizando artemeter/lumefantrina deve ser instituido; ja
para o P. falciparum, a OMS recomenda uma terapia combinada com derivados de
artemisinina (ACT); e para P. malariae, outra espécie também presente no Brasil, o
tratamento é feito somente com cloroquina. Individuos com caracteristicas e
circunstancias especificas precisam de atencao na definicdo do protocolo terapéutico.
Gestantes, criancas com menos de 6 meses de idade e pacientes com deficiéncia de
G6PD ndo podem fazer uso de primaquina, portanto precisam ter o tratamento
ajustado (Ministério da Saude do Brasil, 2021).
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3.4Resposta imune na malaria vivax

3.4.1 Imunidade Inata

A infeccdo malarica envolve uma ativagao deletéria de células imunes inatas
(como por exemplo células dendriticas apresentadoras de antigenos) através de
fragmentos derivados de Plasmodium, conhecidos como Padrdées Moleculares
Associados a Patégenos (PAMPs) e os Padrbes Moleculares Associados a Danos
(DAMPs), que sao componentes endogenos liberados por células hospedeiras que se
encontram em estresse, danificadas ou mortas (Lopez et al., 2017). O reconhecimento
desses padrdes leva ao amadurecimento dessas células dendtriticas através de sinais
intracelulares, que mediam a ativagao de linfécitos T e B, células do tipo Natural Killer
(NK) e macrofagos (Wykes e Good, 2008). Com frequéncia, ha uma hiper ativagao de
células imunes inatas, o que leva a inflamagao sistémica responsavel pelos sinais e
sintomas iniciais da malaria e que sdo mediadoras das formas graves da doenca
(Gazzinelli et al., 2014; Antonelli et al., 2020). Os PAMPs e DAMPs, que sao
personagens centrais nessa ativagcao robusta do sistema inato, sdo as estruturas
reconhecidas pelos receptores imunoldgicos que sdo responsaveis por desencadear
processos inflamatorios apds infecgdo com determinado patégeno (Martinon et al.,
2009; O'neill et al., 2013). A auséncia de um sistema de um cultivo para vivax, no
entanto, dificulta a identificagao de estruturas como essas que sejam especificas para
a espécie, embora normalmente elas sejam conservadas dentro de um mesmo
género. Diversos estudos ja relaram a presenca de altos niveis de citocinas proé-
inflamatdrias, como a interleucina (IL) IL-6, TNFoa e IL-8 no plasma ou soro de
pacientes sintomaticos de P. vivax (Seoh et al., 2003; Fernandes et al., 2008; Antonelli
et al., 2020). Citocinas circulantes voltam ao normal quando analisadas de 30-40 dias
poOs-tratamento e da chamada cura parasitologica. Em individuos assintomaticos, nao
se observa aumento de citocinas pro-inflamatdrias circulantes e a consequente
inflamacgao. Supde-se que individuos assintomaticos sejam imunotolerantes e que,
portanto, ndo apresentam os sinais de resposta inflamatoéria sistémica visto em

infecgdes por P. vivax.

3.4.2 Imunidade Adaptativa

O desenvolvimento de uma imunidade clinica robusta e persistente observado

em residentes de longa data de areas endémicas para malaria indica que o
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desenvolvimento de uma vacina eficaz é possivel. Anticorpos foram identificados
como um componente chave no combate a infecgdo e sdo considerados os principais
provedores da chamada Imunidade Naturalmente Adquirida (INA). Tal conceito &
baseado em um importante estudo conduzido em 1961 que demonstrou que a
transferéncia de soro de adultos com histérico de casos de malaria para criangas nao
infectadas poderia protegé-las da doenca clinica (Cohen et al., 1961). Diversos outros
estudos elucidaram esse efeito de forma bastante clara: um inquérito epidemiolégico
conduzido em Vanuatu demonstrou que enquanto a morbidade resultante de
infecgdes por P. vivax atingia seu pico em criangas entre 0 — 2 anos, pouca ou quase
nenhuma era observada em individuos de 6 anos ou mais (Mueller et al., 2013;
Longley et al., 2017). Ja no oeste da Tailandia, tal pico foi observado entre 0 — 4 anos,
diminuindo para um platd apds os 25 anos de idade, confirmando que criangas séo
mais suscetiveis a doencga clinica quando comparadas a adultos, e que esse efeito
poderia ter a ver com exposicoes prévias ao parasito. Dessa forma, associagdes entre
imunidade e o numero de infecgbes sdo comumente observadas e demonstram que
a morbidade causada pela malaria diminui consideravelmente apods sucessivas
infecgdes. Em individuos residentes de areas endémicas, a imunidade adquirida via
exposicao garante que episodios clinicos da doenga sejam cada vez menos
frequentes (Barua et al., 2019; Gonzales et al., 2020). Esses individuos, denominados
semi-imunes, ainda podem desenvolver parasitemia no estagio sanguineo, porém a
densidade parasitaria € mais baixa e por vezes insuficiente para causar sintomas
febris. De interesse, a velocidade na aquisicdo desse tipo de imunidade depende da
intensidade de transmissdo e espécie do parasito. Quando comparada com
falciparum, vivax apresenta um desenvolvimento de resposta mais acelerado (Mueller
et al., 2013). A diferenca na velocidade de aquisi¢ao de INA sugere que a imunidade
funcional contra as duas espécies diverge de forma acentuada e isso muito
provavelmente se deve as distintas caracteristicas biologicas de P. vivax, como a
presenca de hipnozoitos, a dependéncia de poucas vias de invasao e a forga da
interacdo genética gerada a partir dessas peculiaridades (clones provenientes de
recidivas podem servir como um reforgo para o sistema imune ou se apresentar como
uma ampliagédo ao repertdrio caso sejam geneticamente diferentes).

A ativagdo de células imunes e respostas inflamatérias sdo de extrema
importancia no processo de desenvolvimento da imunidade adquirida, especialmente

no que se refere ao processo de geragao de anticorpos, que tém papel importante no
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controle da replicagdo dos parasitos (Stevenson and Riley, 2004; Gazzinelli et al.,
2014). Acredita-se que tal imunidade seja mediada por anticorpos especificos para o
estagio sanguineo, uma vez que experimentos com infec¢do controlada
demonstraram que as principais mudangas transcricionais nao ocorrem em células
hematopoiéticas antes dos parasitos entrarem na fase sanguinea do ciclo (Rojas-
Pena et al., 2015). As funcbes efetoras mediadas por anticorpos podem incluir
diferentes mecanismos, tais como inibicdo indireta (neutralizagdo), bloqueio de
interacbes da ligagdo parasito-hospedeiro, opsonizagdo e ainda interacdo com
receptores expressos nos fagocitos promovendo absor¢do e degradagao celular
(Beeson et al., 2008). De importancia, as propriedades funcionais dos anticorpos sao
influenciadas por multiplos fatores, incluindo isotipo/subclasse, especificidade do
epitopos, afinidade e glicosilacao (Irani et al., 2015). Dentre as classes de anticorpos,
destacam-se a imunoglobulina G (IgG) e M (IgM). A maioria esmagadora dos estudos
a respeito de anticorpos humanos com atividade protetora tem como alvo a
imunoglobulina G e, como consequéncia, pouco se sabe sobre a dindmica de
aquisicao e manutengao de IgM na malaria ou de como esse anticorpo atua na
mediacao desses efeitos protetores (Boyle et al., 2019). Varias classes de anticorpos
sdo produzidas pelo hospedeiro quando infectado com malaria, e embora a atividade
protetora seja principalmente associada com IgG, diversos estudos ja implicaram IgM
em papéis de relevancia no curso da infecgao. O estudo pioneiro conduzido por Brown
e colaboradores é particularmente interessante porque demonstrou que anticorpos
IgM de criangas infectadas foram capazes de inibir o crescimento de P. falciparum in
vitro (Brown et al., 1986). Ainda, anti-lgM especificos podem atuar atenuando a
severidade da doenga ao inibir o fator de necrose tumoral (TNF) proveniente das
toxinas liberadas durante a ruptura de eritrocitos (Pleass et al., 2016). De forma geral,
acredita-se que IgM é induzida nos estagios iniciais do curso da infecgdo com rapido
decaimento e posterior “substituicdo” por IgG na fase de desenvolvimento de memoria
imunoldgica. Tal paradigma de indugao precoce de IgM com posterior conversao para
IgG foi observado na resposta imunoldgica de humanos contra multiplos patégenos
como dengue (Guzman et al., 2010), virus do Nilo Ocidental (Busch et al., 2008) e HIV
(Tomaras et al., 2008). No entanto essa dindmica néo se confirmou para Plasmodium,
cujo estudos demonstraram altos niveis de anticorpos IgM em individuos de areas
endémicas com alta incidéncia de malaria (Dodoo et al., 2008; Richards et al., 2010;

Adu et al., 2016). Além disso, a existéncia de células B de memaria expressando IgM
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foi recentemente comprovada em amostras de individuos naturalmente expostos, o
que sugere que talvez esse anticorpo tenha papel importante ndo apenas nas
infeccbes primarias, mas também nas subsequentes (Krishnamurty et al., 2016).
Infelizmente n&o temos estudos e dados suficientes para vivax nesse sentido, e muito
do que se sabe da resposta imune da espécie é baseado em insights das pesquisas
com falciparum, outras Plasmodium ssp. em modelos experimentais ou, ainda, na
resposta observada nos ensaios com candidatos em potencial. Embora seja razoavel
supor que os principios se assemelhem, as diferencgas significativas entre as espécies
justificam cautela.

Se tratando dos anticorpos IgG — que sao atores importantes e velhos
conhecidos por desempenharem um papel importante na imunidade de P. falciparum,
especialmente durante o ciclo sanguineo — temos um cenario similar no que se refere
a compreensao de seu papel de forma funcional (Beeson et al., 2008; Tham et al.,
2017). Anticorpos para antigenos especificos, como por exemplo as proteinas PvDBP
e PvAMA-1, se demonstraram capazes de inibir o crescimento do parasito, embora os
estudos sejam bastante limitados por causa das dificuldades associadas a cultura in
vitro dessa espécie. No entanto, ensaios que medem a capacidade de anticorpos de
inibirem a ligagéo entre os parasitos e os receptores nas células hospedeiras, que tém
a vantagem de n&o precisarem do cultivo do parasito, tém fornecido dados
importantes sobe a capacidade funcional desses anticorpos (Vanbuskirk et al., 2004;
Grimberg et al., 2007). De interesse, anticorpos IgG contra parasitos da fase
sanguinea sdo majoritariamente pertencentes as subclasses citofilicas IgG 1 e 1gG 3,
que tém maior capacidade de mediar fungbes dependentes de receptores Fc e ja
foram associadas a protecdo em estudos de INA (Cutts et al., 2014).

A nivel celular, INA em Plasmodium vivax também segue sendo muito pouco
compreendida, porém é claramente um instrumento para uma resposta funcional e
eficaz. Individuos que deixam areas endémicas rapidamente perdem suas células B
e T especificas, confirmando que a exposi¢cao continua € necessaria, ndo somente
para a inducdo das células efetoras e de memodria, mas também para sua
manutengdo. Respostas pré-inflamatérias costumam ser robustas durante a fase
aguda da malaria vivax e promovem forte ativagdo de células imunes inatas, bem
como linfocitos T CD4+, TCD8+ e B (Antonelli et al., 2020). De interesse, embora a
inducao de células T CD4+ seja critica no processo de produgao de anticorpos pelas

células B, existem evidéncias de que elas também tenham papel de destaque na
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resposta imunorregulatéria. No entanto, tais mecanismos, que sao ativados nos
estagios iniciais da infeccdo, podem limitar a capacidade do sistema imune de
controlar a carga parasitaria. Assim, compreender o balango dessas respostas
mediante infecgcao se faz necessario para um melhor entendimento de como se da o
desenvolvimento da imunidade e suas falhas, que fazem com que individuos que ja

foram expostos voltem a se infectar de forma recorrente.

3.5 Estratégias para selecao alvos antigénicos que possam vir a compor

vacinas de subunidades

A enorme complexidade de alguns microrganismos e a maneira como eles
interagem com as células hospedeiras, em conjunto com a resposta imune promovida
por eles, demanda uma busca por uma metodologia logica e racional no
desenvolvimento de vacinas que inclua a utilizagdo de multiplas proteinas (ou seus
fragmentos) que estejam envolvidos nos processos de invasao de células suscetiveis.
Uma sintese quimica contemplando diversos alvos permitiria a entrega de varios
peptideos que sejam funcionalmente relevantes e capazes de atingir diversas frentes no
intuito de gerar uma resposta robusta (Patarroyo et al., 2008). Especificamente se
tratando da malaria, detalhes sobre as vias de invasdo utilizadas por P. vivax
permanecem um enigma, ja que ainda ndo se sabe ao certo quantas moléculas estéo
envolvidas no processo ou quais sao os receptores presentes na maioria das proteinas
ja caracterizadas. O complexo e multifasico ciclo de vida apresenta desafios unicos, ja
que a imunidade contra o parasito tem tendéncia a ser espécie e cepa-especifica. Com
base nisso, uma vacina de antigeno unico que contemple apenas um estagio do ciclo de
vida provavelmente ndo sera suficiente (Herrera et al., 2004). Nesse contexto, a
abordagem baseada em peptideos sintéticos abrangendo diversos epitopos oriundos de
uma ou mais fases (vacina multigénicas) é uma alternativa atraente para o
desenvolvimento de vacinas contra a malaria. Assim, critérios especificos podem ser
adotados de modo a selecionar antigenos candidatos de forma mais eficiente; estes
incluem (i) potencial antigénico; (ii) baixo polimorfismo e (iii) presenga de epitopos de
células B. Esse tipo de formulacdo normalmente incorpora epitopos do menor tamanho
possivel que sejam capazes de gerar uma resposta imune satisfatéria. De forma

importante, vacinas baseadas em peptideos ja foram descritas como capazes de
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desencadear respostas protetoras maiores ou de eficiéncia similar do que abordagens
que utilizam proteinas inteiras (Pearson et al., 2010; Rosalia et al., 2013). Além disso,
sao formulagbes extremamente estaveis, podem ser facilmente produzidas em grande
escala, com alto rendimento e custo relativamente baixo (Satterthwait et al., 1990;
Patarroyo et al., 2008).

A primeira vacina contra malaria fundamentada nesse tipo de estratégia foi
testada clinicamente em 1987 e teve sua racional baseada na repeticado de sequéncias
peptidicas derivadas da proteina circunsporozoita CSP de falciparum (Herrington et al.,
1987). Desde entdo, uma variedade de vacinas peptidicas sintéticas foi desenvolvida
para parasitas murinos (P. berghei e P. yoelii) e humanos (P. falciparum e P. vivax) e
testadas quanto a imunogenicidade e eficacia, com algumas delas alcangando a fase de
ensaios clinicos (Gerberding, 2013). A partir desses estudos, um banco de dados de
mais de 500 mil epitopos de células B e T de proteinas de Plasmodium foi desenvolvido
e este, atualmente, funciona como um repositério abrangente de potenciais alvos para

serem estudados (Skwarczynski et al., 2020).

3.6 Principais antigenos candidatos a vacina contra P. vivax

Atualmente, mais de 5.000 proteinas ja foram identificadas dentro de P. vivax
(Aurrecoechea et al., 2009), e embora varias delas ja tenham sido selecionadas como
candidatos vacinais, ainda ndo se sabe ao certo quais sdo responsaveis pela
imunidade clinica observada em areas endémicas. Nas ultimas décadas, esforgos tém
sido feitos para o desenvolvimento de vacinas contra diferentes estagios evolutivos
de P. vivax. Assim, uma vacina bloqueadora da transmisséo — isto €, aquela cujo alvo
sdo estagios do parasito que evoluem no mosquito vetor — poderia garantir a
interrupcdo da transmissao e evitaria a reintrodugdo da doenca em areas onde a
eliminacao ja foi alcangada (Mueller et al., 2015). Por outro lado, uma vacina contra a
fase pré-eritrocitica ndo s6 poderia prevenir a infeccdo sanguinea, mas também
evitaria o estabelecimento de hipnozoitos, reduzindo assim o numero de recaidas,
conhecidas por contribuir para a manutencao da transmissao da doenga. Por ultimo,
uma vacina contra os estagios sanguineos, responsaveis pela doenga clinica,
reduziria consideravelmente a parasitemia e a gametocitomia associada, interferindo
também no potencial de transmissdo. De forma especifica, se tratando dos candidatos

de fase sexual, as chamadas vacinas de bloqueio de transmissao (VBT) se baseiam
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em estratégias para prevenir o desenvolvimento do parasito no mosquito vetor. Os
alvos mais estudados contemplam diversas fases do estagio sexual do parasito nos
mosquitos, podendo atuar no bloqueio dos seguintes processos: fertilizagao (Pvs230,
P48/45); invasao da glandula salivar (Saglin); e formagao do oocisto (CelTos, APN1,
Pvs25, Pvs28, WARP, CTRP, SOAP) (Lopez et al., 2017). Dois deles (Pvs25 e Pvs28),
os chamados antigenos pos-fertilizagdo, sdo considerados como mais promissores
porque interferem, em conjunto, na maturagdo do oocineto e na formag¢ao de oocistos
(Wu et al., 2015). De importancia, experimentos conduzidos em modelos
experimentais demonstraram que antissoros contra essas duas proteinas foram, de
fato, capazes de reconhecer e suprimir de forma significativa o desenvolvimento de
oocistos em diferentes espécies de Anopheles. Contudo, embora os resultados sejam
animadores, uma futura VBT enfrentaria desafios na manutencdo da resposta de
anticorpos contra o parasito, ja que ndo haveria o que chamamos de refor¢o natural
mediante exposig¢do (0 hospedeiro humano ndo é exposto aos antigenos presentes
no hospedeiro invertebrado) e a necessidade de constantes doses de reforgo poderia

comprometer a efetividade da vacina a longo prazo.

Ja os candidatos de fase pré-eritrocitica contemplam desde os estagios iniciais
da infecgao por esporozoitos até a conclusao da fase hepatica e avango para o ciclo
sanguineo. Este € um gargalo importante do ciclo de vida dos plasmodios uma vez
que neste momento da infecgao, a carga parasitaria ainda se encontra baixa. A origem
de vacinas contemplando essa fase do ciclo se deu a partir de uma experiéncia
utilizando esporozoitos irradiados, o que garantiu aos individuos cobaias uma
protecao estéril (Nussenzweig et al., 1967). De forma importante, estudos recentes
confirmaram o potencial desse tipo de formulagao vacinal, seja através da picada de
mosquitos infectados ou injegao intramuscular. No entanto, desafios logisticos limitam
esse tipo de abordagem e alternativas voltadas para vacinas de subunidades s&o
atualmente tidas como mais promissoras. Dentre elas, a PvCSP — a proteina de
superficie dos esporozoitos considerada como mais relevante — é o principal alvo ja
que é diretamente exposta ao sistema imune do hospedeiro durante a fase de
migragado que acontece no figado. Na INA observada a partir do contato natural com
P. vivax e em infecgcbes humanas controladas, anticorpos anti-PvCSP foram
correlacionados com protecéo a curto prazo. Porém, este candidato desperta fatores

de preocupacgado no que se refere a sua diversidade genética (bastante ampla) e
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consequente comprometimento da especificidade da resposta. Até o momento,
poucos estudos clinicos e pré-clinicos em humanos foram relatados. As formulagdes
avaliadas até agora incluem peptideos sintéticos, diferentes tipos de proteinas
recombinantes, além de proteinas quimeras. Embora essas vacinas tenham se
demonstrado seguras, elas sdo pouco imunogénicas e nao conferiram protecéo
mediante ao desafio com esporozoitos. De modo a contornar essas questdes,
otimizagbes precisam ser realizadas considerando a adicdo de mais
antigenos/peptideos ou formulagdes adjuvantes que de modo a dar um boost na

eficacia.

