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RESUMO

DISSERTACAO DE MESTRADO EM BIOLOGIA PARASITARIA

LANA BITENCOURT CHAVES

A PvCelTOS (Plasmodium vivax Cell-Traversal Protein for Ookinetes and Sporozoites) desempenha
um papel importante na travessia de células hospedeiras. Mesmo sendo essencial para 0 progresso
da PvCelTOS como uma candidata vacinal, o conhecimento sobre a sua diversidade genética
permanece desconhecido. Assim, investigamos o polimorfismo genético da PvCelTOS a partir da
amplificag@o génica por PCR e sequenciamento de 119 amostras de isolados de P. vivax oriundos de
cinco diferentes localidades da Amazobnia Brasileira (Manaus, Novo Repartimento, Porto Velho,
Placido de Castro e Oiapoque) e avaliamos o potencial impacto de muta¢cdes ndo sinbnimas na
estrutura tridimensional e nos epitopos da PvCelTOS através de ferramentas de predic¢éo in silico.
Nossos dados mostram que os isolados de campo apresentam alta similaridade (99,3% de pb) com a
cepa de referéncia Sal-1, apresentando apenas quatro polimorfismos de um Unico nucleotideo (SNP)
nas posicbes 24A, 28A, 109A e 352C. A frequéncia da mutagéo sinénima C109A (82%) foi maior do
que todas as outras (p<0,0001). As muta¢Bes ndo sindnimas G28A e G352C foram observadas em
9,2% e 11,7% dos isolados, respectivamente. A grande maioria dos isolados (79,8%) revelou
homologia completa da sequéncia de aminoacidos com Sal-1, 10,9% apresentaram homologia
completa com o genoma Brazil | e duas sequéncias ndo descritas da PvCelTOS foram observadas
em 9,2% dos isolados de campo. Em relagdo a andlise de predigdo, previu-se que a substituicdo N-
terminal (Gly10Ser) estava dentro de um potencial epitopo de célula B e exposta a superficie da
proteina, enquanto que a substituicdo Valll8Leu ndo € um epitopo predito. Por conseguinte, os
nossos dados sugerem que, o SNP G28A pode interferir em epitopos potenciais de células B na
regido N-terminal da PvCelTOS, enquanto que ndo parece haver interferéncia nos epitopos de
células TCD8". Além disso, sua sequéncia genética é altamente conservada entre isolados de
diferentes regides geogréficas, sendo uma caracteristica importante em relacdo ao seu potencial
como vacina candidata.

Palavras-chave: PvCelTOS, isolados de campo de Plasmodium, Plasmodium vivax, Diversidade
genética, SNPs, Predicdo de epitopos.
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ABSTRACT

MASTER DISSERTATION IN PARASITE BIOLOGY

LANA BITENCOURT CHAVES

The PvCelTOS (Plasmodium vivax Cell-traversal protein for ookinetes and sporozoites) plays an
important role in traversal of host cells. Even essential to PvCelTOS progress as a vaccine candidate,
the knowledge about its genetic diversity remains uncharted. Therefore, we investigated the
PvCelTOS genetic polymorphism by PCR gene amplification and sequencing of 119 field isolates of P.
vivax from five different regions of Brazilian Amazon Region (Manaus, Novo Repartimento, Porto
Velho, Placido de Castro and Oiapoque) and we evaluated the potential impact of non - synonymous
mutations found in the three - dimensional structure and in the epitopes of PvCelTOS through in silico
prediction tools. Our data show that field isolates presented high similarity (99.3% of bp) with the
reference Sal-1 strain, presenting only four Single-Nucleotide Polymorphism (SNP) at positions 24A,
28A, 109A and 352C. The frequency of synonymous C109A (82%) was higher than all others
(p<0.0001). The non-synonymous G28A and G352C were observed in 9.2% and 11.7% of isolates,
respectively. The great majority of the isolates (79.8%) revealed complete amino acid sequence
homology with Sal-1, 10.9% presented complete homology with Brazil | and two undescribed
PvCelTOS sequences were observed in 9.2% of field isolates. Concerning the prediction analysis, the
N-terminal substitution (Gly10Ser) was predicted to be within a B-cell epitope and exposed at protein
surface, while the Vall18Leu substitution is not a predicted epitope. Therefore, our data suggest that
SNP could interfere in potential B-cell epitopes at N-terminal region PvCelTOS, whereas there
appears to be no interference in the epitopes of TCD8"cells. In addition, its genetic sequence is highly
conserved among isolates from different geographic regions, being an important feature in relation to
its potential as a vaccine candidate.

Key words: PvCelTOS, Plasmodium field isolates, Plasmodium vivax, Genetic diversity, SNPs,
Prediction of epitopes.
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1 INTRODUCAO

1.1 Malaria: aspectos gerais

Também conhecida como paludismo ou impaludismo (do latim palus, pantano),
a malaria acompanha os seres humanos desde a antiguidade. Acredita-se, inclusive,
gue a origem dessa doenca é anterior ao surgimento da espécie humana, devido a
grande diversidade de plasmddios existentes e a capacidade de infectar diferentes
vertebrados terrestres (1). A malaria foi primeiramente descrita por Hipdcrates, na
era pré-cristd, quem descreveu as caracteristicas da doenca, como a ocorréncia de
febre intermitente. Apenas no inicio do século XIX é que o termo malaria foi utilizado.
Os romanos pensavam que a doenca era causada por vapores eliminados nos
pantanos, chamando a doenga de “mau aire”, em sentido literal “mau ar”. Acreditava-
se que a doenca provinha dos miasmas, emanac¢fes venenosas das aguas paradas
dos pantanos. A suposi¢cdo da natureza miasméatica da doenca foi amplamente
difundida, até que em 1880, o médico francés Charles Louis Alphonse Laveran
identificou devidamente o parasito Plasmodium como o causador da maléria,
enquanto a incriminacdo dos mosquitos como vetores foi feita pelo médico Ronald
Ross, em 1894 (2, 3).

Desde a antiguidade, a malaria teve um impacto direto sobre a saude, com
efeitos indiretos em fatores como desenvolvimento econémico, migracdo e conflitos
militares na histéria mundial. A partir do momento em que a maléria foi reconhecida,
tem sido notério a importancia das condicbes ambientais, aliadas as transformacdes
socioeconémicas, na transmissdo da doenca. Sua transmisséo, nos seres humanos,
se estabeleceu possivelmente a cerca de 10 mil anos antes de Cristo (a.C.), com o
advento da agricultura. Nesse momento historico, houve um grande aumento da
densidade na populacdo humana e vetorial, quando o homem deixou de ser nOmade

€ passou a viver em assentamentos (4).

Atualmente, sabe-se que a malaria é uma doenca infecciosa e parasitaria que
apresenta elevada prevaléncia e morbidade. E causada por protozoarios do Filo
Apicomplexa, familia Plasmodiidae e género Plasmodium, no qual sdo descritos,
atualmente, cinco espécies que infectam seres humanos: Plasmodium falciparum, P.

vivax, P. ovale, P. malariae e P. knowlesi (5). Os vetores de Plasmodium sp. séo as



fémeas de mosquitos pertencentes ao género Anopheles. No Brasil, as principais
espécies transmissoras de malaria sdo: An. darlingi, o principal mosquito vetor,

estando presente em cerca de 80% do pais (6) e An. Aquasalis, vetor secundario

).

1.2 A maléaria no mundo

A maléria é uma das doencas parasitarias mais prevalentes no mundo, sendo
considerado um grande problema de saude publica nas regides tropicais e
subtropicais (Figura 1). Globalmente, estima-se que 3,2 bilhdes de pessoas em 91
paises estdo em risco de se infectarem. A maioria dos casos e mortes ocorre na
Africa Subsaariana. Em 2016, ocorreu um ndmero estimado de 212 milhdes de
novos casos de malaria e cerca de 429.000 mortes, principalmente em criancas
africanas. No entanto, estimativas demonstraram que entre 2010 e 2015, houve uma
reducado global de 41% na incidéncia de maléaria entre as populacdes em risco, bem
como uma reducdo na taxa de mortalidade em 62% (5). Um numero crescente de
paises tem obtido progresso no plano de eliminagdo da maléria e, atualmente, 20
paises se encontram em fase de pré-eliminacao e de eliminagcéo e oito em fase de

prevencdo de reintroducéo da doenca.

Dentre as cinco espécies de protozoarios causadores da malaria humana, as
espécies P. falciparum e P. vivax sdo as mais prevalentes no mundo, causando
grande morbidade nas regides afetadas. O P. falciparum é o parasita da malaria
mais frequente no continente Africano e responsavel pela maioria das mortes
relacionadas com a malaria no mundo todo. Ja o P. vivax tem a mais ampla
distribuicdo geografica (Figura 2) (5) dentre os parasitas da malaria humana, sendo
dominante na maioria dos paises fora da Africa Subsaariana (8). Além disso, o P.
vivax possui facil adaptacdo a zonas tropicais e temperadas, em virtude de suas
caracteristicas biolégicas, como o desenvolvimento de hipnozoitas (formas latentes
do parasito) e o tempo de incubacédo variavel (9). Apesar desta reconhecida
importancia epidemioldgica, por vezes o P. vivax é deixado & sombra do P.
falciparum diante do grande problema associado as formas graves da doenca na
Africa (10).
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Figura 1 — Paises com transmissao de malaria.
Adaptado e traduzido. Fonte: Organizacao Mundial da Saude (5).

20° s E

- 20w ]
l:l Agua Sem P. vivax - Transmissdo instavel issdo instavel e alta ividade Duffy E‘ﬂ%
0%

Figura 2 — Distribui¢do espacial de P. vivax em 2010.
Adaptado e traduzido. Fonte: Organizacdo Mundial da Saude.



1.3 A malaria no Brasil

No Brasil, mais de 99% dos casos notificados de malaria procedem da
Amazobnia Legal (Figura 3), regido Amazonica Brasileira, que é composta pelos
estados do Acre, Amazonas, Amapa, Maranhdo, Mato Grosso, Para, Rondonia,
Roraima e Tocantins (5). Embora existam trés espécies de Plasmodium causadores
de malaria no Brasil (P. falciparum, P. vivax e P. malariae), aproximadamente 87%
dos 142 mil casos reportados em 2015 foram causados pelo P. vivax (11). De
acordo com a OMS, o Brasil registrou um menor nimero de casos de malaria nos
altimos 35 anos. Contudo, a malaria ainda € um grande problema de saude publica
no Brasil e, portanto, € extremamente importante o desenvolvimento de novos
métodos e estratégias de intervencédo para bloquear ou reduzir esta transmissao.

Na Amazobnia Legal Brasileira, as condi¢des socioeconémicas e os fatores
ambientais, como o desmatamento, contribuem para a transmissdo de malaria.
Diversos fatores promoveram o0 agravamento e a manutencdo da transmissdo de
malaria nessa regido, como o fluxo intenso e a ocupacdo desordenada nas areas
periurbanas, o desmatamento para extragdo de madeira, a criagdo de gado, a
mineragao e a agricultura (12).

Uma pequena parte dos casos notificados de malaria, no Brasil, ocorre em
regides extra-amazonicas. Nessas regifes, a transmissao da infec¢cdo se deve, em
grande parte, ao fluxo constante de pessoas infectadas provenientes de &reas
endémicas dentro e fora do pais, somado a existéncia dos vetores anofelinos.
Apenas 0,05% de todos os casos sdo causados pela malaria autéctone da Mata
Atlantica, localizados principalmente ao longo da costa do Atlantico Sudeste. A
malaria de Mata Atlantica parece ser causada pelo P. vivax e, em menor proporgao,
pelo P. malariae, ou ainda por plasmdédios que acometem simianos e que Sao

transmitidos pelo mosquito Anopheles (Kerteszia) cruzii (6, 13).



Legenda
Il Arto risco
- Médio risco
Baixo risco 0 1000 2000 3000

Sem transmissdo A
Quildmetros

Figura 3 - Mapa de risco da malaria por municipio de infec¢do no Brasil em 2015.

Fonte: Ministério da saude (14).

1.4 Ciclo biolégico do Plasmodium sp.

O ciclo biolégico do Plasmodium (Figura 4) é constituido por uma fase sexuada
(esporogbnica), que ocorre em fémeas do mosquito do género Anopheles
(hospedeiro invertebrado), e uma fase assexuada (esquizogbnica), que ocorre no
homem (hospedeiro vertebrado), podendo também, dependendo da espécie, ocorrer

em aves, mamiferos ou répteis.

No homem, o ciclo biolégico do parasito se inicia durante o repasto sanguineo
de uma fémea infectada, onde as formas infectantes (esporozoitos) sédo inoculadas
na pele do hospedeiro, podendo permanecer neste local por algumas horas antes de
encontrarem um vaso sanguineo (15). Os esporozoitos sao liberados principalmente
na pele e ndo diretamente na corrente sanguinea, como se acreditou por muito
tempo (16). Uma parte desses parasitos & drenada para os vasos linfaticos,
atingindo os linfonodos, podendo se desenvolver como formas exo-eritrociticas (15).
No entanto, apenas aqueles que atingem a circulagdo sanguinea séo capazes de se
desenvolverem e dar continuidade ao ciclo eritrocitico, enquanto os demais parecem
atuar como uma fonte de antigenos para o sistema imune adaptativo (17, 18). Os

esporozoitos que atravessam o endotélio e chegam a circulagdo sanguinea séo
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transportados passivamente até o figado, onde infectam os hepatdcitos e iniciam o
estagio hepatico (19). Essa fase, chamada de estagio pré-eritrocitico, terd& uma

duracdo dependente da espécie de Plasmodium.
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Figura 4 - Ciclo biolégico do Plasmodium sp no hospedeiro vertebrado e invertebrado.

Adaptado de Garcia-Basteiro et al. 2012 (20). (1) Esporozoitos apés serem inoculados pelo mosquito
vetor e migracdo na pele do hospedeiro vertebrado; (2) Fase pré-eritrocitica (hepatica); (3) Fase
eritrocitica — merozoitos invadindo eritrécitos, com subsequente desenvolvimento intraeritrocitico; (4)
Estagio sexual do parasita (gametdcitos) no hospedeiro vertebrado; (5) Ingestdo dos gametdcitos

(formas infectantes) pelo inseto vetor e desenvolvimento do estagio sexuado em seu intestino médio.
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A invasdo do hepatdcito pelo esporozoito é complexa e envolve véarias
interacdes entre o parasito e a célula hospedeira. No figado, os esporozoitos migram
ativamente, atravessando o citosol de varias células antes de invadir aquele
hepatocito que sera o seu local de desenvolvimento e replicacdo, por ocasidao da
formacdo de um vacuolo parasitéforo ao seu redor (21, 22). Essa intensa travessia
por diversos hepatdcitos parece ser um processo obrigatério para tornar 0s
esporozoitos capazes de estabelecer a infec¢cdo nesta célula-alvo, sendo um passo
essencial do ciclo de vida do Plasmodium (23). Algumas espécies como, o P. vivax e
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o P. ovale podem se desenvolver em formas latentes do parasito no figado,
denominadas hipnozoitos, que sdo responsaveis pela ocorréncia de recaidas da
doenca (24).