A patologia das infecg¢des por P. vivax depende criticamente da capacidade do
parasito de reconhecer e invadir reticuldcitos. Este € um processo complexo que
depende de uma série de interagdes ligante-receptor altamente especificas entre os
merozoitos e as proteinas da superficie dos eritrocitos (Duffy e Patrick Gorres, 2020).
As vacinas que tém como alvo antigenos dessa fase geralmente se concentram na
inducao de anticorpos neutralizantes capazes de bloquear as interagdes dos ligantes
do parasito com as células do hospedeiro de modo a evitar a invasao, o crescimento
e, por fim, a doenca clinica (Salinas et al., 2019). Ademais, uma vacina que contemple
esse estagio tem o potencial de reduzir a gametocitemia no hospedeiro e,
indiretamente, reduzir a transmissao. A resposta imune humoral a antigenos do ciclo
sanguineo é julgada como de extrema importancia na INA para malaria. Estudos pré-
clinicos ja caracterizaram antigenos de merozoito como possiveis candidatos vacinais
baseado na imunogenicidade gerada por eles em modelos experimentais,
reconhecimento por anticorpos gerados por INA e, importantemente, pela capacidade
de gerar anticorpos inibidores de ligagédo/invaséo (Tham et al., 2017). Dentre os
principais candidatos dessa fase, incluem-se a Duffy Biding Protein (DBP), proteinas
de ligagao a reticulécitos (RBPs), proteinas de superficie de merozoitos (MSPs), que
incluem as familias MSP-1, MSP-3 e MSP-9, além do Antigeno de Membrana Apical
1 (AMA-1) e das proteinas pertencentes a familias multigénicas como a PvVir14,
recém descoberta sendo excretada na urina de pacientes naturalmente infectados da

Amazobnia brasileira.
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3.6.1 Antigeno de Membrana Apical 1 (AMA-1)

O Antigeno de Membrana Apical 1 (AMA-1) € uma proteina transmembrana do
tipo 1 de 83 kDa composta por um ectodominio rico em cisteina que se divide em trés
dominios distintos (DI, DII, DIll), um dominio transmembranar (TR) e um dominio C-
terminal (Figura 4) (Nair et al., 2002). Esse antigeno, que ja foi descrito como sendo
expresso em esporozoitos e no estagio final da esquizogonia, se acumulando nos
micronemas e superficie apical de merozoitos maduros, tem papel crucial no
complexo sistema de jungdo mével que media a internalizagdo do parasito na célula
hospedeira (Remarque et al., 2008; Bargieri et al., 2013). Embora AMA-1 também
possa ser expressada no momento que precede a invasao de hepatécitos humanos,
seu papel nessa fase néo parece ser crucial como na fase sanguinea (Silvie et al.,
2004). Inicialmente identificada como um antigeno de superficie de P. knowlesi
(Deans et al., 1982), hoje acredita-se que esta proteina, que esta presente em todas
as espécies de Plasmodium, seja exclusiva dos apicomplexas e derivada de um unico
gene. Na malaria, a invasdo dos eritrécitos pode ser definida através de 4 etapas
principais: (i) contato inicial do merozoitos com a célula hospedeira; (ii) reorientagcao
do merozoitos de modo a garantir contato com a membrana celular; (iii) formagao da
JM através de ligacbes de alta afinidade; e (iv) formagao do vacuolo parasitéforo e
posterior multiplicagdo (Weiss et al., 2015). De forma importante, AMA-1 ja foi

demonstrada como pecga-chave em dois desses processos (ii e iii).
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Figura 4: Diagrama esquematico da forma tridimensional (PDB:1W81) e dos dominios
estruturais de PvAMA-1 (Pizarro et al., 2005).

Diversos estudos in vitro em parasitos do género demonstraram que a fungéo
dessa proteina poderia ser inibida e bloqueada quando na presenga de anticorpos,
interrompendo a progressao da infecgéo, confirmando seu papel vital no ciclo de vida
do plasmaddio. Ainda, a imunizagao experimental de roedores e primatas com a forma
nativa de AMA-1 ou suas variagdes recombinantes resultou em desfecho protetor
quando posteriormente os animais foram desafiados com o parasito (Stowers et al.,
2002). Ja em seres humanos, anticorpos para AMA-1 sdo encontrados na maioria das
pessoas com histérico de exposicdo a malaria, com forte correlacdo com idade
(quanto mais velhos e, portanto, maior tempo de exposigao, maior a frequéncia de
anticorpos). Contudo, estudos imunoepidemioldgicos realizados em diferentes regides
do Brasil, india e Sri-Lanka demonstraram presenca de imunidade naturalmente
adquirida contra PvAMA-1 mesmo em individuos com exposi¢ao limitada a doenca
(Wickramarachchi et al., 2007; Seth et al., 2010; Bueno et al., 2011). De forma
interessante, anticorpos reconhecem, principalmente, DI e DIl, enquanto que para
regides pertencentes ao DllI, as respostas sdo de menor robustez, embora aumentem
progressivamente a medida que os individuos envelhecem. Significativamente,

anticorpos 1gG para construgbes vacinais contendo DI e DIl de AMA-1 foram



49

associados com risco reduzido para malaria clinica em individuos parasitémicos
(Polley et al., 2004).

Quando comparado com outro candidato vacinal de estagio sanguineo que
também desperta bastante interesse, a MSP-1, anticorpos anti-AMA-1 parecem ser
mais efetivos se avaliados quanto a capacidade funcional (inibicado de crescimento do
parasito) (Miura et al., 2009). Se essas respostas funcionais observadas in vitro terao
o0 mesmo desempenho in vivo, ainda esta por se comprovar, porém os dados, sem
duvida, estimulam o interesse em AMA-1 como um importante e promissor candidato

vacinal para a malaria (Salavatifar et al., 2015).

3.6.2 Familias multigénicas de Plasmodium e a PvVir14

Varias espécies de Plasmodium possuem familias multigénicas nas regides
teloméricas e subteloméricas de seus cromossomos (Janssen et al., 2004). Em
Plasmodium vivax, a maior familia é conhecida como vir (variante de repeti¢cdes
intercaladas), e as proteinas pertencentes a ela sdo responsaveis pela variagao
antigénica do parasito em infecgdes naturais, ou seja, auxiliam no escape do parasito
ao sistema imune do hospedeiro (tal acdo pode resultar em infecgbes cronicas)
(Requena et al., 2016). Teoricamente, esses genes podem ser considerados como
candidatos vacinais eficazes ja que normalmente sdo expressos na superficie e,
portanto, expostos ao sistema imune com frequéncia (Singh et al., 2014). O repertorio
do gene vir a partir do genoma de P.vivax Sal-1 (cepa proveniente de El Salvador e a
que atualmente mais circula no Brasil) inicialmente contemplava 346 genes, incluindo
fragmentos e pseudogenes com diferentes numeros de exons (Del Portillo et al., 2001;
Fernandez-Becerra et al., 2009). Mais tarde, mais de 1000 genes foram identificados
em diferentes genomas de P. vivax (Auburn et al., 2016). Estudos de modelagem
probabilistica, predicdo de proteinas e genes revelaram a existéncia de numerosas e
distintas subfamilias (nomeadas de A — L) com padrbes conservados entre elas
(Carlton et al., 2008). De forma interessante, estudos in silico dos dominios e estruturas
secundarias de uma dessas subfamilias, a de nome A, revelaram que suas proteinas
sdo bastante similares as proteinas da familia SURFIN de P. falciparum, que sao

encontradas na superficie de merozoitos e eritrocitos infectados (Winter et al., 2005).
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As proteinas codificadas pelos genes vir ainda ndao tém papel conhecido, mas
especula-se que tenham funcdo mediando cito aderéncia e na cronicidade da doencga
(Fernandez-Becerra et al., 2005). Ao contrario dos genes var de falciparum (familia
considerada homodloga), os genes vir sdao abundantemente expressos em
determinados momentos do curso da infec¢ao (Fernandez-Becerra et al., 2005). Dentre
as subfamilias ja descritas (12 no total), a denominada Vir-14 é conhecida por ser
capaz de gerar anticorpos especificos em infec¢gdes naturais, cuja presenca esta
associada a um fator indicativo de exposi¢ao cumulativa a malaria com tendéncia a um
aumento durante episodios de infecdo aguda (Requena et al., 2014). Juntos, esses
dados sugerem de forma contundente que as proteinas vir podem estar localizadas em
regides subcelulares distintas e exercendo fungdes diferentes, o que as tornam alvos

de interesse.
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4 OBJETIVOS

4.2 Objetivo geral

Identificar proteinas e peptideos com potencial imunogénico envolvidos em

infecgdes naturais por Plasmodium vivax para compor uma futura formulagao vacinal

multigénica.

4.2.1

%

Objetivos especificos

Selecionar epitopos lineares da proteina Pv-AMA-1 por biologia computacional;
Identificar sequéncias proteicas de P. vivax em urinas de individuos
naturalmente infectados;

Produzir, por sintese quimica ou expressao heterdloga, peptideos ou proteinas
contendo as regides imunogénicas previamente selecionadas; ;

Determinar a antigenicidade dos peptideos selecionados a partir de amostras
de soros de pacientes naturalmente infectados por P. vivax;

Avaliar o padrédo de resposta celular induzida pela proteina Pwir14 em

amostras de individuos naturalmente infectados por P. vivax.
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5 METODOLOGIA

5.1 Populagoes e areas de estudo

O presente estudo foi realizado com amostras provenientes de trés paises
distintos: Brasil, Camboja e Mali. Todos os paises contemplados sao considerados
endémicos para malaria, com populacbes naturalmente expostas embora se
diferenciem com relagao as espécies prevalentes e contexto de transmissao e tais
caracteristicas foram levadas em consideragao para a escolha das areas. No Brasil,
onde majoritariamente circulam trés espécies diferentes — P. vivax, P. falciparum e
P. malariae — foram contemplados aqueles individuos com infeccédo aguda por P.
vivax que procuraram o servigo de saude do Centro de Pesquisa em Medicina
Tropical (CEPEM), Porto Velho, RO, nos anos de 2014 e 2019. Neste contexto, 121
amostras de soro e 22 amostras de células mononucleares de sangue periférico
(PBMC) foram selecionadas. Em Camboja, as espécies circulantes no momento da
coleta das amostras (2008) eram P. vivax e P. falciparum e, assim como no Brasil,
somente aqueles individuos com infecgdo aguda para P. vivax foram elegidos. A
escolha de Mali para parte do estudo foi estratégica considerando que, diferente do
Brasil e de Camboja, na regido de coleta ndo ha circulagao de P. vivax, o que torna
os individuos incluidos (28) pecas-chave na avaliagdo de resposta espécie-
especifica contra os antigenos investigados. Neste grupo foram incluidas amostras
de individuos com infecgcado aguda por P. falciparum. As populagdes dos trés paises
sdo compostas por adultos em sua maioria, embora a amplitude de faixa etaria varie
entre eles. Informacgdes detalhadas e demais caracteristicas epidemioldgicas podem
ser observadas na Tabela 2. Além de amostras de individuos infectados
provenientes de areas endémicas, também foram incluidas no estudo 10 amostras
de individuos controle de areas nao endémicas — Belo Horizonte, MG, Brazil (15) e
Bethesda, MD, Estados Unidos da América (5) — nunca antes expostos a doenca
para servir como controle nos estudos imunoldgicos. A coleta e utilizagdo das
amostras foi aprovada pelos comités de ética em pesquisa de seus respectivos
paises sob os protocolos CAAE 27466214.0.0000.5149 (Brasil); ClinicalTrials.gov
NCT00663546 (Camboja), e ClinicalTrials.gov NCT02334462 (Mali). Para alguns
experimentos, amostras coletadas no Brasil foram congeladas e transportadas em

gelo seco para o National Institutes of Health, Bethesda, EUA.
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Caracterizagao demografica e epidemiolégica
Brasil: individuos infectados; P. vivax (n=121)
Faixa etaria, anos 29 — 49
Sexo, feminino:masculino 1:3

Brasil: individuos nao infectados e nunca expostos (n=15)
Faixa etaria, anos 26 - 32
Sexo, feminino:masculino 1:1.5

Brasil: individuos nao infectados, mas expostos (n=15)
Faixa etaria, anos 20 - 47
Sexo, feminino:masculino 26-1

Mali: individuos infectados; P. falciparum (n=28)
Faixa etaria, anos 18-55
Sexo, feminino:masculino 1:3

Cambodia: individuos infectados; P. vivax (n=55)
Faixa etaria, anos 3-55
Sexo, feminino:masculino 1:1.75

Estados Unidos da Ameérica: nao infectados e nunca
expostos (n=5)

Faixa etaria, anos 49 — 53
Sexo, feminino:masculino _ 0:1
Tabela 2 - Caracteristicas epidemiolégicas e demograficas dos individuos

selecionados para o estudo.

5.20btencao de plasma e células mononucleares de sangue periférico (PBMCs)

Foram coletados cerca de 40mL de sangue em heparina sodica (tubos do tipo
vacutainer, BD Vacutainer) por individuo. As amostras foram processadas
imediatamente para obtencédo de células mononucleares de sangue periférico. Dos
40mL de sangue heparinizado, 20mL foram diluidos em 10mL de meio de cultura
RPMI 1640 (Gibco) incompleto (24 mM bicarbonato de sodio, 2mM L-glutamina, 25mM
HEPES, 100U/ml penicilina e 0,017mM estreptomicina, pH 7,4), em tubo cénico de
polipropileno de 50mL (tubo tipo Falcon). Em seguida, a suspensado sanguinea foi
lentamente colocada sobre uma solugcéo de histopaque 1077 (Sigma-Aldrich), na
proporgao de 2:1 (tubo de 50mL), de modo a ndo romper a tensao superficial entre as
duas camadas de densidades diferentes, e centrifugada (350 x g por 40 min a
temperatura ambiente). Apdés a centrifugacdo, o anel de PBMCs, localizado na
interface entre o plasma e o histopaque, foi coletado com o auxilio de uma pipeta

Pasteur e transferido para um tubo tipo Falcon de 50mL ja contendo meio de cultura
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RPMI 1640 incompleto gelado. Para a obtengdo do plasma, o volume restante do
sangue total (20 mL) foi processado nas mesmas condi¢gbes acima, porém sem ser
diluido com meio de cultura, sendo o sobrenadante coletado e o plasma estocado até
uso (-20°C). Apds a lavagem (350 x g por 10min a 4°C, 3x), as células foram
ressuspendidas em soro bovino fetal (Gibco), contadas em camara de Neubauer e
diluidas para uma concentracdo de 1 x 107 células/mL em soro bovino fetal
suplementado com 10% de dimetilsulféxido, DMSO (Sigma-Aldrich). A suspensao de
PBMCs (1x107 células/mL por crio-tubo, cryopure, Sarstedt) foi congelada lentamente,
inicialmente a -80°C por 24h, com ajuda de recipiente para congelamento contendo

isopropanol (Nalgene).

5.3 PvAMA-1 — Selecao de epitopos com potencial imunogénico

A predicao de epitopos lineares de células B foi realizada utilizando o programa
BepiPred 1.0 conforme descrito anteriormente (Larsen et al., 2006). De forma
sintética, o software utiliza uma unica sequéncia FASTA como entrada e cada
aminoacido recebe um score de predicdo baseado no modelo de cadeia de Markov
de antigenos ja conhecidos e registrados na base de dados. Além disso, s&o
incorporados métodos de escala de propensdo com base na hidrofilicidade de cada
aminoacido singular e na predicdo de suas estruturas secundarias. Foi utilizado um
cut-off de 0.35 para definir se determinada regido poderia ser considerada como um
possivel epitopo de célula B. O score dos epitopos representa a média dos scores
encontrados para cada aminoacido singular que apresentou um valor acima do cut-off

previamente instituido.

5.3.1 Sintese e espectrometria de massa de peptideos soluveis

Os peptideos soluveis EEFRDYYENGEEKSNKQM (P,
SSGVRVDLGEDAEVENAK (PII, GDQRLKDGGFAFPNADDH (PIIT) e
SSGVRVDLGEDAEVENAKGDQKLKDGGFAFPNANDHEEFRDYYENGEEKSNKQM
(tripeptideo) foram sintetizados em uma escala de 25 pmol no ResPep SL sintetizador
automatizado (Intavis®). Os aminoacidos foram ativados com uma solugdo 1:1 de
Oxyma Pure (Merk) e dissopropilcarbodiimida (DIC, Sigma-Aldrich). Em seguida, os
aminoacidos ativados foram incorporados as resinas TentaGel (Intavis) (Peptideos | e
II) ou 106 H-Rik Amide ChemMatrix (Sigma-Aldrich) (Peptideos Il e tripeptideo). A
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desprotecao da Fmoc foi realizada repetidamente até que a sintese de cada peptideo
fosse completada utilizando 4-Methylpiperidine 25% (25% v/v em DMF). Os peptideos
foram entdo extraidos da resina através de um tratamento com uma solugao contendo
Trifluoroacetic (92,5%), agua (2,5%), Triispropylsilane (2,5%) e Beta-mercaptoethanol
(2,5%) em trés horas sob agitagédo. Especificamente para o Tripeptideo, a sintese foi
realizada utilizando um agente cautropico e cloreto de litio (0.8M) e o tempo de
desprotecao foi prolongado de modo a garantir a extens&o da cadeia polipeptidica. Os
peptideos foram precipitados com uma solucdo fria de metil terc butil e entdo
liofilizados. O peso molecular de cada peptideo sintetizado foi confirmado através de

espectrometria de massa utilizando o equipamento MALDI/TOF Autoflex Speed.

5.3.2 Espectrometria de massa (MALDI/TOF)

Para a analise, 0,5uL de amostra concentrada de cada peptideo foi misturada
com 0,25mL de uma solugdo de matriz saturada [10 mg / mL a-ciano-4-
hidroxicindmico (Aldrich, Milwaukee, WI) e 50% de acetonitrila/0,1% de acido
trifluoroacético. As amostras foram entédo aplicadas a uma placa MTP AnchorChip TM
600/384 (Bruker Daltonics) e deixadas para secar a temperatura ambiente. Os dados
brutos foram obtidos no MALD/TOF Autoflex Speed utilizando um modo
positivo/refletor controlado através do software FlexControlTM 3.3. A calibracdo do
instrumento foi realizada utilizando peptideos referéncia (Peptide Standard, Bruker
Daltonics) e cada espectro foi produzido acumulando dados de 200 lasers

consecutivos de 127 disparos.

5.4 Pwir14 — Peptideo descoberto através de espectrometria de massa em
urina de pacientes com infecgao aguda por P. vivax

A identificacdo do peptideo pertencente a uma proteina de P. vivax nunca antes
descrita foi realizada a partir da urina de quatro pacientes diagnosticados com malaria
considerando os seguintes critérios: avaliacdo clinica consistente com a doencga
causada por esta espécie (por exemplo, febre e calafrios) além de microscopia
laboratorial confirmatéria e PCR. Todos os quatro pacientes eram procedentes do
Centro de Pesquisa em Medicina Tropical (CEPEM) de Porto Velho, RO, Brasil e a
coleta foi realiza antes do inicio do tratamento medicamentoso. As urinas foram

congeladas imediatamente e enviadas para Taplin Mass Spectrometry Facility,
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Harvard Medical School, Boston, MA para serem processadas e analisadas (CAAE
27466214.0.0000.5149).

5.4.1 Analise das urinas por espectrometria de massa

Amostras de urina (15ml/individuo) foram descongeladas, centrifugadas e
filtradas a 0.2um. Posteriormente, foram concentradas para um volume final entre 200
e 300pl utilizando filtros Centricon P3 (3kDa). As amostras foram entdo misturadas em
partes iguais a um tampao de amostra de eletroforese e submetidas a um SDS-PAGE
seguido de coloragao por comassie. Bandas com tamanho entre 5kDa e 75kDa foram
excisadas do gel e para cada amostra de urina, entre 8 e 10 bandas foram extraidas
do gel para uma analise independente. As bandas foram digeridas com tripsina de
modo a transformar o material em peptideos, que foram posteriormente analisados
por cromatografia liquida acoplada a um espectrdmetro de massa. Uma analise in
silico prevendo padrdes especificos de peptideos de proteinas ja identificadas a partir
dos projetos gendmicos humano e de protozoarios Plasmodium foi realizada de modo
a detectar sequéncias de interesse. O cut-off para escolha dos peptideos foi definido
a partir do valor de correlagdo cruzada (XCorr) de 1.8 para ions unicamente
carregados, 2.5 para ions duplamente carregados e 3.0 para ions triplamente
carregados. Além disso, foram considerados valores de correlagao delta (DelCn) de
0.1 e um Rank/Sp (RSP) de 1. Os valores de correlagao cruzada escolhidos para cada
peptideo garantem uma correspondéncia de alta confiabilidade uma vez que
contempla diferentes estados de carga, enquanto o cut-off por DelCn certifica a
exclusividade do peptideo identificado. Ja o RSP assegura uma pré-classificagao dos
peptideos levando em consideragdo os critérios necessarios e excluindo todos

aqueles que nao performaram bem nas analises iniciais.

5.5Expressao das proteinas PvAMA-1 e PvVir14

As proteinas PvAMA-1 (546 aminoacidos) e PwVir14 (325 aminoacidos) foram
expressas em Escherichia coli conforme previamente descrito (Bueno et al., 2011;
Dhom-Lemos et al., 2019). Os plasmideos recombinantes contendo os genes
sintéticos pUCS57/AMA-1 e pUCS57/PvVir14 (GenScript) foram ressuspensos e
transformados em células competentes de Escherichia coli XL-1 Blue (Phoneutria,

Brasil). Os clones positivos foram digeridos com as enzimas Xhol e Nhel e os
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respectivos insertos foram subclonados em um vetor de expressdo bacteriano
pET28aTEV. Bactérias E. coli BL21 star eletrocompetentes (Thermo Fisher Scientifc,
EUA) foram transformadas com os plasmideos recombinantes por eletroporagéao
utilizando um MicroPulser Electroporation Apparatus (Bio-Rad Laboratories, EUA). A
insercao correta dos genes foi confirmada através de PCR de col6nia com os primers
T7 (Macrogen, Coreia do Sul). A expressao das proteinas em larga escala foi obtida
apos a adicao de 1mM de sopropyl B-D-1-thiogalactopyranoside (IPTG) e conseguinte
incubacao por 3 horas a 37°C/180rpm. As células foram rompidas por um sistema
homogeneizador de alta pressdo e as fragdes soluveis foram obtidas por
centrifugacéo. As proteinas recombinantes foram purificadas utilizando uma coluna
de niquel (HisTrap HP GE HealthCare, EUA) acoplada ao sistema AKTA Prime Plus
de purificagcdo (GE Healthcare, EUA). As proteinas purificadas com 62kda e 38kda
(PvAMA-1 e Pwir14 respectivamente) foram separadas por SDS-PAGE.

5.6 Ensaios sorolégicos para PvVir14, PvAMA-1, PI, PIl, PIl e tripeptideo

5.6.1 Deteccgao de anticorpos IgG e IgM por ensaio imunoenzimatico (ELISA)

A presencga de anticorpos IgG e IgM contra Pwir14 e anticorpos IgG contra
PvAMA-1 e os 4 peptideos preditos in silico foi determinada através de ensaio
imunoenzimatico convencional (ELISA) realizado como descrito a seguir: placas de
96 pocos (Costar®) foram sensibilizadas com os respectivos antigenos diluidos em
tampéo carbonato nas concentragdes de 0.5ug/mL para Pwirl4 e PvAMA-1 e
2ug/pogo para os peptideos I, Il, Il e tripeptideo e incubados overnight (4°C para as
proteinas; 37°C para os peptideos). Subsequentemente, as placas foram lavadas
(PBS 1x pH 7.2 + 0,05% Tween) e bloqueadas (PBS 1x pH 7.2 + 3%BSA) por 2 horas
em temperatura ambiente. O anticorpo primario (soro de individuos com infeccao
aguda e néo infectados/controles) foi diluido na concentragao de (i) 1:500 para IgG
contra PWir14; (ii) 1:100 para IgM contra PwVir14; (iii) 1:100 para IgG contra PvAMA-
1 e os quatro peptideos sintéticos; e incubados por duas horas em temperatura
ambiente sob agitacao. As placas foram entdo lavadas 4 vezes com PBS 1x + 0,05
Tween e um anticorpo secundario conjugado com peroxidase HRP (Sigma, St. Louis,
MO) foi adicionado nas seguintes concentragdes: 1:10000 (IgG) e 1:8000 (IgM). As

placas foram incubadas por 1 hora em temperatura ambiente sob agitacédo e,
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posteriormente, lavadas mais 4 vezes com PBS 1x + 0,05 Tween antes do substrato
cromogénico (3,3'5’5 Tetrametilbenzidina, TMB SeraCare™) ser adicionado a cada
poco. A reacgao foi interrompida apdés 15 minutos através da adi¢cao de solucido de
parada (SeraCare™). Os valores de cut-off foram obtidos testando soros controle de
individuos ndo infectados e nunca expostos de regides ndo endémicas do Brasil (Belo
Horizonte, MG) e dos Estados Unidos da América (Bethesda, MD). A densidade Optica
média de 492 + 3 DS (VersaMaxTM 160 Microplate Reader) dos controles em

duplicata foi utilizada para estabelecer os pontos de corte das proteinas e peptideos.
5.6.2 Deteccao de subclasses de IgG por ensaio imunoenzimatico (ELISA)

Os ensaios de ELISA para detectar as subclasses de IgG foram realizados
conforme descrito anteriormente (Bueno et. al, 2011). Os soros foram diluidos a 1:50
para PwWir14 e a 1:100 para PvAMA-1 e os 4 peptideos e avaliados utilizando
anticorpos monoclonais de camundongo para as subclasses de IgG humana (I1gG 1
clone 8c6-39; IgG 2 clone HP-6014; IgG 3 clone HP6050; IgG 4 clone HP-6025)
(Sigma, St.Louis, MO) de acordo com instru¢des do fabricante. A ligagdo do anticorpo
monoclonal foi detectada através de substrato cromogénico (3,3'5’5
Tetrametilbenzidina, TMB SeraCare™, KPL) e o cut-off foi determinado através de
soros de controle negativo de diferentes individuos nunca antes expostos a malaria
(Belo Horizonte, MG, Brasil e Bethesda, MD, Estados Unidos da América). A
densidade 6ptica média de 492 + 3 DS (VersaMaxTM 160 Microplate Reader) dos
controles em duplicata foi utilizada para estabelecer os pontos de corte das proteinas

e peptideos/subclasses de IgG.
5.6.3 Elisa de deplecao para PvAMA-1 e peptideos sintéticos

As ELISAS de deplecdo foram realizadas conforme descrito anteriormente
(Santiago et al., 2011). Resumidamente, placas de fundo chato de 96 pogos (Costar®)
foram sensibilizadas com 2ug/pogo com os peptideos EEFRDYYENGEEKSNKQM
(Pl), SSGVRVDLGEDAEVENAK (Pll), GDQRLKDGGFAFPNADDH (Plll) e
SSGVRVDLGEDAEVENAKGDQKLKDGGFAFPNANDHEEFRDYYENGEEKSNKQM
(tripeptideo) e mantidas overnight a 37°C. Posteriormente, as placas foram lavadas e
bloqueadas, os soros foram adicionados na placa a uma concentragao de 1:100 e

incubados a 37°C overnight. No dia seguinte, os soros foram transferidos para placas
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previamente sensibilizadas com PvAMA-1 (0,5ug/mL) e 0 ensaio prosseguiu como

descrito no tépico 4.5. 1.
5.7 Ensaios sorolégicos para demais proteinas (Pvs230D1M, PvDBP-RII, PvCSP)

As respostas de anticorpos contra Pvs230, PvDBP-RIl e PvCSP foram
determinadas por ensaio imunoenzimatico de ELISA e executadas de acordo com
protocolo estabelecido no Laboratério de Vacinologia e Imunologia da Malaria
(National Institutes of Health, Bethesa, MD, Estados Unidos da América). Detalhes da
producao e purificagdo das proteinas Pvs230 (Sal-1, sequéncia de referéncia NCBI
XP_001613020.1), PvCSP (CSP31VK210, referéncia NCBI KT588189.1) (ambas
expressas em P. pastoris), e PvDBP-RII (expressa em E.coli BL-21) foram descritos
anteriormente (Urusova et al., 2019). Placas Immunolon® 4HBX de 96 pogos foram
sensibilizadas com 1ug/mL de antigeno e incubadas overnight a 4°C. Em seguida, as
placas foram bloqueadas com solugéo contendo PBS 1x + 3% BSA e lavadas 4 vezes
com PBS1x + 0,05% Tween. Apds estabelecer diluigdes minimas de soro para
detectar reatividade contra os antigenos em estudo (1:10ul para Pvs230; 1:100 para
PvDBP-RII e 1:250 para PvCSP), amostras de soro foram adicionadas aos pogos
previamente sensibilizados e incubados por 2 horas em temperatura ambiente. As
placas foram lavadas e incubadas com 100ul de anti-lgG humano (1:2000,
SeraCare™, KPL) por 2 horas em temperatura ambiente. Apds nova lavagem, os
pocos foram incubados com substrato colorimétrico (P-nitrofenil fosfato, Sigma,
St.Louis, MO) por 15 minutos e as absorbancias medidas utilizando o leitor SoftMax
Pro7 (Molecular Devices). O ponto de corte para definir a positividade foi definido com
base na densidade 6ptica média (OD) de amostras de individuos nunca expostos a

malaria mais + 3 DS.

5.8 Citometria de fluxo para caracterizar PBMCs de individuos infectados,

tratados e expostos a P. vivax

Células nucleares do sangue periférico (PBMCs) foram descongeladas a 37°C
em banho-maria e ressuspendidas em RPMI completo para o processo de lavagem e

depois em PBS 1x. As células foram marcadas com anticorpos especificos para os
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seguintes marcadores conjugados com fluoréforos (BioLegend): CD3 FITC (clone
SK7), CD4 Percp-Cy5.5 (clone SK3), CD8 APC-Cy7 (clone SK1), CD14 AlexaFluor700
(clone HCD14), CD16 PE-Cy7 (clone 3G8), CD19 BV605 (clone HIB19), CD21 BV711
(clone B-ly4), CD27 APC (clone LG3A10) e CD56 BV785 (clone 5.1H11). Além
desses, um outro anticorpo (BD Biosciences) também foi utilizado: CD21 BV711. As
células também foram marcadas com Zombie UV™ de modo a diferenciar células
vivas de mortas. Em seguida, as células foram incubadas a 4°C protegidas da luz por
20 minutos para garantir o processo de marcagao, lavadas com PBS 1x e entéo
ressuspendidas em tampdo FACS (BD Biosciences). A citometria de fluxo foi
realizada no instrumento LSRIl (BD Biosciences) do Laboratério de Vacinologia e
Imunologia da Malaria no National Institutes of Health, Bethesda, MD, Estados Unidos
da América.

Um gating strategy (Figura X) foi realizado de modo a identificar (i) células unicas
(singlets); (ii) células vivas; e entao (iii) células especificas do sistema imune. Estas
foram separadas da seguinte forma: mondcitos como células CD14+, células B como
linfécitos CD19+, células T como linfécitos CD3+, células T CD4+ como CD3+ CD4+,
células TCD8+ como CD3+ CD8+, células NKT-like como CD3+ CD56+, células B de
memoria ativadas como CD19+ CD 21- CD27+, células B de meméria classicas como
CD19+ CD21+ CD27+, células B naive como CD19+ CD21+ CD27- e células B de
memoria atipicas como CD19+ CD21- CD27-.

5.9 Sequenciamento dos genes V (VDJ) de células B de meméria para P. vivax

A amplificacdo das cadeias pesadas e leves das células B foi realizada pela
iRepertoire Inc. (Huntsville, AL, EUA). Uma PCR de transcrigédo reversa 1 (RT-PCR1)
foi realizada de forma nested, utilizando um multiplex de primers cobrindo as cadeias
pesadas e leves (kappa e lambda), incluindo adaptadores de fragmentos (lllumina
Inc.). Depois da RT-PCR1, os produtos foram coletados utilizando SPRISelect Beads
(Beckman Coulter, Brea, EUA). Uma segunda PCR foi realizada com primers de
indexacao dupla que completam os adaptadores de sequenciamento previamente
introduzidos durante a PCR1 de modo a fornecer informagdes sobre a posicdo dos
produtos sequenciados na placa. O sequenciamento entao foi realizado utilizando o

kit lllumina MiSeq v2 500 ciclos com 250 leituras de extremidades emparelhadas.
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6. RESULTADOS E DISCUSSAO

A secao de resultados e discussdo esta representada sob a forma de artigos
publicados em revistas indexadas, que se encontram anexados na ordem a seguir:
1. Fantin RF, Fraga VG, Lopes CA, de Azevedo IC, Reis-Cunha JL, Pereira DB,
Lobo FP, Oliveira MM, dos Santos AC, Bartholomeu DC, Fujiwara RT, Bueno LL
(2021). New highly antigenic linear B cell epitope peptides from PYvAMA-1 as potential
vaccine candidates. PLoS ONE 16(11): e0258637.
https://doi.org/10.1371/journal.pone.0258637 .
2. Fantin RF, Abeijon C, Pereira DB, Fujiwara RT, Bueno LL, Campos-Neto A

(2022). Proteomic analysis of urine from patients with Plasmodium vivax malaria

unravels a unique Plasmodium vivax protein that is absent from Plasmodium
falciparum. Trop. Med. Infect. Dis., v. 7, p. 314. https://doi.org/10.3390/
tropicalmed7100314.

3. Fantin RF, Coelho CH, Berhe AD, Magalhdes LMD, Salinas ND, Tolia NH,
Amaratunga C, Suon S, Sagara |, Narum DL, Fujiwara RT, Abeijon C, Campos-Neto

A, Duffy PE, Bueno LL (2023). Immunological characterization of a VIR protein Family
member (VIR-14) in Plasmodium vivax-infected subjects from different
epidemiological regions in Africa and South America. PLoS Neglected Tropical
Diseases, v.17p. e0011229. https://doi.org/10.1371/journal.pntd.0011229.
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Abstract

Peptide-based vaccines have demonstrated to be an important way to induce long-lived
immune responses and, therefore, a promising strategy in the rational of vaccine develop-
ment. As to malaria, among the classic vaccine targets, the Apical membrane antigen
(AMA-1) was proven to have important B cell epitopes that can induce specific immune
response and, hence, became key players for a vaccine approach. The peptides selection
was carried out using a bioinformatic approach based on Hidden Markov Models profiles of
known antigens and propensity scale methods based on hydrophilicity and secondary struc-
ture prediction. The antigenicity of the selected B-cell peptides was assessed by multiple
serological assays using sera from acute P.vivaxinfected subjects. The synthetic peptides
were recognized by 45.5%, 48.7% and 32.2% of infected subjects for peptides |, Il and IlI
respectively. Moreover, when synthetized together (tripeptide), the reactivity increases up to
62%, which is comparable to the reactivity found against the whole protein PvAMA-1 (57%).
Furthermore, IgG reactivity against the tripeptide after depletion was reduced by 42%, indi-
cating that these epitopes may be responsible for a considerable part of the protein immuno-
genicity. These results represent an excellent perspective regarding future chimeric vaccine
constructions that may come to contemplate several targets with the potential to generate
the robust and protective immune response that a vivax malaria vaccine needs to succeed.

Introduction

Malaria disease represents a huge challenge for public authorities in Brazil and in the world-
wide. Of the species that infect humans, Plasmodium vivax and Plasmodium falciparum are
considered to be the most important from a public health point of view. While deaths and sev-
eral cases are mostly reported coming from P. falciparum infection, P. vivax is responsible for
causing 90% of cases registered outside Africa. In 2019, an estimated 229 million cases of
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malaria occurred worldwide [1]. Specifically in Brazil, 194,000 cases were reported in the same
period and P. vivax stands out being responsible for around 80% of those [2]. This species is
particularly challenging for malaria control not only because of its wider global distribution
but also because of its high frequency of sub-microscopic infections, and ability to produce
relapses from long-lasting liver-stages infections [3, 4].

In the last decades, efforts have been made to develop vaccines against different stages of P.
vivax. Among the classic targets, the Apical membrane antigen (AMA-1), a transmembrane
protein located in the micronemes of the parasite and present in all species of Plasmodium, is a
promising target to induce a protective immune response as demonstrated in rodent and non-
human primates” experimental models [5]. Among its functional aspects, the mediation of par-
asite internalization within the host cell through a structure formed by AMA-1 and the eryth-
rocyte complex of proteins named Rhoptry Neck (RON), is one of the most remarkable [6-8].
There is strong evidence that antibodies and peptides against the junction formed by these two
molecules can inhibit the invasion of parasites in the erythrocytes of human hosts [5, 9]. Fur-
thermore, specifically regarding P. vivax AMA-1 (PvAMA-1), immuno-epidemiological stud-
ies conducted in different endemic regions of Brazil, India and Sri-Lanka have demonstrated a
naturally acquired immune response to this protein even in individuals with limited exposure
to the disease [10, 11]. Of note, a linear epitope derived from the domain II of PvAMA-1 was
identified through bioinformatic analysis and synthetic production [7] and the favorable data
support for the development of a PvAMA-1-based subunit vaccine against malaria vivax infec-
tion. Indeed, the identification of highly immunogenic peptides through bioinformatic tools is
one of the most promising [12, 13]. Developing peptide-based antigens may have numerous
advantages. Amidst them, the most important ones navigate through cost, stability, easy repro-
ducibility, capacity in result specific immune response and the possibility to generate chimeras
containing multiple epitopes that might be relevant [14]. Moreover, antigens that are peptide-
based have demonstrated to be able to induce long-lived immune responses since they can be
customized to aim very specific targets [15].

In this context, the identification of immunodominant targets that allows the development
of vaccines against P. vivax may be critical in the success of a research agenda to underpin
malaria control and elimination. Here we present three new highly antigenic linear B cell epi-
tope peptides within the PvAMA-1 as potential vaccine candidates. They have showed to be
strong candidates when assessed individually or as a multi-component antigen, with an immu-
nogenicity that is equivalent to the entire PvAMA-1 protein.

Methods
Study population, sera samples and ethical statements

The study population included 121 individuals living in the Brazilian Amazon area who were
diagnosed with vivax malaria at the Research Center for Tropical Medicine (CEPEM) in Porto
Velho, Rondénia, Brazil, in the years of 2014 (Jul) and 2019 (Nov-Dec). The volunteer’s inclu-
sion criteria in this study group was (i) to have an acute infection at the moment of blood sam-
pling; (ii) be over 18 years of age and (iii) to be willing to participate in the study. Considering
that the subjects participating in the study were chosen as they sought the city’s health service,
the selection was random, in a way that allowed each member of the larger group—the popula-
tion of Porto Velho—to have an equal chance of being chosen. Although certain characteristics
such as occupation and place of residence have been shown to be of importance in the rate of
infection in other studies [16-18], since certain environments can lead to greater exposure to
the vector (farmers, rural households, etc.), in this study no relationship was observed between
occupation/residence and malaria incidence. Fifteen healthy individuals from Belo Horizonte,
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Minas Gerais State, Brazil, a non-endemic area for malaria, were also recruited as controls.
Each volunteer was required to sign a written informed consent specific to this study, and
blood was obtained upon receiving the said document. The research was approved by the
Research Ethics Council of the Federal University of Minas Gerais, Brazil (CAAE
27466214.0.0000.5149).

Peptide selection

The prediction of B cell linear epitopes was carried out using the program BepiPred 1.0 as
described before [10]. Briefly, the software takes a single sequence in FASTA format as input,
and each amino acid receives a prediction score based on Hidden Markov Models profiles of
known antigens and incorporates propensity scale methods based on hydrophilicity and sec-
ondary structure prediction. The lowest cut-off of 0.35 was used in order to consider a given
region as a valid linear B cell epitope. The epitope score represents the average of the scores of
individual amino acids above the cut-off.

Peptide conservation evaluation. To evaluate the conservation of the selected peptides, a
total of 218 PvAMA-1 sequences were recovered from PlasmoDB [19]. Out of those, only
sequences with a read depth coverage higher than 30 and with at least 90% of its reads mapping
to the reference were selected, using the metadata provided by PlasmoDB. Next, sequences
that had 10 or more “N”s were removed, using in-house Perl scripts, resulting in a final selec-
tion of 64 sequences for downstream analysis. These 64 sequences were aligned using MAFFT
v7.427 [20], with—maxiterate 1000—globalpair—adjustdirection-reorder options. The
aligned sequences were then translated with SeqKit translate v.0.12.0 [21], and the conserva-
tion estimation, plots, tables, and logo images were generated in R (https://www.R-project.org/
), using the following libraries: seqinr [22], ggplot2, and ggseqlogo [23].

Synthesis and mass spectrometry of soluble peptides

The soluble peptides EEFRDYYENGEEKSNKQM (PI), SSGVRVDLGEDAEVENAK (PII),
GDQRLKDGGFAFPNADDH (PIII) and KLKDGGFAFPNANDHEEFRDY YENGEEKSNKQM (tri-
peptide) were synthesized on a 25 pmol scale in the ResPep SL automated synthesizer (Inta-
vis""). Brielfy, Fmoc-amino acids were activated with a 1:1 solution of Oxyma Pure (Merk)
and diisopropylcarbodiimide (DIC, Sigma- Aldrich). The active amino acids were incorporated
into TentaGel (Intavis) (Peptides I and II) or H-Rink Amide ChemMatrix (Sigma-Aldrich)
(Peptide III and Tripeptide) resins. Fmoc deprotection was performed using 25% 4-methylpi-
peridine (25% v/v in DMF). These steps were repeated until the synthesis of each peptide was
completed. The peptides were deprotected and released form the resin by treatment with a
solution of 92.5% trifluoroacetic acid, 2.5% water, 2.5% triisopropylsilane and 2.5% beta-mer-
captoethanol during 3 hours under agitation. Specifically, for the Tripeptide the synthesis was
performed using a chaotropic agent and lithium chloride (0.8M). The time of deprotection
was prolonged in order to guarantee the proper extension of the polypeptide chain. The pep-
tides were precipitated with cold methyl tert-butyl ether and lyophilized. The molecular weight
of each peptide synthetized was confirmed by mass spectrometry using Autoflex Speed
MALDI/TOF equipment.