Apoés a invasdo bem sucedida do hepatdcito com a formacdo de um vacuolo
parasitéforo, o esporozoito se converte de uma forma invasiva a uma forma ativa
replicativa: o trofozoito preé-eritrocitico (hepatico). Uma vez desdiferenciado, o
trofozoito sofre sucessivas divisbes pelo processo de esquizogonia, passando por
um rapido crescimento e replicacdo do DNA, como também das suas organelas,
promovendo, dessa forma, o desenvolvimento de um sincicio multinucleado,
conhecido como esquizonte hepético (ou tecidual) (25). Ap6s a maturacdo dos
esquizontes, milhares de merozoitos sdo formados e liberados na corrente
sanguinea, envoltos pela membrana plasmatica dos hepatécitos, sendo

denominados merossomos (26).

Posteriormente, 0S merossomos se rompem na corrente sanguinea e, entao,
0S merozoitos aderem e invadem os eritrécitos rapidamente (27). Inicia-se entdo a
fase eritrocitica do ciclo da malaria, na qual os merozoitos se diferenciam, dentro do
eritrocito, em trofozoitos jovens, depois em trofozoitos maduros e, finalmente, dao
origem aos esquizontes eritrociticos. Apos a lise do eritrocito parasitado, 0s novos
merozoitos liberados na corrente sanguinea s&do capazes de invadir novas
hemécias, dando continuidade ao ciclo eritrocitico, resultando nos sintomas clinicos
da doenca. Apds algumas geracBes de merozoitos sanguineos, uma pequena parte
destes parasitos se diferencia, sem divisdo nuclear, em estagios sexuados, 0s
gametocitos femininos e masculinos (28-30). Estas formas sexuais ao serem
ingeridas pelo mosquito do género Anopheles durante o repasto sanguineo dao
inicio a fase sexuada do ciclo, que ocorre no interior do intestino médio do inseto

vetor, formando gametas.

No intestino médio do inseto vetor, os gametoécitos femininos se diferenciam em
macrogameta e o masculino em microgameta através do processo de exoflagelacgéo.
Os gametas femininos sdo fecundados pelos gametas masculinos formando um
zigoto que sofre meiose completa e se transforma em uma estrutura invasiva mével,
denominada oocineto (28, 31). O oocineto atravessa a membrana peritréfica e o

epitélio do intestino médio do mosquito, se alojando na membrana basal do érgéao.



Dessa maneira, ele perde a motilidade e adquire uma nova forma, denominada
oocisto. Inicia-se uma intensa multiplicacdo assexuada (esporogonia) dos parasitos,
envolvendo a replicacdo do DNA e divisdes nucleares no interior de cada oocisto, no
qual é formado milhares de esporozoitos (32). Em aproximadamente duas semanas,
a parede do oocisto maduro se rompe liberando os esporozoitos na hemolinfa do
inseto, que podem migrar até as glandulas salivares, completando o ciclo evolutivo
do Plasmodium (28, 33).

1.5 Diagnostico laboratorial

Diagnosticos eficazes e praticos sdo de suma importancia para o controle
mundial da malaria, uma vez que reduzem a transmissdo, as complicacbes e a
mortalidade da doenca. A diferenciacdo entre os diagndsticos clinicos de outras
infeccbes tropicais, com base na sintomatologia clinica dos pacientes, pode ser
dificil. Dessa forma, diagndsticos confirmatdrios usando tecnologias laboratoriais sao
imprescindiveis (34). O diagnéstico de malaria € composto pelos dados clinicos e
epidemiologicos do paciente somado ao diagndstico laboratorial, através de exame
microscopico para pesquisa do Plasmodium no sangue periférico, seja em gota
espessa e/ou distensdo sanguinea (35). Métodos alternativos também tém sido
estudados e propostos por diferentes laboratérios em todo o mundo. Entre as
propostas atualmente disponiveis existem os testes sorolégicos, os testes rapidos
(RDTs — Rapid Diagnostics Tests) e os protocolos moleculares baseados na reagéo
em cadeia da polimerase (PCR, Polymerase Chain Reaction) (36, 37). Desde 1990,
o diagndstico molecular baseado na PCR tem sido amplamente utilizado, através da
detecgédo do DNA de plasmodios (38-40).

No Brasil, a gota espessa é o método oficialmente adotado para o diagnoéstico
de malaria. Além de ser um método simples, eficaz e de baixo custo, esta técnica
permite identificar a espécie de Plasmodium infectante, bem como quantificar a
densidade parasitaria. Quando realizada adequadamente, é considerada como
padrdao-ouro pela Organizacdo Mundial da Saude (OMS). No entanto, métodos
moleculares sdo mais sensiveis e especificos para detectar parasitas e podem ser
utilizados em centros de referéncia para avaliar, inclusive, o desempenho da

microscopia (41).



1.6 Estratégias de controle da maléria

Mediante a auséncia de uma vacina, as atuais politicas estratégicas para o
controle de malaria sdo baseadas na prevencao, através do controle vetorial, € no
gerenciamento de casos, reduzindo a morbidade e a mortalidade por malaria. De
acordo com a OMS, no Brasil, a estratégia de controle da doenga é composta por
trés pilares principais, sendo o diagnostico rapido por meio do exame de gota
espessa, 0 tratamento quimioterapico dos individuos positivos e a reducdo do
contato com 0s mosquitos vetores, pela utilizacdo de mosquiteiros impregnados e
borrifagédo de inseticidas.

O tratamento adequado tanto previne a ocorréncia de casos graves e fatais,
como elimina fontes de infec¢cdo para os mosquitos, contribuindo para a reducéo da
transmissdo da doenca. Para cada espécie de Plasmodium é utilizado um
medicamento ou associagcfes de medicamentos especificos, em dosagens
adequadas a situacao particular de cada paciente. A OMS, bem como o Programa
Nacional de Controle da Malaria (PNCM) estabelecem uma lista de farmacos e suas
respectivas dosagens a serem administradas, sendo classificados de acordo com a
sua natureza quimica. Na auséncia de uma vacina, a acao terapéutica com o uso de

drogas antimalaricas ainda se mantém como o principal instrumento de controle.

1.7 Antigenos candidatos vacinais de Plasmodium vivax

A grande maioria dos seres humanos é susceptivel ao P. vivax, mesmo
agueles individuos que ja contrairam a doenca diversas vezes. Alguns fatores que
influenciam na aquisicdo de imunidade s&o: a complexidade do ciclo biologico e a
diversidade de antigenos envolvidos em cada estagio do parasito, o perfil de
transmissdo da malaria na area, a maturidade do sistema imunolégico e o0s
mecanismos de resisténcia natural que diferem entre regides e até mesmo entre
populacdes de etnias distintas. Nesse sentido, embora a malaria causada pelo P.
vivax tenha sido considerada uma infeccdo branda e autolimitada até pouco tempo
atrads, evidéncias crescentes demonstram que a mesma € clinicamente menos
benigna do que tem sido comumente relatado (42). Recentemente, a espécie P.
vivax tem sido implicada como responsavel por muitos casos de malaria grave,

inclusive no Brasil (43, 44), podendo ainda levar a complicagdes incomuns e fatais
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(45). Tais observagbes confirmam a importancia de mais pesquisas sobre a
etiopatogenia, tratamento e estratégias de controle. Dessa forma, é extremamente
importante o desenvolvimento de novos métodos e estratégias de intervencdo para

bloquear ou reduzir esta transmissao.

Apesar desta importancia epidemioldgica em varias partes do mundo, inclusive
no Brasil, a busca de vacinas contra o Plasmodium vivax € pouco explorada e o
namero de genes clonados que codificam para proteinas antigenicamente relevantes
de P. vivax ainda sao restritos. A “WHO Initiative for Vaccine Research” mantém
uma lista atualizada de candidatas vacinais com base de dados inseridos pelas
principais agéncias de fomento (46). Um progresso significativo em relacdo a vacina
contra a malaria, especificamente para P. falciparum, foi obtido nos ultimos anos a
partir de numerosos ensaios clinicos. Por outro lado, a pesquisa da vacina contra o
P. vivax requer mais impulso e investigacdes adicionais que possibilitem a
identificacdo de novos antigenos potencialmente vacinais (Figura 5) (47). Uma das
razdes principais desta dificuldade é a falta de um sistema in vitro para o cultivo
continuo, como estabelecido para P. falciparum. As dificuldades de manter o
parasita em cultura se devem ao fato do P. vivax invadir preferencialmente, ou
guase que exclusivamente, reticulécitos, os quais normalmente correspondem a
apenas 1% da populacéo total de eritrécitos no homem. Apesar dessas limitacdes,
nos udltimos anos um progresso significativo tem sido obtido na identificagdo e
caracterizagcdo molecular e imunoldgica de varias proteinas candidatas a compor

uma vacina.
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Figura 5 - Candidatos vacinais de malaria em ensaios clinicos (47).

Adaptado e traduzido de Moreno et al, 2015. Cada estagio do ciclo de vida do Plasmodium é
representado por cores, e as vacinas atuais direcionadas nas fases correspondem as cores do ciclo
de vida. A representacao esquematica ndo inclui as formas latentes do estadio hepético, conhecidas
como hipnozoitos, produzidos durante o estagio pré-eritrocitico das infec¢des por P. vivax e P. ovale.

Pf: P. falciparum; Pv: P. vivax.

A habilidade que o Plasmodium tem de primeiro reconhecer e, entéo, invadir os
hepatdcitos e as células sanguineas, é fundamental para o desenvolvimento do seu
ciclo de vida e também para a patogenia da doenca. Nesse contexto, alguns
antigenos localizados na superficie do parasita ou, especificamente, em suas
organelas apicais tém sido caracterizados levando a uma melhor compreenséo do
ciclo de vida do Plasmodium e, consequentemente, a identificacdo de possiveis
alvos que possam ser explorados em uma vacina contra o P. vivax (48). Dentre
estes alvos, destacam-se antigenos pré-eritrociticos, como a Proteina
Circunsporozoita (CSP) (49) e proteinas de estagio sanguineo, tais como a Proteina
de Superficie do Merozoito 1 (MSP-1) (50, 51), a Proteina de Ligacdo ao Antigeno
Duffy (DBP) (51, 52) e o Antigeno 1 de Membrana Apical (AMA-1) (53).

De fato, o envolvimento de antigenos de superficie na inducdo de uma
resposta imune humoral protetora j4 foi amplamente descrito e atualmente varios
autores tém considerado a CSP de P. vivax como 0 maior alvo para o

desenvolvimento de vacinas, uma vez que esporozoitos irradiados, proteinas
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recombinantes e até mesmo peptideos sintéticos construidos a partir desta proteina
induzem altos niveis de resposta imune humoral e produzem anticorpos que exibem
a mesma especificidade gerada em infec¢des naturais (54-59). Todavia, em paralelo
aos estudos com a CSP, iniciou-se uma fase de intensa busca na identificacdo de
outras proteinas que fossem alvos potenciais de uma resposta protetora contra a
malaria. Algumas proteinas de esporozoitos, envolvidos na travessia celular e na
migracdo subsequente de sinusodides do figado, também passaram a ser exploradas

para o desenvolvimento de vacinas (60).

1.8 CelTOS (Cell-Traversal Protein for Ookinetes and

Sporozoites)

A proteina denominada CelTOS (Cell-Traversal Protein for Ookinetes and
Sporozoites), que medeia a invasao do Plasmodium a célula hospedeira, vem sendo
considerada uma nova alternativa na busca de antigenos candidatos vacinais. Esta
proteina é secretada por micronemas nos estagios invasivos nos hospedeiros,
sendo importante no éxito da travessia celular realizada por esporozoitos e
oocinetos (61). E altamente conservada entre alguns parasitos do Filo Apicomplexa
e, curiosamente, possui semelhanca estrutural com a glicoproteina gp41 de HIV-1 e
com uma toxina formadora de poro da Mycobacterium tuberculosis (62).

Estudos ja demonstraram que a interrup¢do de genes codificantes da CelTOS,
em P. berghei, reduz a infectividade no mosquito hospedeiro e também a
infectividade do esporozoito no figado, quase eliminando a sua capacidade de
travessia celular (61). Recentemente, Jimah e colaboradores descobriram, atraves
de cristalografia, que essa proteina se liga especificamente ao acido fosfatidico, um
lipideo predominantemente encontrado no folheto interno das membranas
plasmaticas. Eles mostraram também que a CelTOS tem a potencialidade de romper
os lipossomas compostos de acido fosfatidico através da formacdo de poros, o que
permite a saida dos parasitas da célula hospedeira durante o percurso de travessia
(Figura 6) (62).
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Figura 6 - Modelo para a CelTOS na passagem celular.

Adaptado e traduzido de Jimah et al 2016 (62). (A) Durante a fase pré-eritrocitica, os esporozoitos
atravessam varias células de Kupffer e hepatécitos antes de invadir o hepatécito que sera o seu local
de desenvolvimento. A CelTOS forma poros e rompe as membranas celulares destas células para
permitir a saida dos esporozoitos, de forma a concluir sua travessia. Essa ruptura ocorre através da
ligacdo direta ao acido fosfatidico (PA), no folheto interno, para criar um poro que permite a saida do
esporozoito. EEF - forma exoeritrocitaria. (B) No mosquito vetor, 0s oocinetos atravessam o epitélio
do intestino médio do mosquito para atingir a lamina basal, onde se desenvolvem em oocistos. A

CelTOS realiza o mesmo procedimento de ruptura e formacao de poro, assim como visto na etapa A.

A CelTOS foi identificada por analise genémica e funcional de proteinas
expressas em estagios moveis do ciclo de vida do parasito Plasmodium. E uma
proteina conservada entre as espécies (Figura 7), indicando que o gene celtos
evoluiu de um ancestral comum de parasitas do género Plasmodium (61, 63). Nesse
sentido, recentemente foi demonstrado pela primeira vez que a imunizagdo com
recombinantes de CelTOS de P. falciparum (PfCelTOS), em modelo murino, induz
protecéo cruzada contra a malaria, causada pela espécie heteréloga P. berghei (64).
Vale ressaltar que esta imunizagdo com a sequéncia conservada da proteina
CelTOS induziu uma significativa reatividade cruzada, tanto ao nivel humoral, quanto
celular. Através desse estudo, relatou-se pela primeira vez o potencial da CelTOS
como um antigeno protetor. Verificou-se que uma resposta humoral anti-CelTOS
seria capaz de inibir in vitro a invasdo de esporozoitos em hepatdcitos, bem como a
motilidade do parasito, conferindo, dessa maneira, protecdo (64, 65). Entretanto, tal
reatividade cruzada n&o foi reportada em P. vivax. Acreditamos que uma das razdes
para essa auséncia de reatividade pode ser o menor grau de similaridade entre a

CelTOS de P. falciparum e P. vivax (63%) e, dessa forma, a presenca de diferentes
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aminoacidos nos epitopos identificados em P. falciparum pode ter reflexo na

reatividade cruzada com P. vivax.

P, berghei 1 MNEKLTKLSVISSVF-VFFCFFNVLCLRGKNGSEMSSFLEGGVESS
P, vivax 1 MNEKVNRVSIICA-FLALFCFVNVLSLRGKSGSTASSSLEGGSEFS
P, falciparum 1 MNALRRLPVICS-FLVFLVESNVLCFRCGNNGHNSSSSLYNGSQFI
P, berghei 45 NRIKKSLAS-FISESSSLDDIGNGLAETITNEIFSAFQODSSSFL
P vivax 45 ERIGNSLSS-FLSESASLEVIGNELADNIANEIVSSLOKDSASFL
P falciparum 45 EQLNNSFTSAFLESQ-SMNKIGDDLAETISNELVSVLOKNSPTEFL
P berghei 89 QTKFDIKKHIKENAKKVLIEAIRLGLEPVEKIVAQSIOPPEVNRH
P vivax 89 QSGFDVEKTQLEKATAKKVLVEALKAALEPTEKIVASTIKPPRVSED

P falciparum 89 ESSFDIKSEVEKHAKSMLKELIRKVGLPSFENLVAENVEKPPEVDPA
P, berghei 134 MYSLVSPVVEALFNE IEEAVHEPVSDNIWDYAGGDDEYE-ETEED
P vivax 134 AYFLLGPVVETLFNEKVEDVLHEPIPDTIWEYESKGS-LEEEEAED
P, falciparum 134 TYGIIVPVLTSLENKVETAVGAKVSDEIWNYNSPDVSESEESLSD
P, berghei 178 NEDNDFFN

P vivax 178 EFSDELLD
P, falciparum 179 DEFD———-—

Figura 7 - Comparacéo das sequéncias de aminoacidos da CelTOS de P. berghei (PbCelTOS) com
as ortdlogas de P. falciparum e P. vivax.

A sequéncia de aminoacidos deduzida de PbCelTOS foi alinhada com a CelTOS de P. falciparum
(PlasmoDB identificador PFLO800c) e P. vivax. Os residuos conservados estéo grifados em cinza. Os
numeros de aminodacidos a partir do primeiro residuo Met (metionina) estdo mostrados a esquerda de

cada linha; e a sequéncia de sinal N-terminal predita esta sublinhada (61).

Corroborando com os resultados ja existentes, também ja foi demonstrado que
peptideos especificos da PfCelTOS podem estimular as células mononucleares de
sangue periférico (CMSP), isoladas a partir de voluntarios imunizados com
esporozoitos irradiados, para produzir respostas antigeno-especificas com altos
niveis de IFN-y, enfatizando o potencial impacto imunolégico deste antigeno (66).

Kusi e colaboradores viram que a recombinante da PfCelTOS foi reconhecida
por anticorpos naturalmente adquiridos de populagdes expostas que vivem em areas
de alta endemicidade da Africa (67). Por fim, um estudo de predicdo da reatividade
das células T CD4" e CD8" revelou varios epitopos distribuidos ao longo de toda a
sequéncia de CelTOS, mas as andlises funcionais in vivo feitas pela técnica
ELISPOT indicaram que epitopos C-terminais eram mais imunogénicos (63). No
entanto, todos esses trabalhos anteriores utilizaram a proteina CelTOS de P.
falciparum e/ou P. berghei. Apesar de as propriedades antigénicas e imunogénicas

da PfCelTOS, existem apenas duas descobertas recentes sobre o potencial
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antigénico de sua homodloga em P. vivax, a PvCelTOS. Na primeira delas, foi
demonstrado que anticorpos adquiridos naturalmente em individuos da Tailandia
foram capazes de reconhecer a proteina recombinante (68). No Brasil, nosso
trabalho mais recente (Anexo IlI) descreve pela primeira vez a imunogenicidade
natural da PvCelTOS em individuos da Amazénia Brasileira, demonstrando que a
baixa frequéncia de resposta mediada por anticorpos IgG contra a PvCelTOS é
similar ao observado na Tailandia e que a proteina apresenta epitopos lineares de
células B presentes na regidao N e C terminal. Os anticorpos citofilicos IgG1l séo

predominantes e podem estar associados a fatores de protecéo (69).

Mesmo sendo essencial para o descricdo do potencial da CelTOS como uma
vacina candidata vacinal, ndo h& dados publicados disponiveis na identificacdo do
gene pvceltos em isolados brasileiros e na avaliacdo sobre a diversidade genética
em areas endémicas de qualquer parte do mundo. De fato, a grande diversidade
genética em populacdes naturais do parasita € um obstaculo importante para o
desenvolvimento de uma vacina eficaz contra o parasita da malaria humana, uma
vez que a diversidade antigénica limita a eficacia de imunidade protetora adquirida a
malaria (70). Apesar da diversidade genética, que € uma das caracteristicas mais
importantes das infec¢des pelo P. vivax, ha uma escassez de informacdo sobre o
polimorfismo do gene celtos. Tais dados tém importancia em documentar alteracdes
na diversidade genética e contribuir para intervencées de controle da maléria no

futuro.

1.9 Justificativa

A diversidade antigénica pode limitar a eficiéncia da resposta imune
naturalmente adquirida ou induzida. Portanto, a compreensdo da diversidade
genética do Plasmodium é essencial para o desenvolvimento de vacinas baseadas
em antigenos presentes no P. vivax. A proteina CelTOS vem sendo considerada
uma nova alternativa na busca de antigenos candidatos vacinais. E uma proteina
gue esta presente nos estagios invasivos do parasito no hospedeiro humano e no
inseto vetor (61), possuindo um papel critico e essencial no processo de travessia de
esporozoitos e oocineto na célula hospedeira, permitindo ndo somente a sua
entrada, como também a sua saida durante o percurso (62). Trabalhos com a
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proteina CelTOS j& indicaram boas propriedades antigénicas e imunogénicas,
demonstrando ser uma alternativa promissora em adicdo aos demais antigenos de
esporozoitos ja descritos. No entanto, ndo ha trabalhos publicados sobre a
diversidade genética da PvCelTOS. Além disso, o polimorfismo genético de
candidatos a vacinas de P. vivax tem sido pouco discutido entre areas endémicas
brasileiras, que possui uma transmisséao instavel. Dessa forma, considerando que a
epidemiologia da malaria no Brasil apresenta uma transmissao instavel e o
conhecimento sobre o polimorfismo genético da PvCelTOS permanecem
desconhecidos, a identificacdo e a caracterizagcdo molecular dessa proteina em
isolados brasileiros serdo uma adi¢do significativa ao campo das pesquisas de
vacinas contra o P. vivax. Portanto, no presente trabalho nos propusemos a
identificar o gene pvceltos nos isolados de diferentes regiées da Amazoénia Brasileira
e estudar os possiveis impactos da diversidade genética da PvCelTOS em
estruturas de proteinas e epitopos potenciais através de ferramentas de

bioinformatica.
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2 OBJETIVOS

2.1 Objetivo geral

Determinar a variabilidade do gene que codifica a PvCelTOS em isolados
brasileiros e verificar os potenciais impactos do polimorfismo nos epitopos e na

estrutura tridimensional, preditos in silico.

2.2 Objetivos especificos

e Desenhar e validar iniciadores especificos (primers) para a PvCelTOS;

e Caracterizar a PvCelTOS em isolados brasileiros a partir da técnica de
amplificacédo por PCR;

e Avaliar o polimorfismo genético da PvCelTOS nos isolados através da reacao
de sequenciamento;

¢ Realizar a predicao in silico dos possiveis epitopos presentes na proteina;

e Avaliar os possiveis impactos da diversidade genética da PvCelTOS na

estrutura da proteina.
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3 MATERIAL E METODOS

3.1 Area de estudo e coleta de amostras

A maioria dos casos de maléria no Brasil estd concentrada na Amazoénia, uma
area endémica para a doenca (6). Diante desse cenario, o estudo foi realizado em
cinco regides diferentes da Amazonia Brasileira (Figura 8). Um total de 119 amostras
de sangue de individuos infectados pelo P. vivax foi utilizado neste estudo, sendo 21
individuos de Placido de Castro, 9 individuos de Oiapoque, 25 individuos de Novo

Repartimento, 26 individuos de Porto Velho e 38 individuos de Manaus.
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Figura 8 - Mapa geografico mostrando os cinco locais de estudo e a respectiva Incidéncia Parasitaria
Anual (IPA).
Fonte: SIVEP-Malaria.
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3.2 Descricdo das areas de estudo

A cidade de Placido de Castro (PLC) se localiza a 90 km da capital do Estado
do Acre, Amazonia Ocidental Brasileira. Possui uma populacdo de 17.334 mil
habitantes (16% acima da idade de 18 anos), com uma area territorial de 2.047 km?.
Esta situada a 153 metros do nivel do mar, apresentando uma latitude de -09° 58'
29" e longitude de 67° 48' 36". Nessa cidade, as principais atividades econf6micas
Sao a pecuaria, a extracdo de borracha e a agricultura. Além disso, € um lugar que

possui a transmissado ativa da malaria durante todos os periodos do ano.

O municipio de Oiapoque (OIP) esta localizado no Estado do Amapa, no leste
da Amazobnia Brasileira. Possui uma area de mineracdo de ouro, com uma
populacdo de 17.423 mil habitantes, apresentando uma latitude de 03° 49' 58"e
longitude de 51° 49" 51". Possui transmissdo ativa de maléria, promovido

principalmente pelo intenso fluxo migratorio.

Manaus (MAO), a capital do Estado do Amazonas, esta localizada na Regido
Norte do Brasil. Possui uma populacdo de mais de 2 milhdes, sendo considerada a
cidade mais populosa do estado do Amazonas, apresentando uma latitude de -03°
06' 07" e longitude de 60° 01' 3". A transmissao da malaria € mais comum em areas
rurais e semi-rurais, podendo ocorrer também em areas urbanas, principalmente na

periferia.

A cidade do Novo Repartimento (NR) esta situada a 600 km de Belém, capital
do Estado do Para, no leste da Amazénia Brasileira. Possui um total de 47.197 mil
habitantes, com uma &rea territorial de 11.407 km?. Esta situada a 460 metros do
nivel do mar, apresentando latitude de 04° 19' 5" e longitude 49° 47' 47". Suas
principais atividades econémicas sdo: pecuaria, comércio de produtos agricolas e
manufaturados. Apresenta-se com uma transmisséo ativa de malaria no periodo de

janeiro a dezembro, com cerca de 2.000 casos al6ctones e autoctones.

O municipio de Porto Velho (PVL), capital do Estado de Rondonia, esta
localizado na Amazdnia Ocidental Brasileira. Possui uma populagédo de 360.068 mil
habitantes (16% com idade acima de 18 anos), com uma é&rea territorial de 34.082
km?. Esta situada a 85 metros do nivel do mar, apresentando uma latitude de -08°

45' 43"e longitude de 63° 45' 43", onde as principais atividades econdmicas séao a
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pecuaria, a extracdo de borracha, a exploracdo de madeira e a agricultura. A

transmissao ativa de malaria ocorre durante todos os periodos do ano.
A distancia entre as localidades estudadas estd demonstrada na

Tabela 1.

Tabela 1 - Distancia em km entre os cinco locais de estudo.

Distancia (km)

Localidade olP MAO NR PVL
MAO 1.196 - - -
NR 938 1.143 - -
PVL 1.939 760 1.635 -
PLC 2.313 1.119 2.024 393

OIP: Oiapoque, AP; MAO: Manaus, AM; NR: Novo Repartimento, PA; PVL: Porto Velho, RO; PLC:
Placido de Castro, AC.

3.3 Exame microscopico direto para o diagnostico de malaria

A infeccao por P. vivax foi diagnosticada por exame microscopico de distenséo
sanguinea corada pelo Giemsa (Sigma Chemical CO, St Louis, EUA). Somente
pacientes infectados com P. vivax foram inscritos, de acordo com 0s seguintes
critérios: procuraram assisténcia médica para os sintomas clinicos de malaria,
apresentaram sintomas de malaria sem complica¢des, eram maiores que 18 anos de
idade e tinham um diagnéstico positivo de P. vivax. As mulheres gravidas, 0s
pacientes menores de 18 anos de idade e os individuos infectados com P. vivax e P.
falciparum (infeccdo mista) foram excluidos do estudo. Foram examinadas
distensdes sanguineas e gota espessa para a identificagcdo do parasita da malaria
por um técnico com experiéncia em diagnéstico. As laminas foram coradas com

Giemsa, e um total de 200 campos microscopicos foi examinado sob uma ampliacao
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de mil vezes. Para confirmar o diagnostico, analises moleculares utilizando
iniciadores especificos para o género Plasmodium sp. e para espécies (P. falciparum
e P. vivax) foram realizadas em todas as amostras (71). Os doadores positivos para
P. vivax e/ou P. falciparum no momento da coleta de sangue foram
subsequentemente tratados pelo regime quimioterapéutico recomendado pelo

Ministério da Saude.

3.4 Aspectos éticos da pesquisa

O protocolo do estudo foi aprovado pelo Comité de Etica em Pesquisa de cada
localidade, que incluiu obter o consentimento do paciente para o uso de suas
amostras de sangue para pesquisa: Belém (Novo Repartimento/PA): 68.473-970;
Porto Velho (CEPEN): 76.812-329; Rio Branco (Hospital Geral de Placido de
Castro/AC): 69.928-000; Oiapoque (Hospital Municipal do Oiapoque/AP): 68.980-
000; Manaus (CEP-FIOCRUZ): 346-613. O consentimento informado por escrito foi
obtido de todos os doadores adultos. Todos os procedimentos adotados neste
trabalho cumpriram plenamente as licencas federais especificas emitidas pelo

Ministério da Saude.

3.5 Extracdo do DNA

O DNA foi extraido de amostras de sangue, utilizando o kit QlIAamp® DNA
Blood Midi/Maxi (QIAgen, Hilden, Germany). Aproximadamente 1 mL de
concentrado de hemacias, de cada amostra, previamente descongelada a
temperatura ambiente (TA), foi adicionado em um tubo do tipo falcon de 15 mL. Em
seguida, 100 pL de protease (QIAgen) foi adicionado e o tubo foi levemente
homogeneizado. Logo apds, foi acrescentado 1,2 mL do tampéo AL (QlAgen) e o
tubo foi homogeneizado manualmente, por inversdo, durante 15 segundos,
seguindo-se uma vigorosa agitacao por pelo menos 1 minuto. A mistura foi incubada
a 70°C por 10 minutos. Em seguida, foi adicionado 1 mL de etanol absoluto (96% -
100%) (Sigma) a amostra e o mesmo procedimento de homogeneizacédo foi
realizado. A solucao (ja lisada) assim obtida foi, entdo, aplicada cuidadosamente na

coluna (acoplado em um tubo falcon coletor de 15 mL), a qual foi submetida a
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centrifugacéo a 5000 rpm (1850 x g) por 4 minutos (TA). O filtrado foi descartado e a
coluna foi acoplada em um novo tubo coletor de 15 mL. Foi adicionado, entdo, 2 mL
de tampdo AW1 (QIAgen) na coluna, seguindo-se de uma centrifugacdo de 5000
rpm por 2 minutos sem freio (TA). Novamente o filtrado foi descartado e a coluna foi
acoplada em um novo tubo coletor de 15 mL, no qual foram adicionados 2 mL de
tampdo AW2 (QIAgen), seguida de uma nova centrifugacdo a 5000 rpm por 15
minutos (TA). Apos o descarte do filtrado, a coluna foi transferida para um novo tubo
do tipo falcon de 15 mL e, posteriormente, foi acrescentado 200 pL de tampédo AE
(QIAgen) diretamente no centro da membrana. A coluna foi entdo, incubada por 5
minutos (TA) e, finalmente centrifugada a 5000 rpm por 2 minutos (TA). O filtrado
contendo o DNA isolado foi coletado e armazenado em um tubo do tipo eppendorf

de 1,5 mL previamente identificado e armazenado a -20°C até o momento do uso.