Mass spectrometry (MALDI/TOF)

For the analysis, 0.5 pL of the concentrated sample was mixed with 0.25 mL of a saturated
matrix solution 10 mg/mL o-cyano-4-hydroxycinnamic (Aldrich, Milwaukee, WI) in 50% ace-
tonitrile/0.1% trifluoroacetic acid. The samples were applied to a MTP AnchorChip ™ 600/384
plate (Bruker Daltonics) and left to dry at room temperature. The raw data was obtained by
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MALDI-TOF/TOF Autoflex III"™ (Bruker Daltonics, Billerica, USA) using a positive/reflector
mode controlled by FlexControl™ 3.3 software. The instrument calibration was performed
using reference peptides (Peptide Standard, Bruker Daltonics). Each spectrum was produced
by accumulating data from 200 consecutive laser shots.

Expression and purification of the Apical membrane Protein 1 (PvAMA-1/
Sal-1)

The protein representing amino acids 1 to 546 of AMA-1 was expressed in Escherichia coli, as
previously described [10, 24]. Briefly, the recombinant plasmid containing pUC57/AMA-1
synthetic gene (GenScript) was resuspended and transformed with competent cells from
Escherichia coli XL-1 Blue (Phoneutria, Brazil). After positive clones were confirmed by diges-
tion with the enzymes Xhol and Nhel, the AMA-1 insert was subcloned into a bacterial expres-
sion vector pET28aTEV. Electrocompetent E. coli BL21-Star (Thermo Fisher Scientific, USA)
cells were transformed with the recombinant plasmid pET28a-TEV/AMA-1 by electroporation
using a MicroPulser Electroporation Apparatus (Bio-Rad Laboratories, USA). Correct gene
insertion was confirmed by colony PCR and using T7 primers (Macrogen, South Korea). Pro-
tein large scale expression was obtained after the addition of 1mM isopropyl B-D-1-thiogalac-
topyranoside (IPTG) and incubation for 3 h at 37°C at 180rpm. Cells were ruptured by a high-
pressure homogenizer and soluble fractions were obtained by centrifugation. The recombinant
protein was purified using Ni** affinity chromatography with HisTrap HP 5 mL column (GE
Healthcare, USA) coupled to an AKTA Prime Plus system (GE Healthcare, USA). The purified
AMA-1 protein, having 546 amino acids and predicted molecular weight of 62kDa, was sepa-
rated by SDS-PAGE.

Serological assays

Total IgG. The presence of IgG antibodies against PvAMA-1 protein and all four peptides
were determined through a conventional enzyme-linked immunosorbent assay (ELISA) that
was performed as previously described [10, 25]. Briefly, the microplates (Costar(R)) were
coated with the antigens (concentrations of 0.5pg/mL and 2ug/well for PvAMA-1 and peptides
respectively) and incubated overnight at 4°C for PvAMA-1 and at 37°C for peptides. Subse-
quently, the plates were washed and blocked (PBS 1x pH 7.2 + 3% BSA). All samples were
diluted 1:100 and evaluated for total IgG using peroxidase-conjugated anti-human IgG anti-
bodies at a concentration of 1:10.000 (Catalog No. W4031) (Promega Corporation). Monoclo-
nal antibody binding was detected with OPD substrate tablets (Thermo Fisher Scientific,
USA). The cut-off value was obtained by testing 15 different negative control sera from individ-
uals never exposed to malaria from Belo Horizonte, Brazil. The mean optical density value at
492 nm # 3 SD (VersaMax™ Microplate Reader) for duplicate determinations in negative
sera was used as the cut-off value for different peptides.

IgG subclasses. The ELISA to detect the IgG subclasses was performed as previously
described [10]. The sera were diluted 1:100 and evaluated for each IgG subclass using mouse
monoclonal antibodies to human IgG subclasses (IgG1 clone 8¢/6-39; IgG2 clone HP-6014;
1gG3 clone HP-6050; 1gG4 clone HP-6025) (Sigma, St. Louis, MO) according to the manufac-
turer instructions. Specifically, the secondary antibody dilutions were 1:1.000, 1:15.000,
1:40.000 and 1:60.000 for IgG 1, IgG 2, IgG 3 and IgG 4 respectively. The cut-off value was
obtained by testing 6 different negative control sera from individuals never exposed to malaria
from Belo Horizonte, Brazil. Monoclonal antibody binding was detected with OPD substrate
tablets (Thermo Fisher Scientific, USA). The mean optical density value at 492 nm+3 SD
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(VersaMax™ Microplate Reader) for duplicate determinations in negative sera was used as
the cut-off value for different subclasses and peptides.

Depletion ELISA

The depletion ELISAs were performed as previously described [26]. Briefly, flat-bottom plates
(Costar, USA) were coated overnight with 2 pug/well of the peptides EEFRDY YENGEEKSNKQM
(PI), SSGVRVDLGEDAEVENAK (PI[), GDQRLKDGGFAFPNADDH (PIII) and SSGVRVDLGED
AEVENAKGDQKLKDGGFAFPNANDHEEFRDYYENGEEKSNKQM (tripeptide), then washed
and blocked as described. Sera were added to the plates at a 1:100 dilution and incubated at
37°C overnight. On the following day, sera were transferred to plates coated overnight with
PvAMA-1 (0,5 ug/mL) after appropriate washing and blocking.

Statistical analysis

All statistics were carried out using Graphpad Prism 8 for iOS (Graphpad Software, Inc.). In
order to determine whether a variable was normally distributed, we used Shapiro-Wilk and
Kolmogorov-Sminorff tests. The frequency and association between IgG antibody response
(total and subclasses) to PvAMA-1 and all four peptides was determined by Fisher’s exact test.
P values for the depletion ELISA were determined by Wilcoxon matched pairs test. All p values
<0.05 were considered significant.

Results
Epidemiological profile of studied individuals

The study population is composed of 121 individuals residing in the city of Porto Velho (Ron-
donia) and neighboring municipalities (Table 1). The majority is composed of adult individu-
als naturally exposed to the malaria parasite and the age range was 29-- 49 with an average of
39 years old. The gender ratio was 1:3 (female: 23.9%; male: 76.1%). Regarding previous
malaria infections, the majority of them have had both most prevalent species currently circu-
lating in Brazil: P. falciparum and P. vivax (44.6%), following by those who have only been
infected with P. vivax (37.2%); with none of them (15.7%) and finally, only with P. falciparium
(1.65%). In general, the parameters, that might differ depending on gender and occupation,
indicate that individuals are frequently exposed to malaria. The control population was com-
prised of 15 non-exposed and never infected individuals living in a non-endemic area. These

Table 1. Epidemiological and demographic characterization of infected subjects from endemic area (2014/2019),
n=121.

Median age, years (IQR)" 39 (28-49)
Gender, female:male 1:3
% of individuals previously infected with malaria 86.8% (105)
Previous malaria episodes, median (IQR) 5(2-11)
Plasmodium vivax 37.2% (45)
Plasmodium falciparum 1.65% (2)
P.vivax and P.falciparum 44.6% (54)
None 15.7% (19)

Epidemiological and demographic characteristics of the 121 individuals selected for the study from a malaria
endemic region (Porto Velho, Rondénia, Brazil).
“IQR: Interquartile range.

https://doi.org/10.1371/journal.pone.0258637 1001
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Table 2. Epidemiological and demographic characterization of non-infected subjects/controls from non-endemic

area (2019),n=15.

Median age, years (IQR)* 28 (26.5-33)
Gender, female:male 1.6:1
% of individuals previously infected with malaria 0(0)
Previous malaria episodes, median (IQR) 0(0)

Epidemiological and demographic characteristics of the 15 individuals selected for the study from a malaria free area
(Belo Horizonte, Minas Gerais, Brazil).
“IQR: Interquartile range.

https://doi.org/10.1371/journal.pone.0258637.1002

individuals had an age range of 26.5-33, with an average of 28 years. The gender ratio was
(female: 61.53% male: 38.46%) (Table 2).

Prediction results, chemical synthesis, and quality assessment of selected
peptides

The predicted peptides were found to be distributed within two of the three PvAMA-1
domains, being PI part of domain III, and P II and III part of domain I. An analysis conducted
using PlasmoDB sequences confirmed that the peptides are well conserved (Fig 1), with little
or no variation in amino acids positions (S1 Fig, S1 Table), especially PI, which demonstrated
to be 100% conserved in all assessed isolates. The molecular weights (MW) of each specie were
accessed in PepCalc.com—- Peptide calculator ([nnovagenTM) namely: PI (2295.4 g/mol), PII
(1873.97 g/mol), PIII (1930.04 g/mol) and Tripeptide (6065.35 g/mol). All MW were experi-
mentally confirmed through characterization of the synthetic peptides by MALDI-TOF-TOF
(52 Fig). It is possible to observe the isotopic envelope of the small molecules (PI, PII and PIII)
in the graphs (S2A-52C Fig respectively), since it was able to use the reflector mode in their
characterization. It wasn’t possible to observe the isotopic envelope of the largest species—tri-
peptide-whereas the linear mode with lower resolution was used in the characterization, con-
sidering the reduced ionization capacity of this molecule. The tridimensional structure of each
peptide was predicted using two different software: i-TASSER for smaller peptides (Fig 2A—
2C) and RaptorX for the bigger one, as shown in Fig 2D [27-31]. We observed that PI and PII
exhibits some regions in o-helix despite their small sizes and their secondary structures are
partially preserved in the Tripeptide.

et EEFRDYYENGEEKSNKQM
e SOGVRVDLGEDAEVENAK
o G)QRLKDGGFAFPNANDH

. Acidic .Basic .Hydrcphubic. Neutral . Polar

Fig 1. Logo representation of the amino acid conservation of the selected peptides in 64 P. vivax isolates from
PlasmoDB. The frequency of each amino acid in each position is represented by the size of its corresponding letter.
Each colour corresponds to a physicochemical property.

https://doi.org/10.1371/journal.pone.0258637.9001
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(B)

| :
Fig 2. Predicted secondary structure of the synthetic peptides. (A) Peptide I (EEFRDY YENGEEKSNKQM): helix and coil dominance. (B) Peptide II

(SSGVRVDLGEDAEVENAK): Strand and coil dominance. (C) Peptide III (GDOQRLKDGGFAFPNADDH): coil dominance. (D) Tripeptide
(SSGVRVDLGEDAEVENAKGDQKLKDGGFAFPNANDHEEFRDY YENGEEKSNKQM): helix and beta dominance.

hitps://doi.org/10.1371/journal.pone.0258637.9002
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Evaluation of total IgG response to selected antigens

In the current study, the presence of total IgG antibody response from naturally P. vivax-
infected individuals was assessed in face of the selected peptides (18 and 54 amino acids) and
the whole PvAMA-1 (560 amino acids) in order to compare the immunogenic capacity of each
of them. For this purpose, samples from 121 individuals with acute infection by P.vivax were
evaluated by conventional serology (ELISA). Regarding the frequency of individuals respond-
ing to the tested peptides and proteins, we observed a 57% positivity for PPvAMA-1 (69/121),
62% for the tripeptide (76/121) and 45.5% (55/121), 48.7% (59/121), 32.2% (39/121) for pep-
tides I, I and III respectively. When compared to peptides I, IL, III, the PvAMA-1 (Fig 3A)
presents a higher and statistically significant frequency only when compared to peptide III (p
= <0.0002 Fisher’s exact test). Regarding peptides I and II, there is no significant difference
between the frequency of responses, which suggests that those peptides alone can be recog-
nized as much as the whole protein PvAMA-1 (PIp = 0.09; PII p = 0.24, Fisher’s exact test).
The same cannot be observed when we compare the frequency of response of the tripeptide
(54aa) to the smaller ones. The tripeptide, which represents the chemical junction of peptides
L, IT and III, shows a higher frequency of positivity in all comparisons (PI p = 0.009; PII

p = 0.038; PIII p = <0.0001, Fisher’s exact test) (Fig 3B). Of relevance, although no significant
differences were observed between the immunogenic capacity of PrvAMA-1 and the tripeptide
(p = 0.43%, Fisher’s exact test), the frequency of respondents was different between these two
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Fig 3. Levels of specific IgG antibodies to PvAMA-1, Peptide I (PI), Peptide Il (PII), Peptide III (PIII) and tripeptide. (A) Comparison of the IgG levels
between PvAMA-1 and the 18aa peptides. (B) Comparison of the IgG levels between tripeptide and the 18aa peptides. (C) Comparison between PvAMA-1 and
tripeptide. The Y axis represents the mean reactivity index in naturally P. vivax infected individuals (= 121). The dotted line shows the positivity threshold
(reactivity index = 1). The data were analyzed considering a 95% confidence interval (CI). P < 0.05 was considered significant.

https://doi.org/10.1371/journal.pone.0258637.g003

antigens (Fig 3C). More specifically, the percentage of individuals with specific antibodies to
the tripeptide was slightly higher than against the whole protein (+ 5%).

Similar IgG subclass response pattern between tested peptides

Although this type of data may considerably vary among individuals naturally infected with
Plasmodium vivax, the level of specific antibodies for each IgG subclass followed a pattern as
for peptides composed of only 18 amino acids (PI, PII, PIII). For them, there was a higher fre-
quency of IgG2 (PI: 61.6% PII: 28.30% PIII: 35%) and IgG3 (PI: 66%; PIIL: 61.6%; PIIL: 65.8%)
(Fig 4A-4C). When compared to PvAMA-1, there was a statistically significant difference for
the following subclasses: IgG 2 (PI p = <0.0001; PII p = 0.01; PIII p = 0.0003, Fisher’s exact
test); IgG 3 (PI, PIL and PIII p = <0.0001, Fisher’s exact test); IgG 4 (PI p = 0.001, Fisher’s
exact test). As for the tripeptide and PvAMA-1, subclass 1 had more frequent and robust rec-
ognition (Fig 4D and 4E).
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Fig 4. Proportion of IgG subclasses antibodies to the synthetic peptides and PvAMA-1. (A) Peptide I; (B) Peptide II; (C) Peptide III; (D) Tripeptide; (E) PvAMA-
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as the frequency of individuals responding to an IgG subclass (n = 121). The data were analyzed considering a 95% confidence interval (CI). P < 0.05 was considered
significant.

https://doi.org/10.1371/journal. pone.0258637.g004

When compared, the frequencies showed by both antigens (Pv-AMA-1 and tripeptide)
have shown statistic similarity, except for subclass 1 (IgG 1) in which, for the tripeptide, we
have 58.6% of recognition against 24.8% for PvAMA-1 (p <0.0001, Fisher’s exact test). Overall,
the PrvAMA-1 protein showed lower frequencies when compared to the four peptides,
although in some cases the difference is not statistically significant (Fig 4F).

Peptide immunodominance within total IgG antibody response

In order to determine the immunodominance of each peptide, a depletion ELISA assay was
performed. In this assay, reactivity against PPvAMA-1 (IgG) was reduced substantially for all
tested peptides (Fig 5). Respectively, the reduction was 6%, 12%, 26% and 42% for P1, PIII, PII
and tripeptide peptides.

Discussion

Although it has been available for a considerable time, P. vivax genome and proteome has
been little explored in terms of identifying vaccine targets. Accordingly, the search using
computational analysis is a major draw, since it has been shown to be highly effective in
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identifying targets within Plasmodium species, in addition to providing optimization of
research time and vaccine production [32]. Here in, we evaluated the sero-immunological
response of individuals from the Brazilian Amazon naturally infected by P. vivax against pep-
tide targets identified within an important and essential protein: PvAMA-1. The individuals
profile included in the study indicates that all of them are residents of an endemic area for
malaria. Most individuals reported having been infected previously (86.8%) and the large vari-
ation between the number of previous episodes, as well as the predominance of males among
those affected, is most likely due to different levels of exposure that may be related to the per-
sonal occupation of each individual.

The major goal was to assess the immunogenic capacity of selected targets using in silico
techniques and to compare it with the response obtained from the main protein—PvAMA-1—
which is currently one of the main vaccine targets for malaria vivax [33, 34]. Data from previ-
ous studies carried out with rodents and non-human primates have shown that PvAMA-1 has
already proved to be a promising target for inducing a protective immune response [10, 11,
35]. Several of them have confirmed its immunogenicity, especially in endemic areas such as
the Brazilian Amazon [36-38]. In addition, the functionality of AMA-1-related antibodies has
also been assessed. This protein was proved to be a key component in the invasion process
through the moving junction (M]) along with the RON complex, in which anti-AMA-1 anti-
bodies were able to inhibit the binding interaction between them [10, 11, 35, 39, 40]. In our
assessment, we found that the selected peptides can be as immunogenic as the protein from
which they were extracted. While for PPvAMA-1 we have a total IgG response frequency of
57%, for subunits we found frequencies that varied between 32% - 62%, the largest of which
came from the formulation containing the junction of the three peptides. In fact, with regard
to Pv-AMAL, the response levels found corroborate with previous studies that evaluated the
proteins immunogenic capacity [10, 41-43].

Among the disadvantages in peptide-based vaccine constructions, low immunogenicity is
the most relevant. When compared to conventional vaccine formulations, such as those using
inactivated or attenuated pathogens, the immune response generated can be considerably
weaker [44, 45]. This is a relevant factor since a robust activation usually characterizes greater
protection and longevity of the immune response, two very desirable vaccine features. How-
ever, stronger adjuvants may overcome this obstacle. A few peptide-based vaccines for wide-
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impact diseases like leukemia [46], secondary progressive multiple sclerosis [47], and, more
recently, SARS-Cov2 [48], have reached phase I11 studies this way. The latter has demonstrated
efficacy of approximately 90% and is currently in the process of being approved for emergency
use worldwide [49, 50]. Regarding to the tested targets, this does not appear to be an important
limitation since the response obtained by three of the four peptides does not differ from the
one induced by the entire protein. This data can be relevant when comparing the sizes of all
antigenic targets (546aa, 54aa and 18aa for PvAMA-1, tripeptides and small peptides respec-
tively) and considering the possibility of inserting the peptides in a chimeric construction con-
taining multiple targets, which can generate an even more efficient response. Regarding to the
response from the IgG subclasses, we found a similar pattern among small peptides with pre-
dominance of classes 2 and 3, highlighting the subclass 3. Individuals with high frequencies of
IgG3 antibodies are known to have low parasitemia with clinical manifestations ranging from
mild to moderate. For the tripeptide, a higher frequency of subclass 1 was observed. These data
indicate that, in general, there is a dominant presence of cytophilic antibodies against peptide-
based formulations among the tested individuals. It is well known that antibodies that belong
to this class have the ability to activate effector cells of the immune system that can, therefore,
play a protective role. Although it is not common, the relatively high frequency of IgG2 anti-
bodies has also been observed in similar studies [51]. A study conducted in Ghana showed that
the frequency of IgG2 antibodies in patients from malaria-endemic regions increased accord-
ing to the individuals’ age, indicating that this subclass may be involved in acquired immunity
[52]. However, it is known that non-cytophilic antibodies, such as the case of this group
(IgG2), when acting against the same epitope, can undermine the protective effect of the cyno-
philes ones [53]. Nevertheless, the effective role of each subclass of antibodies in mediating
protection against peptide-based antigens remains to be clarified.

Finally, the depletion assays demonstrated that the individuals” antibodies can be quite
specific against the studied antigens, with a recognition percentage of 6%, 12%, 26% and
42% for PI, PIII, PII and tripeptide respectively. In general, the results demonstrate that
the peptides contain antigenic regions of extreme importance for the recognition of
PvAMA-1, confirming its potential as possible targets for a chimeric composition of anti-
gens. Of relevance, when tested against the serum of mice infected with Plasmodium ber-
ghei, the four peptides were 100% recognized (S3 Fig). The AMA-1 homology among the
two species is around 50% [54] and, specifically amid the synthetic formulations, the
amino acid overlapping can go from 33.4% up to 72.2% depending on the peptide. Whilst
the common residues between the two of them may play a key role in antibody biding, fur-
ther investigation on the matter, including an increase in the number of the P. berghei-
infected subjects, is needed. Yet, this data is of considerable relevance since, in the future,
a possible vaccine formulation will need to undergo studies in animal models and it is
essential that there is homology in the recognition by the malaria species that are capable
of infecting them.