3.6 Desenho dos iniciadores especificos (primers) da PvCelTOS

O gene celtos é conservado entre diferentes espécies de Plasmodium e para
se obter os iniciadores especificos (primers) foi utilizada a sequéncia referéncia de
P. vivax Salvador-1 (Sal-1, origem El Salvador) depositada no banco de dados NCBI
(National Center for Biotechnology Information), com numero de acesso:
AB194053.1. Todos os oligonucleotideos foram verificados quanto a especificidade
utiizando a ferramenta Primer-BLAST fornecido pelo NCBI através do site:
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). O iniciador senso (5 -
CCCCCAAAGGCAAAATGAACAA - 3 correspondeu a posicdo 20 a 41 da
sequéncia do gene pvceltos e o iniciador anti-senso (5 -
AACTCATCTTCAGCTTCTTCCTC - 3') correspondeu a posicdo 569 a 547.

Posteriormente, os iniciadores especificos foram sintetizados quimicamente para

realizar a reacao de PCR e o0 sequenciamento de DNA.

3.7 Reacdo de Polimerizacdo em Cadeia / Polymerase Chain

Reaction (PCR) do gene pvceltos

O gene pvceltos foi amplificado pelo método de PCR convencional, utilizando o
par de iniciadores especificos: PvCelTOS 5' - CCCCCAAAGGCAAAATGAACAA - 3
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(senso) e PvCelTOS 5' - AACTCATCTTCAGCTTCTTCCTC - 3' (anti-senso). A
amplificagéo do gene pvceltos foi realizada com um volume final de reacédo de 25 pL
usando um 1 uL de DNA, 10 pmol/uL de cada iniciador e o kit Master Mix (Promega)
contendo a DNA Taq polimerase, tampdo de PCR (Qiagen) e dNTPs
(Desoxirribonucleotideos Fosfatados). As reacbes de PCR convencional foram
realizadas utilizando o termociclador PCR GeneAmp 9700 (Applied Biosystem) e as
condicbes de ciclagem foram as seguintes: primeira etapa de 95°C durante 2
minutos; 30 ciclos de 95°C durante 1 minuto, 57°C durante 1 minuto e 72°C durante
1 minuto e; a Ultima etapa com uma ciclagem de 72°C durante 1 minuto. Em todas
as reacoes foram utilizados dois controles negativos (um sem DNA e outro com DNA
extraido a partir de cultura in vitro de P. falciparum) e um controle positivo (amostra
infectada de P. vivax). Para confirmar a presenca de DNA da cultura in vitro de P.
falciparum e que a falta de amplificacdo é devida a especificidade dos iniciadores
para PvCelTOS, realizou-se uma amplificacdo do fragmento do gene P126 de P.

falciparum, como previamente descrito por Pratt-Riccio (72).

Um volume de 5uL do produto de PCR foi aplicado em gel de agarose 2%
(Sigma) diluido em tampédo TAE 1x (Tris-acetato 0,04, EDTA 1 mM) na presenca de
GelRed (Biotium, CA, EUA) e submetidos a eletroforese horizontal por
aproximadamente 1 hora a corrente elétrica de 100 V constantes. Posteriormente, 0s
produtos foram visualizados por iluminacéo de ultravioleta (UV). O dimensionamento
dos produtos foi realizado utilizando um marcador de 100 pares de base (pb)

(Thermo Scientific).

3.8 Purificacdo dos produtos de PCR

Antes de serem sequenciados, os produtos amplificados foram purificados
utilizando o kit GE Healthcare Lifesciences com o objetivo de retirar eventuais

inibidores da reacao para que ndo ocorra prejuizo no sequenciamento génico.

De acordo com o protocolo de reagéo, foram adicionados 200uL de tampéo de
captura para 50uL do produto de PCR e homogeneizado, cada um em seu
respectivo tubo. Logo apds, a solucéo foi inserida em uma coluna (com o eppendorf)

e incubada a temperatura ambiente por 10 minutos. Posteriormente, foi centrifugada
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a 14.000 rpm por 1 minuto. O liquido sobrenadante do eppendorf foi descartado e
recolocado na coluna no mesmo eppendorf. Foi adicionado 500uL do tampéo de
lavagem e centrifugado a 14.000 rpm por 1 minuto. Novamente o liquido do
eppendorf foi descartado e, logo depois, a coluna foi colocada no tubo coletor (livre
de DNAse). Foram adicionados 50uL de tampdo de eluicdo e incubado a
temperatura ambiente por 15 minutos. Em seguida, a solucéo foi centrifugada a
14.000 RPM por 3 minutos. Por fim, a coluna foi descartada e tubos com os produtos

purificados foram armazenados no freezer.

3.9 Reacao de sequenciamento do DNA

A especificidade do ensaio de PCR foi confirmada por sequenciamento dos
produtos de PCR a partir de todas as amostras positivas utilizando um kit de
sequenciamento Big Dye Terminator Cycle Ready Reaction version 3.1 (Applied
Biosystems), previamente padronizado pela plataforma de sequenciamento do
Instituto Oswaldo Cruz (PDTIS/Fiocruz).

De acordo com o protocolo de reacdo do sequenciamento, adicionou-se a cada
poco de uma placa de 96 pocos (Applied Biosystems) um volume de 2 uL de DNA
(cerca de 15 ng/uL), 1 L de iniciador (3,2 pmol/uL dos mesmos iniciadores
especificos utilizados na PCR) e agua MilliQ, totalizando um volume final 7,5 uL por
poco. A mistura para a reacdo de sequenciamento de DNA foi calculada de acordo
com o numero de amostras. A quantidade necessaria para uma placa inteira é de
100 pL de BigDye (Applied Biosystems) e 150 uL de tampao de sequenciamento (tp)
5x (Applied Biosystems). Assim, foi adicionado 2,5 pL da mistura de reacdo em cada
poco da placa (1 pyL de BigDye + 1,5 de tp 5x) e, logo apés, a placa foi centrifugada
brevemente (spin). No termociclador foi utilizado o seguinte protocolo: 94°C por 10
segundos, 50°C por 5 segundos e 60°C por 4 minutos; 40 repeticbes desse mesmo

ciclo.

Apés a reacdo de sequenciamento foi feita uma precipitacdo das amostras
para a retirada de ddNTPs livres que poderiam interferir na leitura da sequéncia
de DNA no analisador. A precipitacdo do DNA foi feita com a adicdo de 30 pL de
isopropanol 75% (Merck) em cada poco da placa, seguindo-se de uma incubacao
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por 15 minutos ao abrigo da luz e centrifugacdo por 45 minutos a 4000 rpm. O
isopropanol foi retirado por inversdo da placa num papel absorvente.
Posteriormente, foram acrescentados 50 pL de etanol 60% (Merck) e novamente a
placa foi centrifugada por 15 minutos a 4000 rpm. Ao final, o sobrenadante foi
descartado, de acordo como descrito anteriormente, e a placa foi novamente
centrifugada, invertida em uma toalha de papel, até chegar a 600 rpm. O sedimento
de DNA obtido foi colocado para secar no termociclador a 60°C por 10 minutos. Em
seguida, a placa foi armazenada no freezer envolta em papel aluminio até o

momento da leitura no sequenciador.

Para leitura da placa no sequenciador, foi adicionado ao DNA 10 uL de
formamida Hi-Dye (Applied Biosystems) em cada poco da placa seca. Em seguida, a
placa foi levada para secar no termociclador a 95°C por 3 minutos e, posteriormente,
colocada no gelo por 5 a 10 minutos. ApGs o choque térmico, a placa foi
centrifugada brevemente (spin), para permitir que os produtos aderidos as paredes
dos tubos dos pocos concentrem-se ao fundo, e conduzida para leitura na
plataforma de sequenciamento capilar automatico de DNA ABI Prism® DNA
Analyzer 3730x! (Applied Biosystems) da Plataforma de Sequenciamento do Instituto
Oswaldo Cruz (PDTIS/Fiocruz).

3.10 Anélise do polimorfismo

As sequéncias nucleotidicas obtidas (senso e anti-senso) para cada amostra
foram analisadas utilizando programas provenientes do pacote
DNASTAR/Lasergene Software (Madison, WI). O programa BLAST (Basic Local
Alignment Search Tool — NCBI) foi utilizado para verificar a similaridade e identificar
os polimorfismos em relacdo a sequéncia de referéncia Sal-1 depositada no NCBI. O
alinhamento da sequéncia consenso com a sequéncia de referéncia foi realizado
com o auxilio do programa MegAlign 7.0.0 (DNASTAR/Lasergene Software)
utilizando o algoritmo do programa Clustal X2, sendo feito um ajuste manual através
do programa EditSeq 7.0.0 (DNASTAR/Lasergene Software). Um valor de p<0,05 foi
considerado significativo. O numero de sitios segregantes (S), que depende do
tamanho da amostra e do comprimento das sequéncias, o0 nimero de haplétipos (H),

a diversidade de nucleotideos (1) e a diversidade de haplétipos foram realizados em
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colaboracdo com o Dr. Gustavo Capatti Cassiano e calculados utilizando DnaSP v5
(73). O Teste D de Tajima’s (74), para determinar a saida das predicfes da teoria
neutra da evolugdo, foi também estimado com o programa DnaSP V5. A
diferenciacdo genética entre populacdes foi investigada avaliando a taxa de fixacao
(Fst) pela andlise da variancia molecular (AMOVA) implementado em Arlequin
v3.5.2.2 (75) e as significancias foram estimadas usando 10.000 permutacdes. O

nivel de significancia foi ajustado pela correcao de Bonferroni para testes multiplos.

3.11 Modelo 3D e andlise eletrostatica da PvCelTOS

A estrutura 3D da PvCelTOS foi predita usando o algoritmo Robetta (76) em
colaboragdo com o Dr. Jodo Herminio Martins da Fiocruz-CE. A sequéncia de
aminoacidos foi adquirida a partir do banco de dados NCBI, pelo numero de Acesso:
AB194053.1. O Robetta € um algoritmo automatizado para predi¢cdes da estrutura
3D de proteinas através de modelagem ab initio e comparativa. O primeiro passo é a
pesquisa de homologos estruturais usando BLAST (77) ou PSI-BLAST (78). Na
sequéncia da proteina, a estrutura primaria alvo é dividida em dominios separados,
ou unidades de dobramentos independentes de proteinas, comparando a sequéncia
com as familias estruturais na base de dados Pfam (79). Os dominios com
estruturas homélogas seguem um padrédo baseado em um protocolo de modelagem.
As cinco estruturas finais sédo selecionadas tomando os modelos de energia mais
baixa conforme determinado pela funcdo de energia de Rosetta. A superficie
eletrostatica foi calculada com o software Adaptive Poisson-Boltzmann Solver
(APBS) (80) integrado com o programa Pymol. O software APBS resolve a equagéao
de Poisson-Boltzmann para descrever interacOes eletrostaticas entre soluto em
solucdo aquosa. A eletrostatica continua desempenha um papel muito importante na

determinacao da cinética de ligante-proteina e proteina-proteina.

3.12 Predicédo in silico de epitopos de células B e células T

Os parametros como a acessibilidade, exposicdo na superficie, polaridade e
propensdo antigénica de cadeias polipeptidicas tém sido frequentemente

correlacionadas com a localizacédo de epitopos continuos. Isto levou a uma busca na
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identificacdo e utilizacdo de padrbes de reconhecimento que permitiiam que a
posicdo de epitopos continuos pudesse ser prevista a partir das caracteristicas da

sequéncia de uma proteina alvo.

A predicao de epitopos lineares de células B foi realizada utilizando o programa
BepiPred em colaboracdo com o Msc. Rodrigo Nunes Rodrigues-da-Silva (81). Este
software tem uma Unica sequéncia no formato FASTA e cada aminoacido recebe
uma pontuacdo predita com base em perfis do modelo de Hidden Markov de
antigenos conhecidos, e incorpora métodos de escala de propensédo com base na
hidrofobicidade e predicdo de estrutura secundaria. Para cada sequéncia de entrada
do servidor é gerado um escore de predi¢do. As posi¢cdes dos epitopos de células B
lineares sdo preditos para serem localizados nos residuos com as pontuacdes mais
altas. De forma a considerar uma dada regido como um epitopo linear de células B
valido para PvCelTOS, o valor de cut-off de 0,35 foi utilizado para justificar os
valores semelhantes de especificidade (0,75) e a sensibilidade (0,49). Portanto, a
pontuacdo do epitopo representa a média das pontuacbes de pelo menos oito
aminoacidos consecutivos acima do cut-off e, dessa forma, as sequéncias com

valores médios mais elevados foram escolhidos como epitopos lineares potenciais.

A ligacdo diferencial de epitopos de células T abrangendo a sequéncia
completa da PvCelTOS foi feita em 18/04/2016 utilizando o IEDB (Immune Epitope
Database and Analysis Resource), como ferramenta de analise (82) somado ao ANN
aka NetMHC (3.4) (83, 84), SMM (85) e Comblib (86). Considerando o comprimento
de 9 aminoacidos, a pontuacédo de predicdo de cada comprimento foi avaliada contra
26 dos alelos HLA mais frequentes. (HLA-A*01:01; HLA-A*02:01; HLA-A*11:01,;
HLA-A*23:01; HLA-A*25:01; HLA-A*26:01; HLA-A*30:01; HLA-A*31:01; HLA-
A*32:01; HLA-A*68:01; HLA-B*08:01; HLA-B*15:01; HLA-B*18:01; HLA-B*35:01;
HLA-B*38:01; HLA-B*39:01; HLA-B*40:01; HLA-B*46:01; HLA-B*48:01; HLA-
B*51:.01; HLA-B*53:01; HLA-B*57:01; HLA-B*58:01; HLA-C*04:01; HLA-C*05:01,
HLA-C*07:01). Os comprimentos que tém uma pontuacdo meédia consenso inferior a
20 e, pelo menos, 60% da frequéncia de ligacdo a HLA foram considerados epitopos

potenciais de células T.
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3.13 Analise estatistica

O teste de Kolmogorov-Smirnoff foi utilizado para determinar se a variavel foi
distribuida normalmente. As diferengas na proporcao de frequéncias haplétipos entre
as localidades estudadas foram avaliadas pelo teste de Fisher usando Prism 5.0

para Windows (GraphPad Software, Inc.).
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4 RESULTADOS

4.1 Caracterizagdo molecular da PvCelTOS nas regides
estudadas

4.1.1 Amplificacdo do gene PvCelTOS na PCR

A fim de identificar o gene que codifica a PvCelTOS em isolados de areas
endémicas brasileiras, 119 amostras de sangue de individuos infectados residentes
nas cidades de Porto Velho, Placido de Castro, Manaus, Novo Repartimento e
Oiapoque tiveram o DNA extraido e submetido ao diagnéstico molecular por PCR.
Os iniciadores foram desenhados a partir do programa Primer-BLAST, e
posteriormente a andlise de PCR, o gel de agarose revelou a amplificacdo em 100%
das amostras. Todos os isolados de campo apresentaram apenas um tipo de
fragmento correspondente a 550 pares de base (pb). Em adicdo, amostras de P.
falciparum também foram testadas, mas foram negativas para a amplificacdo por
PCR do gene pvceltos (Figura 9). Portanto, as 119 amostras de individuos
infectados com P. vivax amplificado por PCR foram sujeitas a reacdes de
sequenciamento, a fim de identificar os possiveis polimorfismos de um Unico

nucleotideo do gene que codifica a PvCelTOS.

1 2 3 4
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N
®
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600 bp

Figura 9 - Amplificacdo por PCR do gene pvceltos.

Gel de agarose mostrando o tamanho do fragmento dos produtos de PCR. Linha 1: marcador
molecular de 100 pb; Linha 2: controle negativo (agua); Linha 3: cultura in vitro de P. falciparum
(amplificacdo com iniciadores da PvCelTOS); Linha 4: cultura in vitro de P. falciparum (amplificacdo

com iniciadores da p126); Linha 5: controle positivo da reacdo de PCR (amostra infectada com P.
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vivax); Linhas 6, 7 e 8: amostras de pacientes infectados por P. vivax; Linha 9: marcador molecular
de 100 pb.

4.1.2 Polimorfismo genético da PvCelTOS em isolados brasileiros

através da reacdo de sequenciamento

Utilizamos a sequéncia referéncia de P. vivax Salvador-1 (Sal-1), disponivel no
banco de dados do PubMed para alinhar o gene que codifica a PvCelTOS com as

sequéncias génicas amplificadas dos isolados das diferentes regides brasileiras.

Todos os isolados estudados apresentaram um alto grau de similaridade
guando comparados a cepa referéncia (99,3%). No entanto, a partir dos 550 pb
sequenciados e alinhados, quatro bases de nucleotideos (0,7%) apresentaram
mutacdes de um Unico nucleotideo em 4 posi¢des especificas (24, 28, 109 e 352),
como mostrado na Tabela 2. Interessantemente, todos os SNPs estiveram presentes
em, pelo menos, dois isolados e duas localidades da populacédo de estudo. Mesmo
com o elevado grau de conservacdo da sequéncia do gene pvceltos, 85% dos
isolados estudados apresentaram pelo menos um SNP em relagdo a sequéncia
referéncia. Conforme foi demonstrada na Figura 10a, a mutacdo sinbnima C109
esteve presente em 82% dos isolados estudados e foi significativamente mais
elevada do que todas as outras 3 mutacdes (p<0,0001), enquanto que a outra
mutac&o sinbnima C24A foi menos frequente. Apenas duas mutac¢des nao sinbnimas
foram encontradas, G28A e G352C, as quais representam a substituicdo de glicina
por serina e valina por leucina, respectivamente, apresentando uma frequéncia de
9,2% e 11,7% nas posicdes 28 e 352, respectivamente. Em relacdo as éareas
endémicas estudadas, a maior frequéncia observada de C109A foi mantida em
todas as localidades (Figura 10b). Manaus apresentou alta diversidade,
apresentando todas as 4 mutacOes dentre as 38 amostras, enquanto Porto Velho
apresentou a menor diversidade, apresentando apenas a mutacao sinébnima C109A.
Por fim, nos isolados de Placido de Castro, a muta¢do ndo sinbnima G352C também
foi significantemente maior que G28A (p=0,0480), enquanto em todas as demais

localidades essa predominancia nao ocorreu.
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Tabela 2 - Mutagbes encontradas no gene pvceltos: posicbes dos nucleotideos e respectivas

substituicbes de aminoacidos.

Posicéo do nucleotideo
Sequéncias
22a24 28a30 109 a 111 352 a354
Gene selvagem CCC GGC CGG GTG
Mutante --A A-- A-- C--
Posicdo do aminoéacido
8 10 37 118
Gene selvagem Prolina Glicina Arginina Vadina
Mutante - Serina - Leucina

O simbolo: - - significa que ndo ha troca de nucleotideo. E o simbolo: - significa que ndo h&a

substituicdo de aminoacido.
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Manaus Novo Repartimento Placido de Castro Porto Velho Oiapoque
(n=38) (n=25) (n=21) (n=26) (n=9)
BMSNPsC24A [DSNPsG28A  EASNPsC109A  ESNPsG352C

Figura 10 - Andlise da diversidade genética da PvCelTOS nos isolados de P. vivax.

(A) O gréfico representa a frequéncia das quatro mutagcdes nas posicles especificas de pb (24, 28,

109 e 352). (B) O grafico representa a frequéncia de mutagées em isolados de cada localidade

estudada. (*) Indica que as diferencas entre a frequéncia de SNP C109A foi maior do que outras

mutacdes e (+) indica que a frequéncia de SNP G352C foi maior do que a frequéncia do SNP G28A
por Fisher. (*): p<0.05; (**): p<0.01; (***): p<0.0001.
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4.2 Frequéncia de hapldtipos encontrada na populacdo de

estudo

Apenas 18 isolados (15%) mantiveram as suas sequéncias idénticas a cepa
referéncia nas posicées 24, 28, 109 e 352 (H1=CGCG). Nos outros isolados, as
mutacdes resultaram em 9 haplotipos diferentes (H2=AGCG; H3=CACG; H4=CGAG;
H5=CAAG; H6=CGAC; H7=AGAG; H8=CAAC; H9=AAAG), que estao representados
na (Tabela 3). Dentre todos os isolados estudados, o haplétipo H4 apresentou a
maior frequéncia e foi significativamente maior comparado a referéncia do H1
(p<0,0001). Por outro lado, H2 (p<0.0001), H3 (p=0.0002), H5 (p=0.0328), H7
(p=0.0028), H8 (p<0.0001) e H9 (p<0.0001) apresentaram uma menor frequéncia
quando comparado com H1. No entanto, n6s observamos que o haplétipo H1 e o H4
estdo presentes em todas as localidades, enquanto H2, H8 e H9 foram detectados
em apenas uma localidade (Manaus, Novo Repartimento e Oiapoque,
respectivamente). Manaus e Novo Repartimento apresentaram a maior diversidade
entre os isolados, com 6 haplétipos, enquanto Porto Velho apresentou a menor
diversidade, possuindo apenas 2 haplétipos, que sdo comuns a todas as localidades
(H1 e H4). Curiosamente, apesar de um menor nimero de isolados analisados,
Oiapoque apresentou uma grande diversidade na sequéncia do gene pvceltos com
cinco haplétipos, enquanto quatro haplotipos diferentes foram detectados em Placido
de Castro. Nao foi possivel analisar os haplétipos em clados confidveis, devido a

elevada similaridade entre as sequéncias das diferentes origens geograficas.
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Tabela 3 - Distribuicao dos haplétipos da PvCelTOS entre as cinco localidades estudadas da Amazonia Brasileira.

Haplétipos PvCelTOS - n (%)

(Posigdes dos nucleotideos: 24, 28, 109 e 352).

Localidades
H1 H2 H3 H4 H5 H6 H7 H8 H9
(CGCG) (AGCG) (CACG) (CGAG) (CAAG) (CGAC) (AGAG) (CAAC) (AAAG)
Manaus (n=38) 5 (13.1%) 1 (2.6%) - 22 (57.8%) *** 4 (10.5%) 3 (7.9%) 3 (7.9%) - -
Novo Repartimento (n=25) 3 (12%) - 1 (4%) 16 (64%) *** 1 (4%) 3 (12%) - 1 (4%) -
Placido de Castro (n=21) 3 (14.3%) - 1 (4.8%) 10 (47.6%)* - 7 (33.3%) - - -
Porto Velho (n=26) 6 (23.1%) - - 20 (76.9%) *** - - - - -
Oiapoque (n=9) 1 (11.1%) - - 4 (44.4%) 2 (22.2%) - 1 (11.1%) - 1(11.1%)
Total (n=119) 18 (15.1%) 1(0.8%)** 2 (1.7%)** 72 (60.5%)** 7 (5.9%)* 13 (10.9%) 4 (3.4%)**  1(0.8%)** 1 (0.8%) ***

Os valores representam o niumero e a frequéncia (%) dos haplétipos encontrados em cada localidade estudada. H1 representa a sequéncia referéncia (cepa Sal-1)

e H4 representa a sequéncia consenso. (*) Indica que as diferencas entre as frequéncias de haplétipos mutados e de sequéncia referéncia (H1) foram significativas
pelo teste exato de Fisher. (*): p<0.05; (**): p<0.01; (***): p<0.0001
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4.3 Analise genética da populacéo

NOs sequenciamos 0 gene pvceltos (posi¢cdes 19-569) de 119 amostras
coletadas de cinco areas da Amazobnia Brasileira. A partir do alinhamento com a
sequéncia referéncia (Sal-1), quatro SNPs distintos foram identificados. Dois SNPs
foram sinbnimos (C24A e 109A) e dois ndo sindnimos (G28A e G352C). Dois destes
polimorfismos (C24A e G28A) nao tinham sido descritos previamente. A diversidade
de nucleotideos (1) para pvceltos de 119 sequéncias analisadas foi 0,00141 +
0,00014(Tabela 4). A maior diversidade de nucleotideos foi observada no grupo
Oiapoque (0,00202 + 0,00044), seguida pelo grupo Placido de Castro (0,00161 +
0,00029). Entre as 5 populagdes, as sequéncias de Porto Velho apresentaram a
menor diversidade de nucleotideos (0,00067 + 0,00017) como esperado, uma vez
gue apenas um SNP foi detectado neste grupo. Da mesma forma, os isolados de
Oiapoque apresentaram a maior estimativa da diversidade de haplétipos (Hqg) (0,806
+ 0,014), enquanto que os isolados de Porto Velho apresentaram o menor Hy (0,369
+ 0,091). A diversidade de haplétipos foi semelhante entre as demais areas
estudadas (Tabela 4). O teste D de Tajima foi realizado para avaliar se existe uma
pressdo seletiva no gene pvceltos. Embora os valores do Tajima variassem entre -
0,279 e 0,699, os testes ndo mostraram desvios significativos em relacdo a
neutralidade em todas as areas estudadas, indicando ndo haver selecéo significativa
no gene pvceltos (Tabela 4).

As comparacOes entre pares de cada populacdo de parasitas foram
realizadas utilizando-se as estatisticas da Fsr para verificar se havia indicacado de
diferenciacdo genética entre populacdes, mas todos os valores de Fst ndo eram
significativos, sugerindo uma auséncia de diferenciacdo genética entre as

populacdes estudadas (Tabela 5).
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Tabela 4 - Comparacédo da diversidade genética entre os isolados da Amazonia Brasileira.

NUumero de Diversidade Diversidade
Numero de
sitios haplotipica nucleotidica Teste Tajima
haplétipos
segregantes (S) (Ha) ()

Novo Repartimento 3 6 0.58 0.00142 -0.045™
Manaus 4 6 0.66 0.00153 -0.279™
Oiapoque 3 5 0.81 0.00202 0.025™
Porto Velho 1 2 0.37 0.00067 0.699™
Placido de Castro 3 4 0.67 0.00161 0.163"™
Todas as amostras 4 9 0.61 0.00141 0.077™

Ns: ndo significativo (p> 0,10).

Tabela 5 - Diferenciacdo genética entre os isolados da Amazdnia Brasileira, mensurado por valores

pareados (Fst).

Novo Repartimento Manaus Oiapoque Porto Velho

Novo Repartimento - - - -

Manaus -0.015 - - -
Oiapoque 0.056 0.010 - -
Porto Velho 0.036 0.015 0.196 -

Placido de Castro -0.004 0.048 0.143 0.123

Os valores de Fst ndo foram significativos apos a corre¢do de Bonferroni (p> 0,05).
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4.4 Substituicbes de aminoacidos e demais sequéncias génicas

de P. vivax

As mutacfes ndo sinbnimas detectadas promoveram as substituicoes
especificas de aminoacidos nas posic6es 10 (glicina por serina) e 118 (valina por
leucina). Tal como observado nos alinhamentos da sequéncia de nucleotideos, a
PvCelTOS também apresentou um alto grau de conservacdo da sequéncia de
aminoacido, uma vez que apenas 24 amostras (20,1%) apresentaram mutacdes nao
sinbnimas em comparacdo com a sequéncia referéncia Sal-1, cuja frequéncia foi
significativamente maior (79,8%; p<0,0001). Subsequentemente, foi feito o
alinhamento da sequéncia com mutacées em relagcdo as outras trés proteinas
hipotéticas de CelTOS derivadas do genoma de P. vivax disponiveis no banco de
dados PubMed, a saber: Brazil I, North Korean e India VII (Figura 11a). Apenas 13
isolados (10,9%) apresentaram sequéncias idénticas a cepa Brazil | e nenhum dos
isolados apresentaram homologia completa com a cepa North Korean e India VII. No
entanto, ambas as linhagens asiaticas também apresentaram muta¢fes na regido C
terminal na posicdo 178 (lisina por treonina) que néo foram detectadas em nossos
isolados da Amazobnia Brasileira. Curiosamente, a mutacdo na posicdo 10
(Gly10Ser) nunca foi detectada nas sequéncias disponiveis, mas esta presente em
9,2% das nossas amostras. Em relacdo as cinco regibes estudadas, todos os
isolados de Porto Velho apresentaram homologia completa com a sequéncia Sal-1
(Figura 11b).
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a)

Regiao 1 - Nt Regiao 2 - Central Regiao 3 - Ct
Sequéncias [ J Y r J T I \ Haplotipos Freq.
1 10 30 81 118 130 171 178 196
| Sal-1(XP_001617263.1) | MHLFNKPPKGKMNKVNRVSIICAFLALFCF  DNIANEIVSSLQKDSASFLQSGFDVKTQLKATAKKVLVEALKAALEPTEK ~ TIWEYESKGSLEEEEAEDEFSDELLD ~ h1-h2-hd4-h7  79.8%
I Brazil 1 (KMZ284426.1) | MHLFNKPPKGKMNKVNRVSIICAFLALFCF DNIANEIVSSLQKDSASFLQSGFDVKTQLKATAKKVL'EALKAALEPTEK TIWEYESKGSLEEEEAEDEFSDELLD hé 10.9%
North Korean (KMZ96916.1) MHLFNKPPKGKMNKVNRVSIICAFLALFCF  DNIANEIVSSLQKDSASFLQSGFDVKTQLKATAKKVLVEALKAALEPTEK ~ TIWEYESEGSLEEEEAEDEFSDELLD - 0
India VIl (KMZ278086.1) MHLFNKPPKGKMNKVNRVSIICAFLALFCF DNIANElVSSLQKDSASFLQSGFDVKTQLKATAKKVLIEALKAALEPTEK TIWEYESEGSLEEEEAEDEFSDELLD = 0

!lsoladosseflo-V0/118 l MHLFNKPPKBKMNKVNRVSIICAFLALFCF ~ DNIANEIVSSLOKDSASFLQSGFDVKTQLKATAKKVLVEALKAALEPTEK ~ TIWEYESKGSLEEEEAEDEFSDELLD ~ h3-h5-h9 8.4%
Isolados Ser10-Leu118 MHLFNKPPKRKMNKVNRVSIICAFLALFCF DNIANEIVSSLQKDSASFLQSGFDVKTQLKATAKKVLIEALKAALEPTEK TIWEYESKGSLEEEEAEDEFSDELLD h8 0.8%

b)

7,9%
|
10,5%\“ ‘ ‘
4,8% /
Manaus Novo Repartimento Placido de Castro Porto Velho Oiapoque
M sal1 B Brazil 1 Isolados Ser10-Leu118 ¥ 1solados Ser10-val118

Figura 11 - Alinhamento das sequéncias das proteinas e frequéncia das mutagdes nos isolados.
(A) Alinhamento entre a cepa de referéncia (Sal-1), proteinas da CelTOS derivadas do genoma de P. vivax (Brazil I, North Korean e India VII) e isolados mutantes
Serl0-Valll8 e Serl0-Leull8. As marcacBes em amarelo representam o aminoacido idéntico ao observado na sequéncia referéncia Sal-1, enquanto as

marcagbes em vermelho representam o amino4cido mutado. (B) Frequéncias de mutacdes nos isolados de diferentes regides da Amazoénia Brasileira. Nt: amino-
terminal; Ct: carboxi-terminal; h1 ao h9: haplétipos.
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4.5 Modelagem molecular e predi¢céo de epitopos

Observando a diversidade identificada de acordo com o gene pvceltos, os
nossos dados indicam que € limitada em isolados de diferentes regides da Amazénia
Brasileira. No entanto, as duas mutac¢des néo sinbnimas encontradas podem ter um
impacto sobre o dobramento de proteinas e também influenciar o seu potencial

como um epitopo.