Conclusion

Based on in silico approaches for choosing potential targets, the present study exhibit three
new peptide antigens with considerable immunogenic capacity when evaluated individually
and quite expressive when under joint synthesis. The identification and initial assessment of
these four linear B-cell epitopes represents an excellent perspective with regard to future chi-
meric vaccine constructions that may come to contemplate several targets with the potential to
generate the robust and protective immune response that a vivax malaria vaccine needs to
succeed.
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Supporting information

§1 Fig. Amino acid variability of three PvAMA-1 isolates sequences, from PlasmoDB. The
X-axis corresponds to the amino acid position, while the Y-axis corresponds to the number of
variants observed in each position. Variants were defined when an amino acid did not match
to the most commonly observed in a given position.

(TIF)

$2 Fig. Characterization of the synthetic peptides by MALDI-TOF-TOF. The x-axis repre-
sents mass/load, while y-axis defines intensity (arbitrary unity). (A) Peptide [ (EEFRDYYENG
EEKSNKQM). (B) Peptide II (SSGVRVDLGEDAEVENAK). (C) Peptide III (GDQRLKDGGFA
FPNADDH). (D) Tripeptide (SSGVRVDLGEDAEVENAKGDQKLKDGGFAFPNANDHEEFRDY
YENGEEKSNKQM).

(TIF)

S3 Fig. Levels of specific total IgG antibodies in mice experimentally infected with Plasmo-
dium berghei (n = 6). Subjects with a Reactivity Index above 1 were considered positive. The
R.I'was calculated considering the mean OD of non-infected subjects (controls) +28D (95%
confidence interval).

(TIF)

§1 Table. Presence of amino acids in each single position within PvAMA-1. Rows corre-
sponds to all amino acids belonging to PvAMA-1 (1-563) and columns represents a specific
position within the protein (a—y). The numbers indicate how many times a given amino acid
occurs at each position ranging from 0-64 times. Red boxes indicate regions corresponding to
the peptides under study.

(XLSX)
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Abstract: Five species of Plasmodium cause malaria in humans and two of them, P. vivax and
P. falciparum, pose the greatest threat. Rapid antigen detection tests (RADT) have been used for
many years to diagnose and distinguish malaria caused by these two parasites. P. falciparum malaria
can single-handedly be diagnosed using an RADT, which detects the unique P. falciparum specific
histidine-rich protein 2 (HRP2). Unfortunately, there is no RADT that can single-handedly diagnose
P. vivax malaria because no specific marker of this parasite has yet been described. Here, we report the
discovery of a unique P, vivax protein (Virl4, NCBI Reference Sequence: XP_001612449.1) that has no
sequence similarity with proteins of P. falciparum and no significant similarities with proteins of other
species of Plasmodium. We propose that this protein could be an outstanding candidate molecule
for the development of a promising RADT that can single-handedly and specifically diagnose
P. vivax malaria.

Keywords: rapid antigen detection test; malaria; Plasmodium vivax; Plasmodium falciparun; Virld

1. Introduction

The World Health Organization (WHO) projected that the worldwide incidence of
malaria in 2020 was 241 million cases and 627,000 deaths (https:/ /www.who.int/news-
room/ fact-sheets/detail /malaria, accessed on 26 July 2022). Five species of Plasmod-
ium cause malaria in humans, namely P. falciparum, P. vivax, P. malariae, P. ovale and P.
knowlesi. Two of them, P. vivax and P. falciparum, pose the greatest threat to humans [1].
The reference standard diagnosis of malaria is the microscopic observation of the par-
asites in stained blood smears [2]. PCR tests are relatively more sensitive and precise
than microscopy [3,4]. However, nucleic acid-based tests remain complicated and ex-
pensive for routine use in malaria endemic areas. Conventional serological tests are of
limited value because, in endemic areas, most people have antibody titers from previ-
ous malaria infections [5]. Rapid antigen detection tests (RADT) have been used for
many years [6] and the WHO recommends that all cases of suspected malaria be con-
firmed by either gold standard microscopy or RADT before the administration of treat-
ment (https:/ /www.cdc.gov/malaria /diagnosis_treatment/cliniciansl.html, accessed on
30 September 2022).

The currently available RADTs primarily use two Plasmodium antigens [6-8]. One is
the P, falciparum specific histidine-rich protein 2 (HRP2) and the second is the pan-malarial
antigen lactate dehydrogenase (LDH). Plasmodium aldolase, which is also a pan-malarial
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antigen, has been used in some RADTs [9]. HRP2-based RADT is used to diagnose P.
falciparum malaria single-handedly and specifically.

These RADTs have unquestionably facilitated the diagnosis of malaria, however the
tests have limitations, such as: 1. variability in their sensitivity /specificity; 2. of the three
markers used in the tests, only HRP2 is a species-specific marker (P. falciparum); and 3. there
is no specific RADT for P. vivax malaria because no specific marker of this parasite has
been described.

We have recently used mass spectroscopy to successfully identify Plasmodium protein
biomarker candidates that are excreted in the urine of malaria patients. One of the identified
proteins (variable surface protein Virl4, NCBI Reference Sequence: XP_001612449.1) is of
great interest in that it is highly unique to P. vivax, with no significant similarity with any
protein of P. falciparum. Virl4 also lacks homology with proteins of P. malariae, P. ovale, and
P. knowlesi, as well as with any human proteins.

2. Material and Methods
2.1. Clinical Specimens

Four stored frozen and de-identified urine samples and 121 serum samples were from
P. vivax malaria patients from the Amazon area in Brazil were obtained. The patients were
from the Research Center for Tropical Medicine (CEPEM), Porto Velho, RO. Approval
to use these samples was obtained from the Human Research Ethics Committee—COEP
(CAAE-00842112.2.0000.5149).

2.2. Mass Spectroscopy Analysis

Individual urine samples (3—4 mL) were concentrated using Centricon P3 (3 kDa cutoff
filters) to ~200-300 pL. Equal volumes of concentrated urine samples were mixed with an
electrophoresis sample buffer and then submitted to SDS-PAGE, followed by Coomassie
staining. Bands ranging from ~5 kDa to ~75 kDa were excised from the gel (Figure 1)
and submitted for mass spectroscopy (MS) analysis at the Taplin Mass Spectrometry
Facility, Harvard Medical School, Boston, MA. For each urine sample, eight to ten bands
were cut from the gel. Each band was then independently submitted to MS runs. Gel
bands were trypsin-digested into peptides. Peptides were analyzed by nano-scale liquid
chromatography coupled to a tandem mass spectrometer. Eluted peptides first had their
molecular masses measured and were then fragmented before the fragment masses were
measured. The specific fragmentation pattern was computer-searched against predicted
tryptic peptides from all known proteins from genome sequencing projects of humans and
Plasmodium parasites. The power of this technique is in its redundancy. As many peptides
are generated from the initial gel band, multiple matches to the protein of interest were
detected. In this way, the protein identity is completely unambiguous. Peptide score cutoff
values were chosen at Xcorr of >1.8 for singly charged ions, 2.5 for double charged ions,
and 3.0 for triple charged ions, along with deltaCN values of 0.1, and RSP values of 1. The
cross-correlation values chosen for each peptide assured a high confidence match for the
different charge states, while the deltaCN cutoff ensured the uniqueness of the peptide hit.
The RSP value of 1 ensured that the peptide matched the top hit in the preliminary scoring
and that the peptide fragment file only matched one protein hit.

2.3. Recombinant Protein and ELISA

Expression and purification of recombinant Virl4 protein and direct ELISA were
performed, as previously published [10-12].
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Figure 1. Illustration of gel bands that were cut from PAGE for subsequent mass spectroscopy
analysis. The patient urine samples (3 mL) had a concentration of ~300 pL and were subjected to
PAGE, followed by Coomassie blue staining (A). Ten bands were cut from the gel (B) and subjected
to mass spectroscopy for the identification of P. vivax peptide sequences.

3. Results
3.1. Discovery and Characterization of a Unique P. vivax Protein Present in the Urine of Patients
with P. vivax Malaria from Brazil

For the malarial antigen discovery strategy, we used the same protocol that we previ-
ously and successfully employed for the identification of Leishmania infantum /Leishmania
donovani proteins in the urine of visceral leishmaniasis (VL) patients [10-14]. For the
current study, we used urine samples from malaria patients from the Amazon area in
Brazil. The patients were from the Centro de Pesquisas em Medicina Tropical de Rondénia
(CEPEM), Porto Velho, RO. The samples were collected before the initiation of therapy and
were from patients diagnosed with malaria, based on the following criteria: (a) a clinical
course consistent with malaria, including a fever, chills, headaches, muscular aching and
weakness, vomiting, coughing, diarrhea and abdominal pain; and (b) laboratory findings
that confirm the presence of P. vivax by both thick Giemsa stain blood smear microscopy
and PCR [15-17]. Parasitemia levels were 500-10,000/uL of blood. None of the patients
had any clinical symptoms or laboratory findings compatible with renal or urinary tract
abnormalities, and none of them were receiving anti malaria therapy at the time of urine
collection. Urine samples were collected from four P. vivax malaria patients. Urine was
concentrated using Centricon <3 kDa and submitted to PAGE Coomassie blue stain. Bands
were excised from the gels and submitted for mass spectroscopy analysis (MS), which
revealed that all four urine samples contained at least one putative P. vivax protein (Table 1).
These proteins were unambiguously identified because the criteria used in the MS to define
the significance of a peptide “hit” were above the expected rankings, i.e., XCorr >2.0 and
DelCn >0.1 [18,19]. Among the five identified putative P. vivax proteins listed in Table 1,
the approach revealed the P. vivax variable surface protein Virl4 (highlighted in green,
NCBI Reference Sequence: XPP_001612449.1), which was present in the urine of two of the
four P. vivax patients analyzed (band #8, Figure 1). The BLAST analysis of Virl4 revealed
no significant similarity with any protein of P. falciparum, even when this organism was
specifically included in the search (Figure 2). The other four identified proteins were inter-
preted to be of lesser interest for future RADT development specific for P. vivax malaria
because they had significant similarities with proteins of P. falciparum. Consequently, these
observations confirmed that Virl4 is a unique candidate molecule for the development of
an RADT highly specific for P. vivax.
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Table 1. Plasmodium vivax peptides identified by mass spectroscopy in urine samples of patients with

P. vivax malaria from Brazil.

Peptide Identified in
Patient Urines

XCorr ACorr P. vivax Identity with

Accession Numbers
P. vivax (Pv)
P. falciparum (Pf)

MW (Da)

Donor Protein P. falciparum Protein

KMNLDEFNELVEQRNR ~ 2.48 0125 Pmteii‘;rﬁii?;;}amy 33,710.41 >75% ig:ggllgégﬁﬁ E’j
ngg%ﬁvm ‘;’:gg g:% Profilin 19.287.32 959, ;((E:ggl&oﬁg‘;ﬁ g}’
GVDMHNEEIKAVIK ~ 2.46 0205 Uncharacterized protein  44,559.84 50% ig:ggllgé‘.%gﬁ E’j
DAAATSIPQIR 251 0248 V;’;ftzli‘r"\s“;:f;’e 37,719.38 None XP_001612449.1 Py
EELNKINYNPR 263 0351 Heatshock protein, 26,949.43 >58% ﬁ:ggllgégg% H i}’

A 1 NSQHVYNQLNGLRGFNAYIHKCETLNSVHKSNNVKKICARLLQYLDNYTKSINENDEYDICMLLSFWVYSELFDILKSKG 80
81 ETYIYRVY AKFQSIWYGFIDDNLKNTNNKKCRPISDLAVYDDWRDRKELY EYCVDYYTFSQTLAGFPDRCKEFYKYVESK 160
161 KALYAKFKNLCSSDKKKGCPEFYAKCEKYDPEKVLPRLDCYHEIKQERD AA ALSIPQLRDEHSVINEPNSEGTDAGMKFPFD 240

241 DPNLSGNPHTVIKLGNVFLGVVATTMTSGALYRFTPLGGMIRNGLGWNTNNMENFNGGDIRLYD YA AEPFINPYPGEEHYT 320
321 GYHPA 326

m National Library of Medicine

National Center for Biotechnology information

Iﬂ Your search is limited to records that include: Plasmodium falciparum (taxid:5833)

Job Title XP_001612449:variable surface protein Virld

RID JRDSSA05013 search expires on 09-2309.04 am Download All v
Program © Citation v

Database nr See details v

Query ID XP_001612449.1

Description varnable surface protein Vir1d

Molecule type  amino acid
Query Length 325
Other reports 2]

A No significant similarity found

Figure 2. Amino acid sequence and NCBI BLAST analysis (protein/protein) of P. vivax Virl4
(XP_001612449.1). The BLAST analysis of the full-length protein sequence (A) revealed that the
Virl4 protein is unique to P. vivax and that it has no significant similarity with any proteins of
P. falciparum proteins (B), proteins of other Plasmodium species (not shown) or with human proteins
(not shown).

3.2. Recognition of Virl4 by Sera from Patients with P. vivax Malaria

To begin the validation of Virl4 as a P. vivax marker produced in vivo during infection,
we initially investigated the presence of anti-Virl4 specific antibodies in the sera of malaria
patients (Table 2). It is important to emphasize that this approach did not aim to evaluate
the usefulness of Virl4 as a target antigen for the serological diagnosis of P. vivax malaria.
The aim was to indirectly confirm that Virl4 is indeed an antigen that is produced by the
parasite during the disease, thus an antigen that is suitable as target for the development of
an antigen detection test. Sera were collected from P. vivax-infected subjects (n = 121) and
from healthy control subjects (n = 6) from Brazil). This was assessed for in relation to the
antibody recognition of Virl4. This assessment was carried out by direct antibody ELISA
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using purified recombinant Virl4 as antigen and sera diluted at 1/50. We found that 61%
of patients presented circulating antibodies against Virl4. These findings strongly suggest
that Virl4 is a P. vivax protein that is actively produced in vivo during the disease.

Table 2. Detection of anti-Virl4 specific antibodies in the sera of P. vivax malaria patients.

Norma;;l)eizlcl:;ygﬂ(;onlml P. vivax Malaria Patients (n = 121)
Positive sera (% of patients) * 0 61

(*) Sera were diluted at 1/50 based on previous titration using sera from normal healthy control subjects. The
cutoff OD to consider a serum from P. vivax malaria patient positive was calculated as the mean of the OD obtained
for the sera from the normal healthy control subjects plus 3 standard deviations of that mean.

4. Discussion

P. faleiparum malaria can single-handedly be diagnosed using an RADT that detects
the unique P. falciparum specific histidine-rich protein 2 (HRP2). Unfortunately, there is
currently no RADT that can single-handedly be used for the of P. vivax malaria. To diagnose
this type of malaria, the existing RADTs are formatted to detect both the pan-malarial
lactate dehydrogenase (LDH) antigen as well the P. falciparum specific HRP2 molecule in
order to exclude the possibility of P. falciparum malaria. A positive result for both HRP2
and LDH assures the diagnosis of P. falciparum malaria. A negative HRP2 result and a
positive LDH excludes the diagnosis of P. falciparum malaria, but does not specify which
other malaria is being diagnosed because LDH is a ubiquitous pan-malarial antigen. This
limitation unquestionably creates a diagnostic complication that unfortunately occurs
in areas of the world (e.g., South America) where malaria is caused by P. vivax and by
other Plasmodium species, including P. falciparum. In these co-endemic malarial areas,
this diagnostic distinction is imperative because of the need to separate the treatment
approach for P. falciparum and P. vivax [20-23]. Further, the CDC guidelines to treat malaria
emphasizes that determination of the infecting Plasmodium species for treatment purposes is
critical for four main reasons: first, P. fﬂfcipﬂrum can cause rapidly progressive severe illness
or death, while P. vivax is less likely to cause severe disease. Second, P. vivax infections
also require treatment for the hypnozoites, which remain dormant in the liver and can
cause relapsing episodes. Third, P. falciparum and P. vivax species have different drug
resistance patterns in different geographic regions of the world. Finally, for P. falciparum,
the urgent initiation of appropriate therapy is especially critical (https://www.cdc.gov/
malaria /diagnosis_treatment/ clinicians1.html, accessed on 30 September 2022). Therefore,
an RADT that can specifically and single-handedly diagnose P. vivax malaria will be of
great significance [24].

We have previously described an interesting alternative approach for the direct identi-
fication of Mycobacterium tuberculosis and Leishmania antigens in urine samples of patients
with tuberculosis and visceral leishmaniasis [10-12,25-27]. We performed mass spec-
troscopy (MS) analysis in urine samples instead of blood because urine has far less host
proteins than blood, thus enormously diminishing the background results generated by
the MS. In addition, the rationale of using urine as a source of the pathogen’s antigens
was based on the premise that microbial proteins or their breakdown products (peptides)
produced in vivo, e.g., in organs like liver, lung, bone marrow, blood, etc., will have to be
eliminated from the body, which will be physiologically and most likely be excretion in
the urine. The translation of our original strategy of antigen discovery to patients with P.
vivax malaria was readily achieved. Using this approach, we were able to discover a unique
protein from this parasite that could be of outstanding interest for the development of an
RADT that can single-handedly and specifically diagnose P. vivax malaria.

The discovered protein, variable surface protein Virl4, which is putative (Virl4) from
P. vivax, has no significant similarity with any protein of P. falciparum. In addition, the
protein has little similarity with proteins of P. malariae, P. ovale, and P. knowlesi. NCBI
protein-protein BLAST of P. vivax Virl4 using databases (taxid) of these Plasnodium shows
similarities of only 27%, 36% and 20% with proteins of these parasites, respectively. No sig-
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nificant similarity exists between Virl4 and human proteins. Moreover, using conventional
ELISA, we have found that 61% of patients with P. vivax malaria have anti-Virl4 antibodies.
Finally, Virl4 is produced by P. vivax merozoites and is exported from the cytoplasm of the
parasites to the membrane of infected red blood cells [28].

While Virl4 expresses some areas of amino acid sequence variability among variants
of P. vivax, it nonetheless has extensive areas of conserved sequences in over 100 sequences
of this Plasmodium species, as revealed by the NCBI BLAST analysis. It is important to
emphasize that these are species-conserved sequences, i.e., they are unique to P. vivax,
and are only minorly present in other species of Plasmodium and absent in P. falciparum.
Therefore, a highly sensitivity and specific P. vivax RADT can be successfully developed
using monoclonal antibodies specific for the conserved sequences of Virl4.

The fact that Virl4 was initially found by MS in two out of the four urine samples from
P. vivax malaria, means, in our view, that this small sample size should not be considered
not significant for the translation of this finding to a P. vivax specific RADT. What is relevant
was the serendipitous unraveling of the undisputed fact that P. vivax produces a protein
that is unique to this species of Plasmodium and that this protein is completely absent in P.
falciparum. It is also important to mention the fact that Virl4 is a protein that is produced
by all P. vivax thus far sequenced (NCIB BLAST analysis not shown). Therefore, an antigen
detection test that uses blood samples should be successful, because, by definition, the
parasite (and Virl4) is present in 100% of patients with the disease.

In conclusion, we have unraveled a unique protein of P. vivax that has an enormous
potential for the development of an RADT that can single-handedly diagnose P. vivax
malaria. This suggestion is supported by the following premises: 1. Virl4 was found in
bodily fluids of patients with P. vivax malaria; 2. Virl4 is a unique protein of P. vivax that
is absent in P. falciparum and other Plasmodium species; 3. Virl4 is produced by P. vivax
merozoites and has been detected in the membrane of infected human red blood cells;
and 4. The Virl4 protein is actively produced in vivo during disease, as patients with
P. vivax malaria have anti-Virl4 antibodies in their blood. Nonetheless, it is important
to keep in mind that, for most RADTs, the concentration of the marker in the patient’s
sample is a critical condition for the success of this diagnostic strategy. Presently, there is no
information about the concentration of Virl4 in the blood of patients with P. vivax malaria.