A Figura 12a ilustra o potencial eletrostatico em torno das mutagfes. A regido
que engloba Arg37 mostra uma superficie carregada negativamente forte. A posicéao
Lysl78 mostrou 0 mesmo padrdo negativo, enquanto Glyl0 e Valll8 séo
carregados positivamente. A regido Pro8 € na maior parte neutra. As regides Arg37
e Valll8 sdo parte de uma estrutura de alfa hélice estavel, ao passo que Pro8,
Glyl0, e Lys178 pertencem as estruturas de alca flexivel. Além disso, todos os
residuos estdo expostos a superficie, exceto Arg37 que esta escondido no interior
da parte carregada negativamente. Embora haja as substituicées nao sindnimas de
aminoacido, observamos que nao ocorre alteracdo da carga ibnica, um fator
importante, visto que o potencial eletrostatico poderia influenciar na cinética de
ligacdo da proteina. Como mostrado na Figura 12b quatro potenciais epitopos
lineares com, pelo menos, oito aminoacidos foram identificados na sequéncia da
proteina inteira (Lys6-Asnl3; Gly38-Arg57; lle1l36-Glul43 e Lys166-Serl91). As
pontuacdes de predi¢do variaram de 0,97 a 1,17 e nenhum epitopo imunodominante
foi identificado por esta abordagem. Considerando-se que duas das mutagcfes néo
sinbnimas foram inseridas em epitopos lineares de células B preditos (Glyl0Ser e
Lys178Thr), analisamos os escores de predigdo dos epitopos que sofrem mutagdes.
Curiosamente, a mutacdo Lys178Thr na regido C-terminal, observada apenas em
cepas asiaticas, North Korean (KMZ96916.1) e Indian VII (KMZ78086.1), resultou
em um ligeiro aumento de escore de predicdo; enquanto que a mutagcao Glyl0Ser
na regido N-terminal, observado em nosso isolados brasileiros Serl0-Valll8 e
Serl0-Leull8, resultaram na diminuicdo da pontuacdo predita para um epitopo
(Figura 12b).

Por outro lado, os epitopos TCD8" preditos foram conservados entre todas as
sequéncias e isolados ja conhecidos, uma vez que ndo foram observadas mutagfes

nao sindbnimas dentro destes epitopos. Analisando a sequéncia completa de
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PvCelTOS, seis epitopos TCD8" preditos apresentaram pontuagio consenso menor
do que 20 e foi predito serem reconhecidos por mais de 60% do HLA analisado
(Figura 12b). Entre estes epitopos, a sequéncia IVSEDAYFL (PvCelTOS jes3-Leus1) fOi
considerada um potencial epitopo TCD8", uma vez que foi predito como ligado por

81% dos HLAs avaliados e apresentou uma pontuacdo média consenso de 11,81.
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Figura 12 - Estrutura de modelagem e andlise in silico de PvCelTOS.

(A) As mutagBes sindnimas e ndo sinbnimas foram ilustradas pela fonte em azul e em vermelho, respectivamente, na estrutura 3D de PvCelTOS. As nuvens
vermelhas e azuis representam a superficie negativa e positiva, respectivamente. (B) Muta¢gBes sinbnimas e ndo sindnimas encontradas em nossa populacdo e
outras mutacdes descritas foram ilustradas por barras azuis e barras vermelhas, respectivamente, na estrutura de PvCelTOS. As linhas azuis representam epitopos
de células B lineares preditos. A letra e o nimero de cada epitopo indicam o aminoacido C-terminal e N-terminal. Os valores de BepiPred representam o escore
predito de epitopo linear de células B em haplétipo de tipo selvagem (H1) em relagcdo ao mutante (nimero vermelho). A ferramenta de analise IEDB MHC-I indica o
escore médio de predicéo de ligacdo de epitopos de TCD8" e a respectiva frequéncia de ligacéo de HLA entre 27 HLA avaliados. N&o foram observadas diferencas

entre os epitopos de células T de predicdo entre os tipos selvagens ou mutados da PvCelTOS.
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5 DISCUSSAO

A proteina CelTOS (Cell-Traversal Protein for Ookinetes and Sporozoites) tem
sido considerada uma nova alternativa potencial para uma vacina contra a malaria.
Embora a sua fungdo bioldgica ndo esteja completamente elucidada, o seu papel
central na travessia celular no epitélio intestinal do inseto vetor e nos hepatocitos do
hospedeiro vertebrado €é importante para o sucesso da infec¢cdo. Estudos
imunologicos tém demonstrado que a CelTOS é um alvo de resposta imune celular
naturalmente adquirida em individuos expostos (64), bem como da resposta humoral
em modelo experimental (66). No entanto, um dos principais obstaculos no
desenvolvimento de vacinas contra a malaria ainda € a baixa eficiéncia na inducéo
de protecdo, que em parte, pode ser explicada por polimorfismos genéticos que
codificam mutacdes ndo sindnimas em proteinas utilizadas como imundgenos (87).
Neste contexto, o sequenciamento do genoma de Varios organismos e 0S avangos
em bioinformética revolucionou o campo da vacinologia, permitindo a identificacao
de candidatos vacinais que apresentam baixa variacdo antigénica. Atualmente,
varios estudos a respeito da diversidade genética de Plasmodium sp. tém sido
descritos em P. vivax e em genes codificantes de diversos determinantes
antigénicos [Revisado por (88)], tais como CSP (Proteina Circunsporozoita) (89),
MSP (Proteinas de Superficie de Merozoito) (90), DBP (Proteina de Ligacdo ao
Duffy) (91) e AMA-1 (Antigeno de Membrana Apical-1) (92). Na verdade, a
diversidade genética destas proteinas nas areas hiperendémicas tem sido descrita
como um fator limitante para a rapida aquisicdo de imunidade protetora e, como
consequéncia, tem implicagbes para o desenvolvimento de uma vacina eficaz. Além
disso, o polimorfismo antigénico de candidatos a vacinas de P. vivax tem sido pouco
discutido nas areas de transmissao instavel, como as areas endémicas brasileiras.
Dessa forma, considerando que a epidemiologia da malaria no Brasil apresenta uma
transmissao instavel e o conhecimento sobre o polimorfismo genético da PvCelTOS
permanecem desconhecidos, esse estudo teve como objetivo identificar o gene
pvceltos em isolados de diferentes regides da Amazébnia Brasileira e estudar os
possiveis impactos da diversidade genética da PvCelTOS em estruturas de

proteinas e epitopos preditos.
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A identificacdo e a avaliacdo da diversidade genética do gene pvceltos em
isolados de diferentes regides geograficas ndo tinha sido previamente estudada e
este foi o primeiro trabalho. Apesar da grande distancia entre as localidades
estudadas, a possivel existéncia de um fluxo de genes do genoma de P. vivax entre
as populacdes, associada a migracdo de pessoas, poderia propiciar a diversidade
genética do parasita (93). Entretanto, nossos primeiros resultados mostraram que o
gene pvceltos é altamente conservado, apresentando apenas 4 SNPs ao longo de
toda a sua sequéncia, 2 mutacdes sinbnimas e 2 mutagbes ndo sindnimas. Este
grau elevado de conservagdo era esperado, uma vez que foi mostrado que a
sequéncia de aminoacidos da CelTOS é parcialmente conservada mesmo entre trés
diferentes espécies de Plasmodium (P. vivax, P. berghei e P. falciparum), o que
indica que o gene celtos evoluiu de um ancestral comum do género Plasmodium
(61). Em relacdo ao gene celtos especifico de P. vivax, ha uma escassez de
informacédo disponivel. Na verdade, foram descritas apenas quatro sequéncias
diferentes oriundas de genomas completos: Sal-1, Brazil I, North Korean e India VII.
Portanto, mesmo com o elevado grau de conservacdo da sequéncia do gene
pvceltos em relacdo a sequéncia referéncia Sal-1, todas as demais sequéncias
também apresentaram pelo menos um SNP. Nos nossos isolados estudados, a
mutacdo sinbnima C109A era predominante e significativamente mais frequente do
gue todas as outras 3 mutagcOes encontradas, enquanto a outra mutagcdo sindnima
C24A foi a menos frequente. E importante mencionar que esta mutacgéo
predominante (C109A) esta também presente na cepa POl humana, um novo
genoma de referéncia para P. vivax de um isolado clinico da Indonésia (94).
Classicamente, as alteracdes sindnimas ndo possuiam nenhum efeito sobre a
proteina e foram chamadas de mutacéo silenciosa. No entanto, estudos mostram
gue as alteracdes de nucleotideos mesmo sendo sinbnimas também podem afetar a
expressao de genes em proteinas (95-97) [Revisado por (98)]. Na maioria dos genes
codificantes de proteinas, a taxa de substituicbes sinbnimas € maior que a taxa de
substituicbes néo sinbnimas, e isso tem sido mostrado em outras proteinas de
Plasmodium, tais como PfAMA-1 (99). Interessantemente, em relacdo a PvCelTOS,
nés podemos observar um perfeito balanco entre o nimero de mutacfes sindbnimas
e ndo sindbnimas dentre o limitado polimorfismo encontrado nos isolados de
diferentes regides geograficas brasileiras.

Este equilibrio e a baixa diversidade observada levam a, pelo menos, duas

hipoteses: em primeiro lugar, que ha uma baixa pressdo seletiva do sistema
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imunologico contra este antigeno, o0 que pode ser corroborada por recentes
descobertas de Longley e colaboradores, que demonstraram uma baixa frequéncia
de anticorpos naturalmente adquiridos contra PvCelTOS em comparag&o com outros
antigenos de esporozoitos, como a CSP (100) e, em segundo lugar, que a grande
importancia desta proteina no processo de travessia de esporozoitos e oocinetos
pode refletir no perfil de alta conservacdo observada nas sequéncias do nosso
estudo. Portanto, com o objetivo de avaliar o grau de diversidade da PvCelTOS em
diferentes isolados da Amazobnia Brasileira, n0s também comparamos a sequéncia
de aminoacidos de cada isolado com a sequéncia referéncia (Sal-1) e com de outras
trés proteinas CelTOS provenientes de genomas hipotéticos de P. vivax (Brazil I,
North Korean e India VII). Curiosamente, os isolados apresentaram maior
semelhanca em relacdo a sequéncia de referéncia do que para a sequéncia Brazil I,
gue apresentaram sequéncias idénticas em apenas 13 isolados. Além disso,
nenhum dos nossos isolados apresentou homologia completa com as cepas North
Korean e India VII; ambas as cepas asiaticas apresentaram uma mutagcao na regiao
C-terminal, posicdo 178, que nao foi detectada nos nossos isolados da Amazonia.
Além disso, observou-se uma mutacéo na regido N-terminal, posicdo 10 (Gly10Ser),
que nunca tinha sido detectada nas sequéncias disponiveis do PubMed, mas que
esta presente em 9,2% das nossas amostras, como isolados Serl10-Leull8 e Serl0-
Vall18. Essa mutacao estava presente em trés localidades distantes (Manaus, Novo
Repartimento e Placido de Castro) e foi mais frequente que a sequéncia da cepa
Brazil | no Novo Repartimento e Placido de Castro. Interessantemente, embora a
distancia de Novo Repartimento, Placido de Castro e Manaus para Oiapoque
poderiam dificultar o fluxo génico e sugerir uma explicacdo para a auséncia desta
mutacao na populagédo Oiapoque, a baixa frequéncia de fluxo génico promovido pela
distancia ndo deve ser a razéo para a auséncia desta mutacao nas populagdes, visto
que Porto Velho, que esta mais perto de Placido Castro (a localidade com maior
frequéncia desta mutagéo), também ndo apresentavam esta mutagao.

Devido ao alto grau de similaridade nao foi possivel determinar a estrutura
genética com base nas localidades, e as sequéncias e os haplétipos ndo poderiam
ser elegiveis para a construcdo de uma arvore filogenética. No entanto, foi possivel
identificar 9 haplotipos diferentes da pvceltos entre os 119 isolados de P. vivax das
regides amazoénicas que foram analisadas. Em relacdo as sequéncias da pvceltos,

observou-se que o haplotipo H1 e H4 estavam presentes em todas as localidades
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estudadas, no entanto, o haplétipo H4 apresentou a maior frequéncia e foi
significativamente maior quando comparado com a referéncia H1. Esses achados
sugerem uma distribuicdo global de parasitas contendo genoétipos de pvceltos
semelhantes. Além disso, a existéncia de mesmos haplotipos em diferentes areas
endémicas de malaria serd importante para a légica de modelos de vacina contra a
malaria.

Assim como outros antigenos de fase pré-eritrocitica, a imunidade focada na
CelTOS depende das respostas imunes humoral e celular (65). Apesar da
reatividade cruzada entre espécies, ja visto em trabalho anterior (64), no qual a
CelTOS de P. falciparum induz protecao de espécies cruzadas no desafio heterélogo
com P. berghei, ha um baixo grau de similaridade entre a CelTOS de P. falciparum e
P. vivax (63%). Além disso, estudos baseados em diversidade genética em
proteinas de superficie de merozoito de P. falciparum, demonstraram que as
mutacBes ndo sinbnimas contribuem para a variabilidade do parasita e proporcionam
uma evasao da imunidade do hospedeiro (101).

Assim, para avaliar os alvos de resposta imune na PvCelTOS e avaliar os
efeitos potenciais de mutacbes ndo sinGnimas sobre a resposta imune contra
PvCelTOS, nés utilizamos abordagens in silico para determinar diferencas em
epitopos de células B e células TCD8" entre a cepa de referéncia (Salvador-1) e os
isolados mutantes da PvCelTOS. Primeiramente, quatro epitopos foram preditos
como epitopos lineares de células B na sequéncia completa de PvCelTOS.
Curiosamente, as mutacdes ndo sindnimas nao modificaram substancialmente o
potencial destes epitopos preditos, afetando pouco a sua pontuacado de predicdo. De
fato, foi demonstrado que as poucas alteracdes de aminoacidos podem afetar a
ligagéo de peptideos a moléculas de MHC, reduzir o reconhecimento pelas células T
ou gerar peptideos antagonistas que inibem a ativacao de células T especificas via
complexo peptideo-MHC [Revisado por (102)]. Por conseguinte, em relagcdo aos
potenciais epitopos de células T, seis epitopos TCD8® foram preditos como
hipotéticos epitopos promiscuos, apresentando uma frequéncia de ligacdo de HLA
superior a 60% e uma classificacdo consenso média inferior a 20. Curiosamente,
PvCelTOS tinha epitopos TCD8" conservados entre todas as diferentes cepas e
isolados, uma vez que ndo existem mutac¢des nao sinénimas inseridas em quaisquer
epitopos de células T preditos. Isto suporta a necessidade de identificar e validar
epitopos de células T de PvCelTOS gque possam ser interessantes em novas

abordagens de vacinas.
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O P. vivax apresenta quase o dobro de diversidade genética em comparacéo
ao P. falciparum em termos de diversidade de SNPs. Isto implica que a populagéo
mundial de P. vivax pode ter uma capacidade para uma maior variacdo funcional,
principalmente em familias de genes associados com a evasao imune e a invasao
dos eritrocitos. No nosso estudo a baixa variacdo na sequéncia do gene PvCelTOS
pode sugerir que este perfil conservado € importante para a sobrevivéncia e a
transmissdo do parasita. Além disso, apesar de alguns estudos mostrarem a
influéncia da selecdo natural positiva sobre a variabilidade genética de outras
vacinas candidatas de P. vivax, como a PvAMA-1, PvDBP e PvTRAP (103-105),
nossos resultados de predicdo de epitopo indicam que o pouco polimorfismo na
CelTOS de P. vivax ndo é mantida através de uma selecédo balanceada relacionada
com a prevencdo do reconhecimento imunologico pelo hospedeiro humano. No
entanto, investigacfes futuras visando a resposta imune celular naturalmente
adquirida e humoral contra antigenos derivados da PvCelTOS sao ainda

necessarios para corroborar o potencial dessa proteina como um candidato vacinal.
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6 CONCLUSOES

Baseado nos resultados deste trabalho verifica-se que:

O gene que codifica a proteina PvCelTOS foi encontrado em 100% das
amostras estudadas na Amazonia Brasileira;

A sequéncia da PvCelTOS apresenta pouca diversidade em relacdo a outros
candidatos vacinais de P. vivax, apresentando um perfil conservado;

Ha uma predominancia da mutacdo sinbnima C109A entre as 5 regides
brasileiras estudadas;

Isolados de P. vivax circulantes em Manaus apresentaram a maior diversidade
(4 SNPs detectados) enquanto os de Porto Velho apresentaram a menor
(apenas um SNP);

Ha um perfeito balanco entre as mutacdes sinbnimas e ndo sinbnimas dentre
0s poucos polimorfismos encontrados em diferentes regides geograficas;

A mutacdo na posicdo 10 (Glyl0Ser) nunca foi detectada nas sequéncias
descritas previamente, mas esta presente em 9,2% dos nossos isolados;

As mutagdes ndo sindbnimas detectadas parecem néo alterar substancialmente
0 potencial antigénico da PvCelTOS;

A PvCelTOS possui potenciais epitopos TCD8" conservados entre todas as
diferentes cepas e isolados, visto a auséncia de muta¢cdes nao sindnimas

inseridas nesses epitopos.
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Abstract

The Plasmodium vivax Cell-traversal protein for ookinetes and sporozoites (PvCelTOS)
plays an important role in the traversal of host cells. Although essential to PvCelTOS prog-
ress as a vaccine candidate, its genetic diversity remains uncharted. Therefore, we inves-
tigated the PvCelTOS genetic polymorphism in 119 field isolates from five different
regions of Brazilian Amazon (Manaus, Novo Repartimento, Porto Velho, Placido de Castro
and Oiapoque). Moreover, we also evaluated the potential impact of non-synonymous
mutations found in the predicted structure and epitopes of PvCelTOS. The field isolates
showed high similarity (99.3% of bp) with the reference Sal-1 strain, presenting only four
Single-Nucleotide Polymorphisms (SNP) at positions 24A, 28A, 109A and 352C. The fre-
quency of synonymous C109A (82%) was higher than all others (p<0.0001). However, the
non-synonymous G28A and G352C were observed in 9.2% and 11.7% isolates. The great
majority of the isolates (79.8%) revealed complete amino acid sequence homology with
Sal-1, 10.9% presented complete homology with Brazil | and two undescribed PvCelTOS
sequences were observed in 9.2% field isolates. Concerning the prediction analysis, the
N-terminal substitution (Gly10Ser) was predicted to be within a B-cell epitope (PvCelTOS
Accession Nos. AB194053.1) and exposed at the protein surface, while the Val118Leu
substitution was not a predicted epitope. Therefore, our data suggest that although G28A
SNP might interfere in potential B-cell epitopes at PvCelTOS N-terminal region the gene
sequence is highly conserved among the isolates from different geographic regions, which
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is an important feature to be taken into account when evaluating its potential as a vaccine
candidate.

Author summary

Cell-traversal protein for ookinetes and sporozoites (CelTOS) presents a pivotal role in
the cell traversal of host cells in mosquito and vertebrate hosts. For this reason, it has been
considered a potential novel alternative for a vaccine against malaria caused by P. falcipa-
rum. However, little is known about its orthologous P. vivax CelTOS. Although the
genetic diversity of this protein could be a limiting factor for acquisition of immunity and
present implications for an effective vaccine development, it has never been explored.
Thus, considering that the epidemiology of malaria in Brazil presents variable transmis-
sion rates and the knowledge on the genetic polymorphism of PvCelTOS remains
unknown, we aimed to identify the pvceltos gene in isolates from five different regions of
the Brazilian Amazon and to study the potential impacts of the genetic diversity of PvCel-
TOS in protein structures and predicted epitopes. Our findings indicate that PvCelTOS is
an extremely conserved protein, presenting only four SNPs in the entire sequences of field
isolates from Brazilian Amazon. The two non-synonymous mutations found in our field
isolates presented no significant effect on the protein structure and a very low impact on
potential T and B-cell epitopes indicated by our epitope prediction. Collectively, our data
suggest that the small need to avoid the immune recognition by the human host and its
importance on the parasite’s survival and transmission reflects a very conservative profile
of pvceltos gene in field samples from Brazil and other endemic areas worldwide.

Introduction

Malaria is an infectious parasitic disease with high prevalence and morbidity. Globally, it is
estimated that 3.2 billion people in 95 countries and territories are at risk of being infected and
develop the disease. In 2015, malaria caused an estimate of 438,000 deaths, mostly in African
children [1]. Among the protozoa species causative of human malaria, Plasmodium vivax,
although less prevalent than P. falciparum in absolute numbers, presents the world’s largest
spread, an increasing morbidity [2] and became the main cause of malaria outside Africa. In
Brazil, although there are three species of Plasmodium that cause malaria (P. falciparum, P.
vivax and P. malariae), approximately 87% of the 142,000 cases reported in 2015 were caused
by P. vivax [3]. Thus, it is extremely important to develop new methods and intervention strat-
egies to block or reduce this transmission.

Significant effort and progress on P. vivax control have occurred over the last years, but the
understanding of P. vivax biology is still crucial to develop potential vaccines and to achieve
the goal of eliminating malaria. The ability of the Plasmodium to recognize, and then invade
hepatocytes or red blood cells, is central to the life cycle and also to the disease process. During
the pre-erythrocytic stage, it is well established that Plasmodium sporozoites migrate through
Kupfter cells and several hepatocytes before finally infecting a hepatocyte. Therefore, antigens
located on the surface of the parasite or specifically in apical organelles of the parasite during
this stage have been suggested as a target for a better understanding of Plasmodium lifecycle
and, consequently possibly used as vaccine [4]. In this context, the Cell-Traversal protein for
Ookinetes and Sporozoites (CelTOS) has been considered a new alternative for vaccine
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development [5,6]. This protein, secreted by micronemes, is important to the success of cell
crossing by sporozoites and ookinetes, and also hepatocyte invasion carried out by sporozoites.
Studies have shown that the disruption of the CelTOS gene encoding, in P. berghei, reduces the
infectivity in the mosquito host and also the infectivity of the sporozoite in the liver, almost
eliminating their ability to cell pass [7]. In addition, the CelTOS is necessary for the motility of
the parasite in both the mosquito vector and the human host, being determinant for the suc-
cess of malaria infections [8]. Recently, studies from Jimah et al. suggested that the CelTOS is
responsible for breaking the cell membranes from the inside of infected human and mosquito
cells to enable the parasites to exit and complete the traversal process (Jimah et al 2016). In
relation to its potential as a vaccine candidate, antibodies against PfCelTOS were able to inhibit
sporozoite traversal of hepatocytes [9], and induce protection in animals [10]. In humans,
PfCelTOS derivative peptides elicited proliferative and IFN-y responses in ex vivo ELISPOT
assays using peripheral blood mononuclear cells (PBMCs) from irradiated sporozoite-immu-
nized volunteers [8] and recombinant PfCelTOS were recognized by naturally acquired anti-
bodies from exposed populations living in highly endemic areas from Africa [11]. However, all
those previous studies used CelTOS protein of P. falciparum and/or P. berghei. Despite the
antigenic and immunogenic properties of PfCelTOS, there is only one recent finding concern-
ing the antigenic potential of its counterpart in P. vivax, the PvCelTOS, whose naturally
acquired antibodies were able to recognize the recombinant protein [12].

Although essential to the development of its potential as a vaccine candidate, there is no
available published data on the identification of pvceltos gene in field isolates and the evalua-
tion of its genetic diversity in endemic areas. In fact, the extensive genetic diversity in natural
parasite populations is a major obstacle for the development of an effective vaccine against the
human malaria parasite, since antigenic diversity limits the efficacy of acquired protective
immunity to malaria [13]. Despite the genetic diversity, which is one of the most prominent
features of P. vivax infections, there is also a paucity of information on celtos gene polymor-
phism. Such data have importance in documenting the parasite genetic diversity changes and
contribute to malaria control interventions in the future. Therefore, we proposed to identify
pvceltos gene isolates from different regions of Brazilian Amazon and to study the potential
impacts of the genetic diversity of PvCelTOS in protein structures and potential epitopes
through bioinformatics tools.

Methods
Study sites and blood sample collection

Most cases of malaria in Brazil are concentrated in the Amazon Region, an endemic area for
the disease [14]. Therefore, the study was carried out in five different regions of Brazilian Ama-
zon (Fig 1). A subset of 81 patients was analyzed out of 312 individuals previously evaluated by
Cavasini et al (2007) [15] (21 individuals from Placido de Castro, 9 individuals from Oiapoque,
25 individuals from Novo Repartimento and 26 individuals from Porto Velho) and, addition-
ally, blood samples were collected from 38 P. vivax infected individuals from Manaus. Thus, a
total of 119 blood samples were used in this study.

Placido de Castro (PLC), is a city 90 km far from the capital of the State of Acre, located in
Western Brazilian Amazon, with a population of 17,334 thousand inhabitants (16% aged
above 18 years, at 153 meters above sea level, with a territorial area of 2,047,000 km?, latitude
of -09° 58 29” and longitude of 67° 48 36”, where the main economic activities are cattle
breeding, rubber agriculture and farming. Active malaria transmission takes place during all
periods of the year.
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Fig 1. Geographical map showing the five study sites and the respective Annual Parasitic Incidence (API)
(SIVEP-Malaria).

doi:10.1371/journal.pntd.0005344.9001

Oiapoque (OIP), Amapa State, located in the Brazilian Eastern Amazon, a mining gold
area, with 17,423 a thousand inhabitants, presenting latitude of 03° 49’ 58” and longitude of
51° 49’ 517,

Manaus (MAO), the capital of Amazonas State, located in the Northern Region of Brazil,
with a population of more than 2 million people. It is the most populous city of Amazonas
state, presenting latitude of -03° 06’ 07” and longitude of -60° 01” 3”.

Novo Repartimento (NR), is a city 600 km far from Belém, capital of the State of Para,
located in Brazilian Eastern Amazon, with 47,197 thousand inhabitants, at 460 meters above
sea level, with a territorial area of 11,407 km?, presenting latitude of 04° 19’ 5” and longitude of
49° 47’ 47”, whose main economic activities are cattle breeding, commerce of manufactured
products and farming. It presents active malaria transmission from January to December, with
around 2,000 heterochthonous and autochthonous cases.

Porto Velho (PVL), capital of the Rondénia State, located in Western Brazilian Amazon,
with a population of 360,068 thousand inhabitants (16% aged above 18 years), at 85 meters
above sea level, with a territorial area of 34,082 km?, latitude of -08° 45’ 43” and longitude of
63° 45° 43”, where the main economic activities are cattle breeding, rubber agriculture, wood
exploration and farming. Active malaria transmission takes place during all periods of the
year. The distances between the study sites are shown in Table 1.
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Table 1. Distance in km between the five study sites.

Distance (km)

Locality OIP MAO NR PVL
oIP -
MAO 1,196
NR 938 1,143
PVL 1,939 760 1,635 -
PLC 2,313 1,119 2,024 393

OIP: Oiapoque, AP; MAO: Manaus, AM; NR: Novo Repartimento, PA; PVL: Porto Velho, RO; PLC: Placido
de Castro, AC.

doi:10.1371/journal.pntd.0005344.t001

All P. vivax participants were enrolled according to the following criteria: sought medical
assistance for clinical malaria symptoms, presented uncomplicated malaria symptoms,
were > 18 years of age, and had a positive P. vivax malaria diagnosis. Pregnant women,
patients < 18 years of age, and P. vivax- and P. falciparum-infected individuals were excluded
from the study. Thin and thick blood smears were examined for the identification of the
malaria parasite by a technician experienced in malaria diagnosis from the Brazilian Malaria
Health Services. Thick blood smears from all of the subjects were stained with Giemsa, and a
total of 200 microscopic fields were examined under a 1,000-fold magnification. Thin blood
smears of the positive samples were examined for species identification. To increase the sensi-
tivity of parasite detection, molecular analyses using specific primers for genus (Plasmodium
sp) and species (P. falciparum and P. vivax) were performed in all of the samples as previously
described. Donors positive for P. vivax and/or P. falciparum at the time of blood collection
were subsequently treated by the chemotherapeutic regimen recommended by the Brazilian
Ministry of Health.