Finally, in collaboration with the company Safetest, Belo Horizonte, MG, Brazil, we
are currently working on the development of a Virl4-based RADT for the diagnosis of
P. vivax malaria.
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Abstract

Plasmodium vivax is a major challenge for malaria control due to its wide geographic distri-
bution, high frequency of submicroscopic infections, and ability to induce relapses due to
the latent forms present in the liver (hypnozoites). Deepening our knowledge of parasite biol-
ogy and its molecular components is key to develop new tools for malaria control and elimi-
nation. This study aims to investigate and characterize a P. vivax protein (PWir14) for its
role in parasite biology and its interactions with the immune system. We collected sera or
plasma from P.vivax-infected subjects in Brazil (n = 121) and Cambodia (n = 55), and from
P. falciparum-nfected subjects in Mali (n = 28), to assess antibody recognition of PWir14.
Circulating antibodies against PWir14 appeared in 61% and 34.5% of subjects from Brazil
and Cambodia, respectively, versus none (0%) of the P. falciparum-infected subjects from
Mali who have no exposure to P. vivax. IgG1 and IgG3 most frequently contributed to anti-
PWir14 responses. PWir14 antibody levels correlated with those against other well-charac-
terized sporozoite/liver (PvCSP) and blood stage (PvDBP-RII) antigens, which were recog-
nized by 7.6% and 42% of Brazilians, respectively. Conceming the cellular immune profiling
of Brazilian subjects, PWir14 seroreactive individuals displayed significantly higher levels of
circulating atypical (CD21~ CD27 ) B cells, raising the possibility that atypical B cells may be
contribute to the PWir14 antibody response. When analyzed at a single-cell level, the B cell
receptor gene hIGHV3-23 was only seen in subjects with active P.vivaxinfection where it
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comprised 20% of V gene usage. Among T cells, CD4* and CD8" levels differed (lower and
higher, respectively) between subjects with versus without antibodies to PWir14, while NKT
cell levels were higher in those without antibodies. Specific B cell subsets, anti- PWir14 cir-
culating antibodies, and NKT cell levels declined after treatment of P. vivax. This study pro-
vides the immunological characterization of PWir14, a unique P. vivax protein, and possible
association with acute host's immune responses, providing new information of specific host-
parasite interaction.

Trial registration: TrialClinicalTrials.gov ldentifier: NCTO0663546 & ClinicalTrials.gov
NCT02334462.

Author summary

Plasmodium vivax is one of the main species causing malaria around the globe, thus the
development of control tools are needed if progress is to be made towards malaria elimi-
nation. Among them, vaccines are a crucial one, since it’s been proven that a well-estab-
lished immunization program can save millions of lives a year. Although the development
of vaccines against malaria have had substantial progress in the last decade, most of the
efforts are concentrated towards Plasmodium falciparum. In this study, the authors aimed
to investigate the potential role of a recently P. vivax-protein (PvVirl4) discovered in the
urine of infected subjects from the Brazilian Amazon. Initial findings showed that,
although the protein elicits a higher frequency of antibodies among the Brazilian popula-
tion (where it was first discovered), antibody titers were also found within African popula-
tions exposed and/or infected by P. Vivax. Interestingly, populations exposed to P.
falciparum only did not have any immune responses against the protein, indicating that it
is exclusive to vivax. Discovering key antigens is one of the most important steps towards
the development of control tools. These findings provide the first characterization of natu-
rally acquired antibody responses from different malaria regions against a new and prom-
ising target.

Introduction

Despite numerous efforts to eradicate malaria, this disease is still a major cause of mortality
and morbidity worldwide that is endemic in Sub-Saharan Africa, Southeast Asia, Middle East,
Qceania, and Latin America. In 2021, an estimated 247 million cases of malaria occurred
worldwide [1]. Specifically in Brazil, around 140,000 cases were registered in 2021 [2], the vast
majority in the Amazon region. Plasimodium vivax is the most common human malaria spe-
cies in Brazil, causing approximately 85% of the cases [2]. For many years, P. vivax infection
was considered to be benign and often asymptomatic, but in recent years, severe cases of P.
vivax malaria have been reported more frequently, not only in Brazil but in several endemic
regions worldwide [3-5]. Among the symptoms associated with severe vivax malaria, the most
common are anemia, thrombocytopenia, renal and hepatic dysfunction [6].

The recent increase in drug-resistant P. vivax strains [ 7], the evolution toward more viru-
lent forms [8], the early production of gametocytes as well as the formation of hypnozoites
with relapse potential [9], make P. vivax malaria a public health issue of increasing importance.
An efficacious vaccine targeting P. vivax would be a potent and cost-effective tool to reduce
transmission, and thus an important measure to control malaria [10]. However, despite its
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wide distribution and new awareness of its virulence, minimal investments have been made in
vaccine discovery for P. vivax compared with those for P. falciparum.

An efficient vaccine will protect from P. vivax through targeting sites of vulnerability or
mechanisms of parasite virulence [11]. The Vir superfamily of P. vivax encompasses numerous
surface proteins that have been related to parasite virulence [12,13], and associated with escape
mechanisms through antigenic variation [14]. Significantly, proteins belonging to the Vir
superfamily are exported to the surface of infected reticulocytes and can play a role in partial
adhesion to host endothelial receptors, making these proteins accessible for immune recogni-
tion as well [15]. In prior studies, antibodies against Vir have been characterized as markers of
exposure at a population level with a tendency to increase during acute infections [16].
Recently, a unique protein from P. vivax, named PvVirl4 (from the Vir superfamily), was
identified circulating in high levels during acute infection and recognized by P. vivax malaria
patients [17].

Here, we determined that specific antibodies targeting the PvVirl4 protein were present in
a high proportion of sera/plasma from P. vivax-infected subjects in Brazil and in Cambodia.
Considering the absence of previous immunological studies comparing different epidemiolog-
ical regions, we characterized immune responses to PvVirl4 at a serum and cellular levels to
identify signatures of immunogenicity and assess the potential value of PvVirl4 as a protein of
interest.

Methods
Ethics statement

The studies involving human participants in Brazil were reviewed and approved by the Tropi-
cal Medicine Research Center (CAAEs: 0008.0.046.000-11, 0449.0.203.000-09) and the Ethics
Committee of the Federal University of Minas Gerais (CAAE: 27466214.0.0000.5149), Brazil.
The human study in Cambodia was approved by the Institutional Review Board (IRB),
National Institute of Allergy and Infectious Diseases (NIAD), National Institutes of Health
(NIH), and National Ethics Committee for Human Research (NECHR), Cambodia
(ClinicalTrials.gov Identifier: NCT00663546). Written informed consent was obtained from
each participant. Written informed consent to participate in this study was provided by the
participants’ legal guardian/next of kin.

Study population, clinical samples and ethical statements

The study population included 121 subjects living in the Brazilian Amazon and diagnosed
with vivax malaria at the Research Center for Tropical Medicine (CEPEM) in Porto Velho,
Rondoénia, Brazil, in the years of 2014 (69 serum samples) and 2019 (52 serum samples and 22
PBMC samples) during the transmission season. The inclusion criteria in this study included
acute illness at the time of blood sampling and presence of P. vivax parasites assessed by blood
smear microscopy. Serum samples from 15 healthy donors living in the same area were col-
lected and defined as the “malaria-exposed” experimental group. Healthy subjects (N = 5)
from Belo Horizonte, Minas Gerais State, Brazil, a non-endemic area for malaria, were also
recruited as malaria-naive controls (2019-2021). This study was approved by the Research
Ethics Council of the Federal University of Minas Gerais, Brazil (CAAE
27466214.0.0000.5149). For some experiments, samples collected in Brazil were frozen and
transported on dry ice to the U.S. National Institutes of Health (NIH), Bethesda MD, USA.
Sera collected from 55 P. vivax infected subjects (3-55 years old) in Pursat, Cambodia,
between 2008 and 2018, under a protocol approved by NIAID and the National Ethics Com-
mittee on Human Research (ClinicalTrials.gov NCT00663546), were used to perform IgG
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ELISA assays against PvVirl4. Sera from 28 Malian adults (range of age: 18-55 years old) col-
lected between 2015 and 2019 were used to investigate reactivity to PvVirl4 and were
approved for use under a protocol approved by the NIAID IRB and the University of Bamako
(FMPOS) Ethical Review Committee, and the study registered at ClinicalTrials.gov
(NCT02334462).

An additional malaria-naive control group included healthy adult subjects (N = 5) who
donated samples during participation in clinical studies at the U.S in 2020. NTH (Bethesda,
MD).

Each volunteer was required to sign a written informed consent specific to this study, and
blood was obtained upon receiving the said document.

Expression and purification of PvVir14, PvDBP-RII, PvCSP and Pvs230D1

The full-length (325 amino acids) predicted PvVir14 protein was expressed in Escherichia coli.
Briefly, the recombinant plasmid with the PUC/PvVirl4 synthetic gene (GenScript) was resus-
pended and transformed with competent cells from E. coli XL-1 Blue (Phoneutria, Brazil). Pos-
itive clones were confirmed through digestion using Xhol and Nhel enzymes. The PvVir14
insert was then cloned into a bacterial expression vector (pET28aTEV) and transformed with
competent E. coli BL21-star (Thermo Fisher Scientific, USA) by electroporation (Bio-Rad Lab-
oratories, USA). To confirm gene insertion, a colony PCR was performed using T7 primers
(Macrogen, South Korea). To produce at large scale, ImM of isopropyl B-D-1-thiogalactopyra-
noside (IPTG) was added following an incubation period of 3h at 37°C at 180rpm. Cells were
ruptured by a high-pressure homogenizer and soluble fractions were obtained by centrifuga-
tion. The recombinant protein was purified using Ni** affinity chromatography with HisTrap
HP 5 mL column (GE Healthcare, USA) coupled to an AKTA Prime Plus system (GE Health-
care, USA). The purified PvVirl4 protein, having 325 amino acids and predicted molecular
weight of 37kDa, was separated by SDS-PAGE. Pvs230D1M (domain 1 from Sal-1 strain) and
PyCSP (VK210 allele) were expressed in Pichia pastoris following similar procedures previ-
ously described for Pfs230D 1M and PfCSP [18,19] and the details for their production will be
reported elsewhere. PvDBP-RII was expressed in E. coli BL-21 cells and refolded as previously
described [20,21].

Detection of IgG and IgM antibodies by enzyme-linked assay (ELISA)

The presence of PvVirl4-IgG and IgM in serum was determined through a conventional
enzyme-linked immunosorbent assay (ELISA) performed as follows: 96-well plates were
coated with antigen (0.5pg/mL) in carbonate buffer overnight at 4°C. Wells were then blocked
with 0.5M chloride, 1% Triton X-100 and 1% bovine serum albumin in PBS (1X) and incu-
bated for 2 hours at room temperature (RT) followed by incubation with the primary antibody
at a concentration of 1:500 for IgG and 1:100 for IgM (serum from infected subjects). After
washing 4 times with PBS (1X) plus 0.05% Tween 20, a peroxidase HRP-conjugated secondary
antibody was added at a concentration of 1:10000 (IgG) and 1:8000 (IgM) and incubated for 1
hour at RT with shaking. The plate was washed 4 more times with 1X PBS Tween (0.05%)
before the developing reagent (3.3, 5’5 —Tetramethylbenzidine (TMB), SeraCare) was added
to each well. The reaction was stopped after 15 minutes at RT by the addition of a TMB stop
solution (SeraCare) and the optical density was measured at 450nm.

ELISA assays to detect the IgG subclasses were performed as previously described [22]. Sera
were diluted at 1:50 and evaluated for each IgG subclass using the following mouse anti-
human monoclonal antibodies: IgG1 clone 8¢/6-39; IgG2 clone HP-6014; IgG3 clone HP-
6050; IgG4 clone HP-6025) (Sigma, St.Louis, MO) according to the manufacturer’s
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instructions. Monoclonal antibody binding was detected with TMB peroxide substrate solu-
tion (Thermo Fisher). The cut-off value for detection was determined by testing 5 different
negative control sera from subjects never exposed to malaria from Bethesda MD, United States
of America. The mean optical density value at 450 nm +3SD (VersaMax Microplate Reader)
for duplicate determinations in negative sera was used as the cut-off value for different
subclasses.

Flow cytometry analyses of PBMCs from P. vivax infected, treated, or
exposed subjects

‘We examined whether cellular immune responses were related to PvVir-14 seroreactivity
among P. vivax-infected or exposed individuals, using flow cytometry and a panel of markers
for the main B and T cell subtypes. The population was stratified by exposure, infection and
seroreactivity status: PvVirl4+ (corresponding to those with acute infection and high IgG
titers for PvVirl4; n = 8); PvVirl4- (infected subjects with titers below the level of detection for
PyVirl4; n = 7); and HD (healthy donors in non-endemic areas—USA, n = 5; Brazil, n = 5).
PMBCs were thawed in a 37°C water bath, resuspended in complete RPMI, and then in PBS.
Cells were stained with the following antibodies: CD3 FITC (clone SK7), CD4 PerCP-Cy5.5
(clone SK3), CD8 APC-Cy7 (clone SK1), CD14 AlexaFluor700 (clone HCD14), CD16 PE-Cy7
(clone 3G8), CD19 BV605 (clone HIB19), CD21 BV711 (clone B-ly4), CD27 APC (clone
LG3A10), and CD56 BV785 (clone 5.1H11). All antibodies are from BioLegend, except for
CD21 BV711 (clone) which is from BD Biosciences. Cells were also stained with Zombie UV
fluorescent dye (BioLegend) to assess live vs. dead cells. Cells were incubated at 4°C protected
from light for 20 minutes while staining and then washed with PBS and resuspended in FACS
Buffer. Flow cytometry was performed on a LSRII instrument (BD Biosciences) and analysis
was done using Flow]Jo v.10. Cells were first gated for singlets by FSC-H and FSC-A, followed
by live cells (FSC-A, live/dead) and lymphocytes (SSC-A and FSC-A). Monocytes were gated
out of total lymphocytes. B cells were thereafter gated as CD19" followed by CD27 and CD21
to distinguish (i) classical memory B cells (CD27" CD21%), (ii) activated memory B cells
(CD27* CD21"), (iii) atypical memory B cells (CD 27 CD21"), (iv) naive B cells (CD27
CD21*). T cells (CD3") were gated out of total lymphocytes and thereafter as CD4", CD8*
(CD37CD567) and NKT subsets (CD19"CD3*CD56") (S1 Fig). Data analysis was followed by
dimensionality reduction and visualization by t- Distributed Stochastic Neighbor Embedding
(tSNE) or Principal Component Analysis (PCA) using Cytofikit [23].

VD] sequencing of memory B cells

Amplification of BCR heavy and light chains from single sorted B cells was performed by iRe-
pertoire Inc. (Huntsville, AL, USA) as previously described [24]. Briefly, RT-PCR1 was per-
formed with nested, multiplex primers covering both heavy, kappa, and lambda loci, and
including partial Illumina adaptors. After RT-PCR1, the first round PCR1 products were res-
cued using SPRISelect Beads (Beckman Coulter, Brea, USA). A second PCR was performed
with dual-indexed primers that complete the sequencing adaptors introduced during
RT-PCR1 and provide plate positional information for the sequenced products. Sequencing
was performed using the Illumina MiSeq v2 500-cycle kit with 250 paired-end reads.

Statistical analysis

The Reactivity Index (RI), used to define positivity in serology assessments, was calculated by
dividing the mean OD of the assessed subjects by the mean OD plus 3 standard deviations
(SD) of the malaria-naive control subjects (Confidence Interval of 99%). Values above 1 were
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considered positive. Samples were submitted to a normality test to define statistics. For non-
normal data or non-equal variances among groups (3 or more groups), a Kruskal-Wallis test
was performed. For normal data with equal variances, we performed ANOV A or, for compari-
son between 2 groups, T test. To determine equality of variances among normal populations, a
Fisher’s exact test was performed, and considered significant when p<0.05.

Results
Epidemiological profile of selected subjects

The study population is composed of 121 P. vivax-infected adults from Porto Velho-Rondo-
nia, Brazil and neighboring municipalities; 15 non-infected but exposed subjects from Porto
Velho-Rondénia, Brazil; 5 non-infected and never exposed subjects from Belo Horizonte—
Minas Gerais, Brazil; 55 P. vivax-infected adults and children from Pursat, Cambodia; 28 P. fal-
ciparum-infected adults from Bancoumana, Mali, West Africa; and 5 non-infected and never
exposed subjects from Bethesda-Maryland, United States of America (Table 1). Concerning
the infected Brazilian population, the majority were adults naturally exposed to malaria (P.
vivax and/or P. falciparum) and the age range was 29-49 years. The sex ratio was 1:3 (female:
23.9%; male: 76.1%). The non-infected but currently exposed had an age range of 20-47 with a
sex ratio of 2.6:1 (female: 72.22%; male: 27.77%). The non-infected/never exposed had an age
range of 26-32, and a sex ratio of 1:1.5 (2 female, 3 male). For the Cambodian population, the
range age was 3-55, and a sex ratio of 1:1.75 (female: 36.36; male: 63.63%). As for the Malian
population, the age range was 18-55 with a sex ratio of 1:3.4 (female: 22.8%; male: 77.2%).
Finally, the American population was all males with age range 49-53 years, and the bias was
merely due to sample availability. For the endemic regions, considering that the main factor to
be enrolled was an acute infection, we observed a clear male bias within infected populations,
which is a common feature for vertebrates [25]. Among the sexual differences that can cause
such bias are hormones, immunity, and exposure. The latter is well-known in malaria, as

Table 1. Epidemiological and demographic characteristics of the subjects selected for the study.

Epidemiological and demographic characterization
Brazil: P. vivax-infected subjects (n = 121)

Age range, years 29-49
Sex, female:male 1:3
Brazil: P. vivax non-infected but exposed subjects (n = 15)

Age range, years 20-47
Sex, female:male 2.6:1
Brazil: malaria-naive subjects (n = 5)

Age range, years 26-32
Sex, female:male 1:1.5
Mali (n = 28)

Age range, years 18-55
Sex, female:male 13
Cambodia (n = 55)

Age range, years 3-55
Sex, female:male 1:1.75

United States of America: malaria-naive subjects (n = 5)

Age range, years 49-53
Sex, female:male 0:1
https://doi.org/10.1371/journal.pntd.0011229.t001
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vector-borne parasitic infections are intrinsically related to the complex and active role of the
vectors plus host behavior traits.

IgG response to PvVirl4 among subjects infected with Plasmodium ssp.
and P.vivax exposed without acute infection

Among 121 P. vivax-infected subjects in Brazil, 74 (61%) had detectable IgG against PvVirl4,
compared to 19 out of 55 (34.5%) Cambodian subjects. To confirm that PvVirl4 is a specific
and exclusive target of P. vivax, sera from 28 P. falciparum infected subjects from Mali (West-
ern Africa) were tested; P. vivax infections have not been reported at the study site in Mali. Of
28 sera tested, none were reactive to PvVirl4, consistent with their lack of prior exposure to P.
vivax and the absence of a P. falciparum ortholog for this protein. To assess whether PvVirl4
seroreactivity is present even without an acute infection, we assayed sera collected from 15
uninfected subjects living in P. vivax endemic areas for anti PvVir14-IgG levels. Five subjects
(33%) had detectable antibody titers three of the five seroreactive had a known history of prior
clinical malaria, which might explain the presence of circulating antibodies, while the malaria
history for the other two subjects is unknown (Fig 1A).

Anti-PvVirl4 IgM is detected in P. vivax-infected individuals

We investigated IgM antibodies targeting PvVirl4. During P. vivax acute infection, 32 out of
119 Brazilian subjects (26.9%) displayed PvVirl4-IgM antibodies in their sera (Fig 1B); sam-
ples from 2 of the 121 subjects had been exhausted before IgM testing.

IgG1 and IgG3 responses are dominant in response to PvVirl4

The functionality of antimalarial IgG antibodies may depend on their subclass [26]. We
assessed IgG1, IgG2, IgG3 and 1gG4 levels within the P. vivax-infected individuals from Ron-
donia, Brazil. Detectable IgG1 (42.85%) and IgG3 levels (36.13%) were most frequent, while
IgG2 (frequency 0f 9.24%) was less frequent and IgG4 (0.84%) was detected in a single individ-
ual (Fig 1C).

PvVirl4-1gG titers correlate to other P. vivax protein-IgG titers

We compared IgG reactivity to PvVirl4 with IgG reactivity to other P. vivax proteins, includ-
ing well-characterized vaccine candidates from sporozoite/liver (PvCSP), blood (PvDBP-RII)
and mosquito-sexual stages (Pvs230D1). In ELISA assays to measure total IgG, the positivity
rates were as follows: 61% for PvVirl4, 7.6% for PvCSP, 42% for PvDBP-RII and 3.3% for
Pvs230 domain 1 (Fig 2A). The frequency of seroreactivity during infection was significantly
higher for PvVirl4 compared to the three proteins analyzed here (PvCSP: <0.0001,
PvDBP-RII: 0.0003, Pvs230: <0.0001, Fisher’s exact test). In addition, a statistically significant
but weak correlation between PyVirl4-IgG levels and IgG levels to the sporozoite/liver and
blood stage proteins was observed (PvCSP, p = 0.0077; r = 0.2442 and PvDPB, p = 0.0042;

r = 02614, Spearman rank test) (Fig 2B and 2C), but not to the sexual stage Pfs230D1 protein
(Fig 2D).

Proportion of atypical B cells (AtMBCs) differ based on P. vivax infection

B cells were clustered in 4 groups: Classical, Naive, Activated, and Atypical (Fig 3A) based on
levels of CD21 and CD27 expression (Fig 3B). Total B cells (as a proportion of live cells) were
elevated in infected Brazilian subjects when compared to malaria-naive healthy U.S. donors
(Fig 3C), with the highest proportions seen in the PvVirl4+ group (p = 0.022, One-way
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Fig 1. Relative quantity of anti-PvVirl4 IgG and IgM antibodies, and prevalence of IgG subclasses to PvVirl4.a)
Subjects from the Brazilian Amazon (n = 121, Porto Velho-RO) and from Cambodia (n = 55) with an acute infection
by P. vivax—IgG titers; Subjects from Western Africa (Mali) with an acute infection by P. falciparum (n = 28)-1gG
titers; and subjects living in the Brazilian amazon (Porto Velho—RO), thus exposed to P. vivax but not infected at the
moment of collection (n = 15). b) Subjects from the Brazilian Amazon (Porto Velho-RO) with an acute infection by P.
vivax (n = 119)-IgM titers. Fora and b, Y axis represents the mean reactivity index (RI) and the dotted line shows the
seropositivity threshold (RI = 1). ¢) Frequency of detectable IgG subclasses against PvVirl4 among infected Brazilian
subjects. The radar charts are divided into nine lines, each of them representing a 5% value, data are presented (orange
rhomboid) as the percentage of individuals (n = 121) with detectable levels for the four IgG subclasses against PvVirl4.

https://doi.org/10.1371/journal.pntd.0011229.9001
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Fig 2. Seroreactivity to PvVirl4 versus other P. vivax candidate vaccine antigens (PvCSP, PvDBP-RII and
Pvs230D1). (a) IgG Reactivity Index against P. vivax antigens in P. vivax infected subjects. For (b-d), mean OD of
anti-PvVirl4 IgG versuis (b) mean OD of anti-PvCSP, (¢) mean OD of anti-PvDBP-RII (d) mean OD of anti-
Pvs230D1. The dotted line marks the minimum value of the mean OD for a subject to be considered above the level of
detection (> 1, R.I) Data were analyzed considering a 99% confidence interval (CI). P < 0.05 was considered
significant (* p<0.05; **p<0.01; ***p<0.001).

https://doi.org/10.1371/journal.pntd.0011229.9002

ANOVA). Among the B cell subpopulations, AtMBCs (as a proportion of total B cells) were
higher for the PvVirl4+ subjects in comparison to the other two groups (PvVirl4- vs PvVirl4
+, p = 0.028; HD vs PvVirl4+, p = 0.0039; Kruskal-Wallis with Dunn’s multiple comparison
test) (Fig 3D), suggesting a relationship between PvVirl4 seroreactivity and AtMBCs. Propor-
tions of other B cell subsets did not differ significantly on the basis of PvVir14 seroreactivity,
although there were trends for activated memory B cells to increase in the PvVirl4+ group and
for naive B cells to increase in the PvVirl4- group (Fig 3E-3G). These latter trends were also
observed through the t-Distributed Stochastic Neighbor Embedding (tSNE) analysis, which
demonstrated higher intensity of CD21 in PvVirl4+ group while PvVirl4- showed higher
intensity of CD27 (arrows) (Fig 3H and 31)

CD4+ T cell, CD8+ T cell, and NKT cell frequencies vary with PvVir14
seroreactivity

T cells can re-distribute and levels can fluctuate during malaria infections [27-29]. In our P.
vivax-infected participants, total T cell levels (as a percentage of all live cells) were lower than
those of uninfected U.S. donors, but this difference was only statistically significant for the
PyVirl4+ group (p = 0.030, One-Way ANOVA) (Fig 4A). When measured as a proportion of
total CD3+ T cells, CD4" T cells were lower and CD8” T cells were higher in the PvVirl4
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of flow cytometry data (tSNE) from combined data of acute infected subjects with or without antibody titers against PvVirl4 gated on
LiveCD19" The darker the color (reddish), the greater the intensity of expression. (i) Diffusion map of CD21 (top) or CD27 (bottom)
intensity of expression depicting each group (P¥Virl4+: n =7, PyVirl4-: n = 7):and merged plot. P < 0.05 was considered significant (*
p<0.05; **p<0.01; **p<0.001).

https://doi.org/10.1371/journalpntd.0011229.9003
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Fig 4. T cell phenotypic analysis by multiparametric flow cytometry. Bar graphs show percentage of CD3" T cells (a) CD3+CD56 CD4" T cells (b) and
CD3'CD56 CD8" T cells (c) from total Live PBMCs. Bar graphs show Mean Intensity Fluorescence (MFI) of CD27" in CD4" (d) or CD8" (e). (f) tSNE from
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considered significant (* p<0.05; **p<0.0L; ***p<0.001).

https://doi.org/10.1371/ournal.pntd.0011229.g004
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+ group (Fig 4A and 4C). Based on Mean Fluorescence Intensity (MFI), CD27" expression
level was signficantly lower in PvVirl4+ versus PvVirl4- individuals for both CD4" and CD8+
(p=0.010 and p = 0.007 respectively, T test) (Fig 4D and 4E). When using a t-stochastic neigh-
bor embedding (tSNE) to reduce dimensionality, the data analysis resulted in the identification
of 2 clusters corresponding to CD4" and CD8" T cells (Fig 4F) and a closer examination at the
single-cell level confirmed that the PvVirl4- group indeed is expressing a higher intensity of
CD27" on CD4and CD8 T cells than PvVirld+ (Fig 4G).

As Natural Killer (NK) cells are known to be one of the first innate cells that respond to
malaria parasites [30], helping activate adaptive responses, its population was also assessed.
NK and Natural Killer T (NKT) cells were defined as CD3'CD19°CD14 CD56" and
CD3*CD56", respectively, and constituted 2 clusters (Fig 5A). Measured as a proportion ofall
live cells, NK cells did not differ significantly between groups (Fig 5B), whereas NKT cells were
significantly higher in the PvVirl4- group than PvVirl4+ group (p = 0.041, t test) (Fig 5C). Of
interest, subjects who lack circulating antibodies against PvWIR14 have higher expression of
CD27" on cells when compared to those presenting serological reactivity to the protein; no dif-
ference was observed regarding CD16" (Fig 5E).

B cell subsets, PvVir14 circulating antibodies, and NKT population decline
in brazilian subjects after drug treatment

Upon the diagnosis of acute malaria, all subjects in this study received treatment consisting of
Primaquine and Chloroquine (Fig 6A). Forty days after starting the treatment, serum
PvVirl4-IgG levels had significantly decreased among 8 individuals who returned for a follow
up visit (p = 0.0078, Wilcoxon matched-pairs) (Fig 6B). Two subjects (beige dots) presented
with parasitemia at the time of the post-treatment follow-up. Since P. vivax is known to cause
relapses frequently, the parasitemia at follow up may represent a new infection, a relapse of
liver hypnozoites present at the time of first diagnosis, or a recrudescence of blood-stage para-
sites that were not cleared at the first treatment. The two subjects presenting with infection at
the follow up visit were treated according to the therapeutic scheme in Brazil (Primaquine

+ Artemether-Lumefantrine).

Among the 8 returning subjects, immune cell samples from 4 were available for phenotypi-
cal characterization followed by tSNE and clustering analysis. The distribution of cells in the
tSNE plots differed at the time of acute infection versus follow up (Fig 6D). Following antima-
larial treatment, CD21" expression decreased in naive and classical B cell subsets (Fig 6E and
6EF).

In addition, although there is visual suggestion of a decrease in NKT cells in drug-treated
subjects, the difference is not observed when assessed as a percentage among live cells (Fig
6G). Levels of NK cells were significantly increased as observed in the percentage of live cells
(p = <0.0001, T test) in the drug-treated group (Fig 6H). Critically, the results should be seen
asatrend, since the sample size of this group was low when compared to the initial number of
patients enrolled.

Memory B cell V gene usage and CDR3 length during P. vivax infection

To further characterize the B cell response in P. vivax infected subjects, single memory B cells
were sorted from PBMCs of (i) two subjects with acute infection and high titers against
PvVirl4 from the Brazilian Amazon; (ii) two non-infected subjects from the USA (Fig 7A). All
four subjects had their V fragment (ofits VD] genes) and CDR3 region amplified using
RT-PCR. When comparing lengths of CDR3, the major site for repertoire variation, P. vivax-
infected subjects and healthy donors did not differ (USA) (Fig 7B). As for the heavy chain

PLOS Neglected Tropical Diseases | htips://doi.org/10.1371/journal.pnid.0011229  April 7, 2023 12/23



100

PLOS NEGLECTED TROPICAL DISEASES Immunological characterization of PWIR-14 in naturally infected subjects

tSNE2 @

tSNE 1
c
L] » 8
8 8
2 2 ©
o o
c c
o =]
£ E
] ©
® ES
HD PwVirl4-  PwWir14+ PWirl4- PwWirl4+
e CD27
%)
=
m
N
.;,&"-
: ST Hi
- gy - [ ]
x .
Low
tNSE 1

Fig 5. NKand NKT cell population dynamics by multiparametric flow cytometry. (a) tSNE from combined data of PvVirl4" or PWWirl4 subjects gated on
CD19°CD14 CD56" NK (purple) and NKT cells (green). (b) tSNE from (a) depicting PvVirl4+ (red) and PyVirl4- (blue) cells. (c) NK cells
(CD3°CD19°CD14 CD56") as a percentage of live cells, by group. (d) NKT cells as a percentage of live cells, by group. (e and f) Expression levels of
distinguishing markers of NK and NKT cells. P <0.05 was considered significant (" p<0.05; *"p<0.01; ""*p<0.001).

https://doi.org/10.1371/ournal.pntd.0011229.9005

PLOS Neglected Tropical Di: | hitps://doi.org/10.1371/journal.pntd.0011229  April 7, 2023 13/23




101

PLOS NEGLECTED TROPICAL DISEASES Immunological characterization of PWIR-14 in naturally infected subjects
Total IgG
a b
. -
7

e "
®‘ E :—/’ 40 days follow-up ‘

Reactivity Index
W A
1 1

Drug: 4 Blood collection: drug treated
Blood collection Chioroquine + Primaguine 2]
4 EE?:==3
'_———‘—h..“'
v Acute P vhrlaxlulhcﬁon Dmrtlmm
c Acute and drug-treated d e
(combined) B cell populations cD27
A
m ) ':;\g,-
T GAs

S

Wi
: .
er
wp i
Low
tSNE 1
f 9 NKTcells h NK cells
& 1 -
=z
m w w
e k! i
H 2
o o
§ §
§5 §
® = 1
tSNE 1 ¢ Acute P vivixiniection Drug-reated P Drug-treated

Fig 6. Drug-treated subjects’ profile for antibody titers, B cells, and NK and NKT cells. (a) Sample collection and therapeutic scheme. Created with
BioRender.com. (b) Total IgG levels from two different points in time: acute infection and post-drug treatment. Serum samples were paired and belonged to
the same subjects (acute and post-treatment samples). Two subjects, represented in purple, were also infected at the follow-up 40 days after primary acute
infection. (c) tSNE from combined data of PvVirl4+ during acute (red) or post treatment (blue) gated on Live CD19* B cells. (d) tSNE from (c) depicting B cell
populations Atypical Memory B cells CD19*CD27' CD21" (green), Activated Memory B cells CD19"CD27*CD21" (red), Classical Memory B cells
CD19"'CD27'CD21" (light blue) and Naive B cells CD19" CD27 CD21" (purple). (e) Expression plot of distinguish markers CD27 (left) and CD21 (right). The
arrows indicate populations with higher CD21 expression. (f) tSNE from combined data of P¥Virl4+ during acute (left plot) or post treatment (right plot)
gated on LiveCD19 CD14'CD56" showing NK CD3 CD56" (purple) and NKT CD3"CD356" (green) cells. (g) Percentage of NKT cells among live cellsin
Acutely infected and Drug-treated subjects. (h) Percentage of NK cells among live cells in Acutely infected and Drug-treated subjects. The data were analyzed
considering a 99% confidence interval (CI). P < 0.05 was considered significant. (* p<0.05; **p<0.01; “**p<0.001).

https://doi.org/10.1371/journal.pntd.0011229.g006

isotype, IgM was most commonly detected for all subjects, particularly for P. vivax-infected
individuals, albeit group differences were not significant in this small sample size (Fig 7C-7E).
Concerning heavy chain gene usage, 17 genes from P.vivax-infected subjects and 17 genes
from non-infected subjects (HD) were identified. Seven genes were shared between the two
groups: hIGHV3-21, hIGHV3-30, hIGHV3-33, hIGHV3-66, hIGHV4-34, hIGHV4-61,
hIGHV5-51 (Fig 7F and 7G). One V gene unique to the infected individuals-hIGHV3-23 -
comprised 20% of gene usage for those two subjects. The gene hIGHV4-59, already found in
other malaria-infected populations around the world [31], was also detected in the infected
but not uninfected donors.
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Fig 7. B cell receptors: CDR3 length, isotypes and V gene usage. (a) Experimental design of the sorting process.
Single CD27+ memory B cells of two P.vivax-infected subjects with the highest anti-PvVirl4+ IgG titers, and two
malaria-naive U.S. subjects, were sorted into a 96-well plates and had V gene usage analyzed. Created with BioRender.
com. (b) Length of CDR3 sequences of two P. vivax-infected subjects (P. vivax 1 and P. vivax 2) from the Brazilian
Amazon and two healthy donors (HD1 and HD2) from the U.S. The y axis represents the absolute number of amino
acids in individual B cells as well as the mean for all BCR sequenced from each subject. (c) Heavy chain isotype of BCR
sequenced from two P.vivax-infected subjects, presented in pie charts as proportions. (d) Heavy chain isotypes of BCR
sequenced from two HD donors, presented in pie charts as proportions. (e) Heavy chain isotyping of all four subjects
analyzed (two P. vivax-infected and two HD). The y axis represents the percentage of BCR belonging to specific
antibody classes. (f) Heavy chain gene usage of BCR sequenced for two P. vivax-infected subjects. (g) Heavy chain gene
usage of BCR sequenced for two HD subjects. The y axis presents the frequency of individual V genes as a percentage
of all BCR sequenced in the two group. Open bars indicate V genes unique to a group; colored bars indicate V genes
shared between the groups, and the colors correspond to the same V gene in each group.

https://doi.org/10.1371/journal.pntd.0011229.9007
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Discussion

P. vivax has attracted increasing attention as the awareness of severe and lethal cases increased
[29], and this parasite accounts for ~13% of the cases in Africa and >70% of cases in Asia and
in the Americas [1]. Nevertheless, P. vivax receives little attention when compared to P. falcip-
arum. While vaccines could be a valuable tool for control of P. vivax [32] when used with
other measures such as timely diagnosis and access to treatment [33], only a few P. vivax can-
didates are in clinical and pre-clinical phases (including PvDBPII, PvDBPII/GLA-SE, P. vivax
irradiated sporozoites, PvCSP-derived long synthetic peptides, VMP001-AS01B and Pvs25)
[30].

In the present study, a member of a P. vivax variant antigen family (Vir) was detected in
patients” urine and was assessed for seroreactivity and related immunological profiles. Patho-
gen proteins detected in body fluids during infection are widely used as biomarkers of different
infections [34]. Although it is well known that Vir proteins are extremely diverse, their func-
tions and localizations are mainly unknown [16]. The fact that Vir is a superfamily carrying
genes that differ greatly in size and number of exons [35] indicates that the proteins within the
families might differ in function and, consequently, in immunogenicity.

Here, we observed that the prevalence of PvVirl4 IgG antibodies during acute infection
was 61% in Brazil and 34.5% in Cambodia. The greater prevalence in the Brazilian amazon
population is probably due the different transmission setting when compared to Cambodia.
‘While Brazil is known to have a high API (Annual Parasite Index) in endemic regions such as
Rondonia [36], prevalence of this parasite in Cambodia has decreased in the last decade [37].
Another fact worth mentioning when discussing the antibody prevalence among those two dif-
ferent populations is that the Cambodian one comprises subjects under the age of 5 (age range
3-55), while the youngest Brazilian subject is 29 years old. It is well known that humoral
immunity against malaria is dependent on age and exposure, but the cumulative number of
episodes is also a main factor [38]. A serological study assessing other Vir proteins in Brazilian
subjects found a frequency of detectable IgG of 26% [39], a lower prevalence than that
observed in our study. Notably, when assessed in a P. falciparum-infected population in high-
transmission Mali that is not exposed to P. vivax, none of the subjects recognized the protein,
confirming that PvVirl4 responses are exclusive to P. vivax. Besides IgG, a significant percent-
age (27%) of P. vivax-infected subjects from Brazil also displayed IgM antibodies against
PvVirl4. Although the IgM role in protective immunity against malaria is still unclear, IgM to
the surface of merozoites inhibits binding in a complement-dependent manner and reduces
the odds of clinical malaria [38]. Nonetheless, the role of IgM responses may vary according to
the antigen, parasite life stage and host genotype [40,41]. While some studies in falciparum
malaria have shown that IgM levels decline shortly after acute infection [42], others suggested
long-term maintenance of IgM following clinical malaria [41,43].

In addition to IgM, cytophilic IgG subclasses can also work through complement fixation
for some antigens and have been associated with protection against malaria [44,45]. In the
present study, the two cytophilic antibody subclasses were present in 42.85% (IgG 1) and
36.13% (IgG 3) of the acutely infected subjects. In general, these antibodies may have a critical
role in the development of premunition [46], and while their presence does not guarantee pro-
tection against clinical malaria, they may limit further complications [47].

‘When compared to other well-known P. vivax proteins from different phases of the para-
site’s life cycle, PvVirl4 showed more frequent seroreactivity. It has been described that vir
genes from different families might be profusely expressed in different isolates at noun unspec-
ified moments, unlike proteins such as PvDBP or PvCSP that are known to be expressed ata
specific phase of the cycle [48]. The fact that those proteins are being expressed in an abundant
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and constant way could be the reason why antibody levels are being detected in a higher fre-
quency. Nevertheless, seroreactivity to PvVIR14 positively correlated with that to PvCSP (liver
stage) and PvDBP-RII (blood-stage). Although the functional role of anti- PvVirl4 has yet to
be defined, the prevalence of PvVirl4-IgG is consistent with blood- stage parasite expression,
which generally elicits a relatively greater antibody response [49,50].

Since PvVir14 is a novel protein with features that suggest potential as a diagnostic or thera-
peutic target, we characterized immune cell subsets among acutely infected subjects with or
without anti- PvVir14 titers. Qur results demonstrated an expanded population of atypical
memory B (AtMBCs) lacking CD21 and CD27 expression. The presence of this subset has
been extensively described in subjects known to be chronically infected with malaria and living
in varied transmission settings [51,52]. In our study, the subjects comprising the PvVirl4
+ group have a higher median of previous episodes (9.2 episodes/lifetime) than the subjects
within the PvVirl4- group (median: 7.8 episodes/lifetime), and such profile corroborates pre-
vious studies correlating AtMBC levels with past malaria infections [53]. Despite being a very
common cell type among individuals exposed and/or infected with Plasmodium, this subset is
also found in many other diseases, especially chronic ones such as HIV, hepatitis C (HBC),
and lupus [54,55].

Whereas in broad terms AtMBCs are mainly defined by CD21" CD27, the presence/
absence of several other expression factors distinguish AtMBC and its functions [56]. During
infection, expanded AtMBC numbers have been thought to imply an impaired B cell response
[57,58]. However, recent research finds that atypical B cells are part of an alternative B cell line-
age that is a normal feature in healthy immune responses [59], and this may explain our find-
ing that PvVirl4 antibodies are related to an increase of AtMBCs. However, other studies
suggested that a reduced expression of CD21 can be associated with complicated malaria
[59,60], and thus may also be a feature of an impaired immune response.

‘When running a high dimensional analysis, classical and naive B cells from the PvVirl4
+ subjects showed a higher intensity of CD21 whilst those from PvVirl4- subjects showed a
higher intensity of CD27. Although the frequency of these B cell subsets did not differ between
the groups, the differential intensity of these markers may suggest that the cells are functioning
differently. We speculate these differences may also contribute to inter-individual differences
in PvVir14-IgG production. While B cells and antibody responses have a key role in protec-
tion, immunity to vivax malaria has recently been linked to the presence and functionality of T
cells [25]. Assuming the importance of T cells in generating long-lasting protection, we
assessed T cell subsets among infected subjects with or without anti-PvVirl4 antibodies. We
observed that CD4+ cells are lower and CD8+ cells are higher in PvVir14-IgG+ subjects com-
pared to malaria-naive healthy donors. A CD4+ decrease is a common profile for P. vivax-
infected individuals, potentially due to a propensity for apoptosis, loss of proliferative capacity,
“exhaustion”, or redistribution to sites of inflammation [61-63]. Whereas CD8+ T cells have
not been thought to play a major immune role during blood-stage infection since red blood
cells do not usually express human leucocyte antigen class I (HLA-I), it has been recently dem-
onstrated that some reticulocytes (for which P. vivax has tropism) retain the protein transla-
tion machinery and surface-express these molecules [64,65]. In the same way as for B cells,
PwWirl4- subjects also demonstrated an upregulation of CD27 on both CD4" and CD8* T
cells, indicating perhaps a larger number of activated T cells within this group [66] albeit the
reason remains to be investigated.

Since treatment can alter the dynamics of the immune response, we explored immune
response after Chloroquine/Primaquine therapy. IgG titers decreased for all assessed subjects
after 40 days and anti- PvVir14 antibodies were still found circulating in the peripheral blood
for most individuals (5/7 subjects) despite the marked reduction observed among the patients,
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consistent with studies showing that Plasmodium infections induce a patent but short-lived
antibody-responses to blood-stage antigens [67-70].

As for circulating immune cells, classical and naive B, NK, and NKT cells presented a differ-
ent profile when comparing acute and post-treatment scenarios. During acute infection, both
naive and classical clusters presented a higher CD27 intensity of expression when comparing
groups with or without anti-PvVir14 titers, but it is yet to be defined if the difference in expres-
sion has an impact on the disease progression [71]. Although two out of four subjects showed a
major decrease in NKT percentage of cells the difference was not significant except when assess-
ing expression levels of these cells, in which intensity decreased markedly when comparing
acute and treated patients. As for NK cells, the difference between pre and post treatment was
highly significant, with a marked increase. While the upregulated profile is common for acute
patients, this state is usually transient and has been described before [72-74]. Nonetheless, NK
activation and response can vary widely, especially related to individual genetic profiles which
can determine expression levels and mediation factors such as activation through cytokines
[75,76], therefore, further investigation regarding the subjects’ cytokine profile is warranted.

At the single B cell level, our study demonstrated that acute subjects present an unbalanced
amount of P. vivax-IgM BCR versus other isotypes, indicating that those cells are probably
engaged in the immune response to infection. Although predominance of IgM B cells has
already been demonstrated for acute P. falciparum malaria subjects [77], little is known about
the B cell biology of P. vivax. The IgM isotype has drawn attention lately since it can act as a
protective factor through neutralization, opsonization, complement fixation, and functional
inhibition of invasion with a higher and specific binding capacity [44,78]. At the gene level, we
assessed the V region of the heavy chain segments known as V(D)], which can undergo
somatic hypermutation when challenged by an antigen [78], imbuing unique characteristics
upon encounter with a particular pathogen. Among the genes unique to P.vivax-infected sub-
jects, hIGHV3-23 was most common and accounted for 20% of all V gene usage within the
heavy chain. The hIGHV3 family has already been related to high-affinity anti-Plasmodium
antibodies against blood-stage antigens in naturally-infected subjects [79]. Of note, the
hIGHV3-23 gene was recently identified as being present in children infected with P. falcipa-
rum for both Pf IgM ™ and PfIgG™, but with a lower percentage of use [77]. Unlike the latter, in
our study, even though we selected subjects with high titers of anti- PvVir14, the cell sorting
was not performed using antigen to isolate Pv-specific B cells, and this is a limitation of our
study, as well as the number of subjects selected for the experiments. However, by sorting all
memory B cells from donors, we were able to fairly compare between malaria-immune and
malaria-naive donors.

Our findings provide the first characterization of naturally acquired antibody responses
from three different malaria endemic regions against a P. vivax protein that we find is secreted
in the urine of malaria patients. Further studies are warranted to understand the role of
PvVirl4 in infections, and its potential as a target of control tools to help reduce malaria

around the globe.

Supporting information

$1 Fig. Gating strategy of B, T and NK cell subsets. Cells were pre-gated for live/dead and
then identified as follows: CD19" B cells, activated memory B cells CD19"CD27CD21" (G1),
Classical memory B cells CD19°CD27"CD21" (G2), Naive B cells CD19'CD27 CD21* (G4),
Atypical memory B cells CD19"CD27°CD21" (G4), Live CD3*, NK cells (CD19°CD3°CD14"),
NKT cells (CD19°CD3"CD56"), CD4™ and CD8" T cells (CD3°CD56").

(TIF)
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7. CONSIDERAGOES FINAIS E CONCLUSAO

Este trabalho, que teve como principal objetivo a identificagéo, triagem e avaliagéo
inicial de alvos imunogénicos para compor um protétipo vacinal contra a malaria vivax,
resultou na ampliagcdo do repertério de possiveis novos candidatos. Dentre as
principais descobertas, demonstramos que a abordagem in silico € uma importante
ferramenta na identificagcdo de bons alvos, e que antigenos peptidicos apresentam
consideravel capacidade imunogénica quando avaliados individualmente. De
relevancia, quando em sintese conjunta, essa resposta se demonstrou ainda mais
robusta, o que vai de encontro ao principio das vacinas multigénicas. Além disso,
nossos achados forneceram a primeira caracterizagao de respostas de anticorpos
naturalmente adquiridos contra uma nova proteina que descobrimos ser secretada na
urina de pacientes com malaria. A fungao de tal proteina nas infecgdes ainda precisa
ser elucidada, mas sua imunogenicidade sugere um papel na fase sanguinea do ciclo
do parasito, que costuma abarcar bons candidatos.

E nitido que as melhores formulagdes sdo aquelas que contemplam mais de um
alvo, ja que diferentes antigenos podem ativar diferentes vias de resposta imune que,
quando em conjunto, tém maiores chances de provocar uma reagao mais protetora,
transcendente e eficaz. No entanto, a melhor combinagao de antigenos, plataformas,
e adjuvantes ainda n&o esta clara. As vacinas que combinam mais de um antigeno
demonstram resultados promissores, mas ainda estdo em estagios iniciais e precisam
ser avaliadas em estudos clinicos, que representam uma etapa fundamental para o
entendimento dos mecanismos envolvidos. Ainda, a resposta imune a cada antigeno
e seus componentes, bem como sua capacidade de ativar células imunes ou fixar
complemento, também precisam ser elucidados, uma vez que a presencga/auséncia
de titulos de anticorpos nao indica, necessariamente, funcionalidade. Além disso,
diferentes e novas plataformas como os vetores virais e 0 mMRNA, precisam ser
avaliadas e comparadas, ja que recentemente tais tecnologias foram bem sucedidas
no desenvolvimento de outras vacinas e ainda s&o pouco exploradas para este
parasito.

Devido a grande lacuna de conhecimento sobre a biologia do P. vivax, nota-se um
enorme atraso no desenvolvimento de medidas de controle para esta espécie, que €

a mais abundantemente distribuida ao redor do globo e representa um grande 6nus
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para as populacdes afetadas. Por esses motivos, mais estudos e investimentos séo

imprescindiveis caso o mundo esteja realmente interessado em se ver livre da malaria.
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9. ANEXOS

Questionario individual de anamnese para pacientes diagnosticados com malaria
vivax ou falciparum no Centro de Medicina Tropical (CEPEM) — Porto Velho,
Rondoénia.

AVALIACAO DE RESPOSTA IMUNE DE PACIENTES INFECTADOS POR PLASMODIUM
ATENDIDOS NAS UNIDADES DE DIAGNOSTICO E NOTIFICAGAO DE MALARIA

QUESTIONARIO INDIVIDUAL

Cadigo

nao preencher

Nome:

Numero da lamina:

Idade
[Escreva a idade em anos completados, referida pelo entrevistado]

anos

Sexo
[Marque com um X a quadricula correspondente ao sexo]

[ Masc 1 Fem

Cor ) Branca | Morena
[Marque na quadricula correspondente a cordo entrevistado] () Amarela [ Preta
Estado Civil [1 Solteiro
[Marque com um X a quadricula ao lado que corresponde ao estado civil 1 Casado
respondido pelo entrevistado.] Vitivo
Separado
Amasiado
Dona de casa
Ocupacéo Principal Lavrador

[Marque na quadricula ao lado a principal ocupagéo do entrevistado na
localidade do estudo. Caso a resposta se enquadre em Outra ocupagéo,
especificar no espaco reservado]

[ Cozinheiro(a)/Doméstica
Caminhoneiro
Vendedor/Comerciante

[1 Menor (sem trabalho)
Outra (especificar)

Estado de nascimento:
[Escreva a sigla da Unidade da Federagdo em que o entrevistado
nasceu]

[1 Nao sabe

Histéria migracional
[Escreva no espaco ao lado a seqliéncia das siglas das Unidades da

Federag&o em que residiu o entrevistado]

Local de residéncia
[Marque na quadricula ao lado o local onde o individuo passa a maior
parte das noites, durante a semana]

[ Na area urbana
Em area rural
Em outro municipio
[ Nao sabe

Ha guanto tempo exerce a atividade profissional neste municipio?
[Escreva no espago ao lado o tempo que o entrevistado exerce a
atividade no municipio do estudo. Se nédo tem ocupagéo respondida
anteriormente, marque N&o se Aplica]

anos meses
Nao se aplica
[ Nao sabe

Ha quanto tempo reside em area que tem transmissdo de malaria?
[Escreva no espago ao'lado o tempo que o entrevistado reside na area

endémica de malaria. Area endémica no Brasil equivale a todos os
estados da Amazonia Legal]

__anos__meses __dias
Nao sabe

Depois que vocé se mudou para a area de malaria, vocé voltou a
sair dela, para outro local que ndo da maldria? Se sim, por quanto
tempo viveu fora?

[Escreva no espaco ao lado a resposta e o tempo que o entrevistado
viveu fora area endémica de malaria, apés ter vivido nela]

SIM NAO

anos __ meses__ diias

Nos ultimos 30 dias vocé usou algum método para se previnir das
picadas de insetos? [Marque a quadricula correspondente & resposta
do entrevistado. Liste para ele os métodos: repelentes, mosquiteiro, alho,
vitamina B, etc.]

[ SIM, todos os dias ou
quase todos os dias

SIM, apenas quando tem
mais mosquito

NAO UsSOU
Nos ultimos 30 dias vocé usou algum método para evitar ficar 7SIM 0 NAO
doente por maldria? [Marque a quadricula correspondente & resposta
do entrevistado. Remédios, produtos caseiros, etc.]
Que idade vocé tinha guando teve a sua primeira malaria? _____anos

[Marque no espago ao lado a resposta do entrevistado.]
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Quantas malarias vocé ja teve?

[Escreva no espaco ao lado o nimero de malaria referida pelo
entrevistado. Caso ele n&o precise o nimero, descreva a faixa que seja
mais adequada. Mesmo que ele suspeite de ser a mesma malaria que
recrudesceu/recaiu, registre sempre a quantidade que ele referir. Se
nunca teve malaria, preencha com 0]

05a10
11a20
20a 50

[ 50 ou mais
Nao sabe

Ha quanto tempo (dias, meses ou anos) vocé teve a sua ultima
malaria?

[Anote, no espago ao lado, o tempo referido pelo paciente. Atengéo, ndo
esquecer da unidade: dias, meses ou anos. Caso nao seja exato, registre
o tempo aproximado]

dias meses __anos

Nao se aplica
[0 N&o sabe

Qual foi a espécie de sua ultima malaria?
[Marque a quadricula correspondente a espécie referida pelo entrevistao]

1 P. falciparum
P. vivax
Mista
Nao sabe

L1 Néo se aplica

Em relacio a todas as malarias que vocé ja sofreu, guais foram as
espécies diagnosticadas
[Marque a quadricula correspondente a espécie referida pelo entrevistao]

S6 P. falciparum
1 86 P. vivax
Ja teve as duas
Nao sabe
| Nao se aplica

[ml

Quantos dias vocé nédo pode fazer as suas atividades normais, por

causa desta malaria? (dias)
[Deixar de trabalhar, estudar, etc. Marque ao llado. Se nao parou nenhum Nao sabe

dia, marque 0] N&o se aplica
Quantas vezes necessitou internar em hospital, para tratar

malaria? Nao sabe
[Caso nunca tenha se internado, marque 0. Se nunca teve malaria, [1 Nao se aplica
marque Ndo se aplica]

Vocé tem algum problema de saude? SIM NAO

[Marque na quadricula ao lado e se a resposta for SIM, especifique o
problema relatado pelo paciente]

e Qual(is) dos sintomas ao lado esté (do) incomodando vocé?
[Leia para o entrevistado a lista ao lado e marque a(s) quadricula(s)
correspondente(s) ao(s) sintoma(s) que ele referir como SIM. Caso a
resposta seja “Outro”, especificar no espago reservado]

[ Febre
[ Dor de cabeca
[ Dor no corpo
[) Dor epigastrica
[ Tonteira
Nausea
[ Vémitos
[l Fraqueza
1 Frio
Outro:

1 Nao sabe
Nao se aplica

Os dados abaixo serdo anotados pelo investigador principal

Resultado da [amina da primeira visita:

1 Positivo
Negativo

Nao realizado/Ignorado

Espeécie do parasita, dos casos positivos, pela gota espessa:

P. falciparum
[ P. vivax
[ Mista
Gametocito
Néao se aplica
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Termo de Consentimento Livre e Esclarecido (TCLE) para pacientes diagnosticados
com malaria vivax ou falciparum no Centro de Medicina Tropical (CEPEM) — Porto

Velho, Rondénia.

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO

O Sr. (a) esta sendo convidado (a) como voluntario (a) a participar da pesquisa “ASPECTOS DA
MODULAGAO DA RESPOSTA IMUNE INDUZIDA NA INFECGAO POR Plasmodium vivax'.
Pedimos a sua autorizacdo para a coleta, o depésito, o armazenamento, a utilizagdo e descarte do
material biolégico humano sangue, células mononucleares do sangue periférico
(Imunofenotipagem por citometria de fluxo), DNA e RNA (expressio de componentes da via de
sinalizagao celular), plasma (ELISA) e urina (teste rapido), além da utilizagdo dos seus dados
clinicos. Além disso, solicitar aos pacientes autorizagdo para a utilizagdo de seus dados
clinicos e/ou epidemiol6gicos, assim como daqueles gerados pelo questionario. A utilizagéo do
seu material biologico esta vinculada somente a este projeto de pesquisa ou se Sr. (a) concordar em
outros futuros. Nesta pesquisa pretendemos a avaliar a resposta imunolégica de pacientes com
malaria e avaliar a eficacia de um teste rapido para diagnosticar a doenga. Para esta pesquisa
adotaremos os seguintes procedimentos: “As amostras de sangue (40 mL) serdo coletadas por
profissionais experientes, posteriormente a coleta, serdo separados em laboratério o soro, DNA e
células mononucleares. Caso vocé aceite participar, serdo coletadas duas amostras de sangue,
utilizando materiais individuais e estéreis: uma antes do tratamento e outra apds o tratamento com
medicamento. Alem disso, sera coletada a primeira urina (30 mL) da manh& para avaliar a eficacia de
um meétodo de diagndstico rapido. Todas as amostras serdo armazenadas em freezer -20°C e -80°C
até o final da pesquisa. Os riscos envolvidos na pesquisa consistem em leve desconforto da picada
da agulha durante a coleta do sangue e, possivelmente, desenvolvimento de equimose, entretanto,
ndo existirdo risco para a sua saude. Entretanto, as amostras serdo coletadas por profissionais
qualificados que estardo aptos a auxiliar em qualquer contratempo. A pesquisa contribuira para
entender sobre a resposta imunolégica em individuos com da doenga e, possivelmente, auxiliara na
confecgdo de um teste de diagnostico rapido.

Para participar deste estudo o Sr. (a) ndo tera nenhum custo, nem receberd qualquer
vantagem financeira. Apesar disso, caso sejam identificados e comprovados danos provenientes
desta pesquisa, o Sr.(a) tem assegurado o direito a indenizagdo. O Sr. (a) tera o esclarecimento
sobre o estudo em qualquer aspecto que desejar e estard livre para participar ou recusar-se a
participar e a qualquer tempo e sem quaisquer prejuizos, pode retirar o consentimento de guarda e
utilizagdo do material biolégico armazenado no Biorrepositorio, valendo a desisténcia a partir da data
de formalizagdo desta. A sua participagdo € voluntaria, e a recusa em participar ndo acarretara
qualquer penalidade ou modificagdo na forma em que o Sr. (a) é atendido (a) pelo pesquisador, que
tratara a sua identidade com padroes profissionais de sigilo. Os resultados obtidos pela pesquisa, a
partir de seu material biologico, estardo a sua disposi¢cdo quando finalizada. Seu nome ou o material
que indique sua participagdo ndo sera liberado sem a sua permissdo. O (A) Sr. (a) ndo serd
identificado (a) em nenhuma publicagao que possa resultar.

Este termo de consentimento encontra-se impresso em duas vias originais, sendo que uma
sera arquivada pelo pesquisador responsavel, no Laboratério de Imunologia e Genémica de
Parasitos, e a outra sera fornecida ao Sr. (a). Os dados, materiais e instrumentos utilizados na
pesquisa ficardo arquivados com o pesquisador responsavel por um periodo de 5 (cinco) anos na
sala 167/E4 do Instituto de Ciéncias Biologicas da UFMG e apos esse tempo serdo destruidos. Os
pesquisadores tratardo a sua identidade com padrdes profissionais de sigilo, atendendo a legislagao
brasileira (Resolugdes N° 466/12; 441/11 e a Portaria 2.201 do Conselho Nacional de Salde e suas
complementares), utilizando as informagoes somente para fins académicos e cientificos.

Eu, , portador do documento de Identidade
fui informado (a) dos objetivos, métodos, riscos e beneficios da pesquisa
“ASPECTOS DA MODULAGAO DA RESPOSTA IMUNE INDUZIDA NA INFECGAO POR
Plasmodium vivax”, de maneira clara e detalhada e esclareci minhas duvidas. Sei que a qualquer
momento poderei solicitar novas informagbes e modificar minha decisdo de participar se assim o
desejar.




() Concordo que o meu material biclégico seja utilizado somente para esta pesquisa.

() Concordo que o meu material biolégico possa ser utilizado em outras pesquisa, mas serei
comunicado pelo pesquisador novamente e assinarei outro termo de consentimento livre e
esclarecido que explique para que ser3 utilizado o material.

Rubrica do pesquisador:

Rubrica do participante:

Declaro que concordo em participar desta pesquisa. Recebi uma via original deste termo de
consentimento livre e esclarecido assinado por mim e pelo pesquisador, que me deu a oportunidade
de ler e esclarecer todas as minhas davidas.

Nome completo do participante Data

Assinatura do participante

Nome completo do Pesquisador Responsavel:

Ricardo Toshio Fujiwara

Enderego: Av. Anténio Carlos, 6627, Instituto de Ciéncias Biolégicas, Sala 167/E4 Campus
Pampulha.

CEP: 31270-901 / Belo Horizonte — MG

Telefones: (31) 3409-2871

E-mail: fujiwara@icb.ufmg.br

Assinatura do pesquisador responsavel Data

Nome completo do Pesquisador:

Raianna Farhat Fantin

Enderego: Av. Antonio Carlos, 6627, Instituto de Ciéncias Bioldgicas, Sala 167/E4 Campus
Pampulha.

CEP: 31270-901 / Belo Horizonte — MG

Telefones: (31) 3409-2871

E-mail: farhat@outlook.com.br

Assinatura do pesquisador (mestrando ou doutorando) Data

Em caso de davidas, com respeito aos aspectos éticos desta pesquisa, vocé podera consultar:

COEP-UFMG - Comissao de Etica em Pesquisa da UFMG

Av. Antdnio Carlos, 6627. Unidade Administrativa Il - 2° andar - Sala 2005.
Campus Pampulha. Belo Horizonte, MG — Brasil. CEP: 31270-901.

E-mail: coep@prpg.ufmg.br. Tel: 34094592.
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