Ethical considerations

The study protocol was approved by the Research Ethics Committee of each locality, which
included obtaining the following patients’ written consents for research use of their blood sam-
ples: Belém (Novo Repartimento/PA): 68473-970; Porto Velho (CEPEN): 76812-329; Rio
Branco (Hospital Geral de Placido de Castro/AC): 69928-000; Oiapoque (Hospital Municipal
do Oiapoque/AP): 68980-000; Manaus (CEP-FIOCRUZ): 346-613. Written informed con-
sents were obtained from all adult donors or from the parents of donors in the case of children.
All the procedures adopted in this study fully complied with specific federal permits issued by
the Brazilian Ministry of Health.

Genomic DNA extraction

The DNA was extracted from blood samples using the QIAamp DNA blood midi kit (QIAgen)
according to the manufacturer’s instructions and stored at -20°C until amplification.

Design of PvCelTOS specific primers

The pvceltos gene is conserved among different species of Plasmodium and to obtain that of P.
vivax, specific primers were designed using standard gene sequences of P. vivax Salvador-1
strain from NCBI database with Accession Nos. AB194053.1. All oligonucleotides were
checked for specificity by using the Primer-BLAST tool provided by the National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). The forward
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primer (5-CCCCCAAAGGCAAAATGAACAA-3’) corresponded position 20 to 41 of the
pvceltos gene sequence and the reverse primer (5-AACTCATCTTCAGCTTCTTCCTC-3)
corresponded to position 569 to 547. The specific primers were chemically synthesized to per-
form PCR reaction and DNA sequencing.

PCR amplification of pvceltos gene

The pvceltos gene was amplified in a conventional PCR method using the pair of primers
PvCelTOS 5—CCCCCAAAGGCAAAATGAACAA—3’ (forward) and PvCelTOS 5—AACT
CATCTTCAGCTTCTTCCTC—3’ (reverse). Amplification of the pvceltos gene was conducted
in a reaction volume of 25 uL using 1 uL of DNA, 10 pmol/pL of each primer and the Master
Mix kit (Promega) containing Taq DNA polymerase, PCR buffer and 10 nmol of each deoxy-
nucleotide triphosphate (ANTP, Promega, Madison, WI USA). The conventional PCR reac-
tions were carried out using a GeneAmp PCR system 9700 (Applied Biosystem) and the
cycling conditions were as follows: one step at 95°C for 2 min.; 30 cycles at 95°C for 1 min.,
57°C for 1 min. and 72°C for 1 min.; and a last step at 72°C for 1 min. In all reactions two neg-
ative controls were used (one without DNA and other with DNA extracted from in vitro cul-
ture of P. falciparum PSS1 strain) and a positive control (P. vivax-infected sample). To confirm
the presence of DNA from the in vitro culture of P. falciparum and that the lack of amplifica-
tion was due the specificity of the primers for PvCelTOS, we performed the amplification of
the P. falciparum P126 gene fragment and electrophoresis as previously described [16]. More-
over, three P. vivax-infected samples from our study sites were randomly chosen. Five uL of
PCR product were submitted to electrophoresis in 2% agarose gel (Sigma) in 1x TAE buffer
(0.04 M TRIS-acetate, 1 mM EDTA) in the presence of 10x GelRed nucleic acid stain (Bio-
tium) and afterwards the products were visualized by ultraviolet (UV) illumination. Sizing of
products was performed using a GeneRuler 100 bp Plus DNA Ladder (Thermo Scientific).
Then, PCR fragments were purified using the GE Healthcare Lifesciences kit according to the
manufacturer’s protocol and sequenced.

DNA sequencing and polymorphism analysis

The specificity of the assay was confirmed by sequencing the PCR products from all positive
samples using a Big Dye terminator sequencing kit (Applied Biosystems) following the manu-
facturer’s instructions. The DNA sequencing was carried out on the 3730xl DNA analyzer
(Applied Biosystems) and the results were analyzed using DNASTAR’s sequence alignment
software to identify polymorphism relative to the Sal-1 reference sequence from NCBI.

3D model and electrostatic analysis of PvCelTOS

The 3D structure of PvCel TOS was predicted using the Robetta algorithm [17]. The amino
acid sequence was retrieved from NCBI under Accession Nos. AB194053.1. The Robetta is an
automated algorithm for predictions of the 3D structure of proteins through ab initio and
comparative modeling. The first step is the search for structural homologs using BLAST [18]
or PSI-BLAST [19]. In the protein sequence, the target primary structure is broken down into
separated domains, or independently folding units of proteins, by comparing the sequence to
structural families in the Pfam database [20]. Domains with homolog structures follow a tem-
plate-based modeling protocol. The final five structures are selected by taking the lowest
energy models as determined by the Rosetta energy function. The electrostatic surface was cal-
culated with the Adaptive Poisson-Boltzmann Solver (APBS) software [21] integrated with
Pymol. The APBS software solves the Poisson-Boltzmann equation in order to describe
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electrostatic interactions between solute in aqueous solution. Continuous electrostatics plays a
very important role in determining ligand-protein and protein-protein binding kinetics.

Prediction of linear B-cell and T-cell epitopes

The prediction of linear B-cell epitopes was carried out using the program BepiPred [22]. This
software takes a single sequence in FASTA format input and each amino acid receives a pre-
diction score based on Hidden Markov Model profiles of known antigens and incorporates
propensity scale methods based on hydrophilicity and secondary structure prediction. For
each input sequence the server outputs a prediction score. The positions of the linear B-cell
epitopes are predicted to be located at the residues with the highest scores. In order to consider
a given region as a valid linear B-cell epitope for PvCelTOS, the cut-off value of 0.35 was used
to warrant similar values of specificity (0.75) and sensitivity (0.49). Therefore, the epitope
score represents the average of the scores of at least eight consecutive amino acids above the
cut-off, and the sequences with higher mean values were chosen as potential linear epitopes.

The differential binding of T-cell epitopes spanning the full PvCelTOS sequence were made
on 4/18/2016 using the IEDB analysis resource Consensus tool [23] which combines predic-
tions from ANN aka NetMHC (3.4) [24,25], SMM [26] and Comblib [27]. Considering lengths
of 9 mers, the prediction score of each length was evaluated against 26 of the most frequent
HLA alleles (HLA-A*01:01; HLA-A*02:01; HLA-A*11:01; HLA-A*23:01; HLA-A*25:01;
HLA-A*26:01; HLA-A*30:01; HLA-A*31:01; HLA-A*32:01; HLA-A*68:01; HLA-B*08:01;
HLA-B*15:01; HLA-B*18:01; HLA-B*35:01; HLA-B*38:01; HLA-B*39:01; HLA-B*40:01;
HLA-B*46:01; HLA-B*48:01; HLA-B*51:01; HLA-B*53:01; HLA-B*57:01; HLA-B*58:01;
HLA-C*04:01; HLA-C*05:01; HLA-C*07:01). Peptides with median consensus percentile rank
20.0 as predicted binders and at least 60% of HLA binding frequency was considered potential
T-cell epitopes.

Statistical analysis

The one-sample Kolmogorov-Smirnoff test was used to determine whether a variable was nor-
mally distributed. Differences in proportions of haplotypes frequencies between studied locali-
ties were evaluated by the Fisher’s exact test using Prism 5.0 for Windows (GraphPad
Software, Inc.). A two-sided P value < 0.05 was considered significant. Sequences were aligned
using CLUSTAL X2 and the number of segregation sites (S), number of haplotypes, nucleotide
diversity (r) and haplotype diversity were computed using DnaSP v5 [28]. The Tajima’s D test
[29] for determining departure from the predictions of the neutral theory of evolution was also
estimated with DnaSP v5. The genetic differentiation between populations was investigated
evaluating the rate of fixation (Fgr) by analysis of molecular variance (AMOVA) implemented
in ARLEQUIN v3.5.2.2 [30] and significances were estimated using 10,000 permutations. The
significance level was adjusted by Bonferroni correction for multiple tests.

Results

Standardization and molecular characterization of PvCelTOS in the
studied regions

In order to identify the gene encoding the PvCelTOS in isolates from Brazilian endemic areas,
119 blood samples from infected individuals living in the cities of Porto Velho, Placido de Cas-
tro, Manaus, Novo Repartimento and Oiapoque had the DNA extracted and subjected to
molecular diagnosis by PCR. The primers designed from the Primer-BLAST program and
PCR analysis by agarose gel revealed the amplification in 100% samples. All field isolates
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1 2 3 4 5 6 7 8 9

Fig 2. PCR amplification of the pvceltos gene. Fig 2 shows in Lane 1: 100 bp Molecular Marker; Lane 2:
Negative control (water); Lane 3: In vitro culture of P. falciparum (amplification with PvCelTOS primers); Lane
4: In vitro culture of P. falciparum (amplification with p126 primers); Lane 5: PCR positive control (P. vivax-
infected sample); Lanes 6, 7 and 8: samples; Lane 9: 100 bp Molecular Marker.

doi:10.1371/journal.pntd.0005344.9002

presented only one type of fragment corresponding to 550 base pair (bp). In addition to these
samples, P. falciparum specimens were also tested, but proved negative for PCR amplification
of the pvceltos gene (Fig 2). Therefore, the 119 samples from individuals infected with P. vivax
amplified by PCR were subjected to sequencing reactions in order to screen the possible single
nucleotide polymorphisms of the gene encoding the PvCelTOS.

Pvceltos gene is highly conserved among field isolates, but presents few
synonymous and non-synonymous mutations at specific positions

Standard gene sequences of P. vivax Salvador-1 (Sal-1) encoding PvCelTOS were aligned to
sequences from different regions of Brazilian Amazon isolates. Identification of variants and
novel haplotypes was done and our interpretations were confirmed with available standard
gene sequence of the P. vivax CelTOS in PubMed database. The polymorphism identification
in the gene encoding the PvCelTOS from our studied regions revealed that all isolates had a
high degree of similarity in relation to base pair alignments with the reference strain (99.3%).
However, from the 550 bp sequenced and aligned, four nucleotide bases (0.7%) presented
mutations in specific bp positions (24, 28, 109 and 352), shown in Table 2. Interestingly, we
did not detect point mutations in a single field or geographic area and all SNPs were present in
at least two isolates and two sampling localities. Even with the high conservation degree of
pveeltos gene sequence, 85% of the studied isolates presented at least one SNP in relation to the
reference strain. As shown in Fig 3a, the synonymous mutation C109A was present in 82%
field isolates and was significantly higher than all other 3 mutations (p<0.0001), while the
other synonymous mutation C24A was the least frequent mutation. Two non-synonymous
mutations, G28A and G352C, which represent the substitution of Glycine for Serine and
Valine for Leucine, respectively, were also detected in frequencies of 9.2% and 11.7%, respec-
tively. In addition, regarding the endemic areas studied, the higher frequency of C109A was
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Table 2. Mutations and corresponding amino acid substitutions in pvceltos gene.

Sequences Nucleotide position
22to 24 2810 30 109 to 111 352 to 354
Wild Type CCC GGC CGG GTG
Mutants --A A-- A-- C--
Amino acid position
8 10 37 118
Wild Type Pro Gly Arg Val
Mutants - Ser Leu

Nucleotide and amino acid positions

doi:10.1371/journal.pntd.0005344.t002

maintained in all localities. Manaus presented the highest diversity, since we detected all four
mutations among the 38 samples, while Porto Velho presented the lowest diversity, with only
the synonymous mutation C109A. Lastly, in field isolates from Placido de Castro, the non-syn-
onymous SNP G352C was also significantly higher than C24A (p = 0.0086) and G28A

(p = 0.0480), while in all other localities this predominance did not occur (Fig 3b).

PvCelTOS haplotype frequency in field isolates

Only 18 isolates (15%) maintained their sequences identical to the reference strain in positions
24, 28,109 and 352 (H1 = CGCQG). Furthermore, the mutations resulted in nine different hap-
lotypes (H2 = AGCG; H3 = CACG; H4 = CGAG; H5 = CAAG; H6 = CGAC; H7 = AGAG,

H8 = CAAC; H9 = AAAG), whose frequencies are shown in Table 3. Among all field isolates
studied the haplotype H4 presented the highest frequency and was significantly higher when
compared to the reference H1 (p<0.0001). On the other hand H2 (p<0.0001), H3

(p = 0.0002), H5 (0.0328), H7 (p = 0.0028), H8 (p<0.0001) and H9 (p<0.0001) presented sig-
nificantly lower frequencies when compared to H1. However, regarding these haplotypes
obtained from human isolates from the Amazon regions, we could not determine a genetic

al 100% b 100%
90% xx 90%
80% %/ 80%
70% / 70%
60% / 60%
> / >
g 50% / 2 50%
s / g
L o30% / = 30%
20% / 20%
s / 10%
0% - 0% ; ;
C109A | G352C Manaus Novo Repartimento Placido de Castro Porto Velho Oiapoque
Single Nucleotide Polymorphisms (n=38) (n=25) (n=21) (n=26) (n=9)

MSNPsC24A [EOSNPsG28A  HAASNPsCl09A  HSNPsG352C

Fig 3. Analysis of genetic diversity of PvCelTOS in Plasmodium vivax isolates. (A) Fig A represents four mutations in
specific bp positions (24, 28, 109 and 352). (B) The graphic represents the frequency of mutations in isolates from each
studied locality. The black bar indicates the synonymous mutation C24A,; the gray bar, the non-synonymous mutations
G28A,; the striped bar, the synonymous mutation C109A and the white dotted bar represents the non-synonymous G352C.
(*) Indicates that the differences between the frequency of SNP C109A was higher than that of other mutations by exact

test and (+) indicates that the frequency of SNP G352C was higher than the frequency of SNPs C24A and G28A by
Fisher’s. (*): p<0.05; (**): p<0.01; (***): p<0.0001.

doi:10.1371/journal.pntd.0005344.g003
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Table 3. Distribution of PvCelTOS haplotypes among five studied localities of Brazilian Amazon.
Haplotypes PvCelTOS—n (%) (Nucleotide positions 24, 28, 109 and 352—CGCG)

Locality Ref. strain—H1 | H2 (AGCG) | H3 (CACQG) H4 (CGAG) H5 H6 (CGAC) | H7 (AGAG) | H8 (CAAC) | H9 (AAAG)
(CGCG) (CAAG)
Manaus (n = 38) 5(13.1%) 1(2.6%) - 22 (57.8%) *** | 4(10.5%) | 3(7.9%) 3(7.9%) - -
Novo Repartimento 3(12%) - 1(4%) 16 (64%) *** 1(4%) 3(12%) - 1(4%) -
(n=25)
Placido de Castro 3(14.3%) - 1(4.8%) 10 (47.6%)* - 7 (33.3%) - - -
(n=21)
Porto Velho (n = 26) 6 (23.1%) - - 20 (76.9%) *** - - - - -
Oiapoque (n=9) 1(11.1%) - - 4 (44.4%) 2 (22.2%) - 1(11.1%) - 1(11.1%)
Total (n=119) 18 (15.1%) 1(0.8%)*** | 2 (1.7%) *** | 72 (60.5%) *** | 7 (5.9%) * | 13 (10.9%) | 4 (3.4%) ** | 1 (0.8%) *** | 1 (0.8%) ***

The values represent the number and frequency (%) of found haplotypes on each studied locality. H4 represents the consensus sequence. (*) Indicates
that the difference between the frequencies of mutate haplotype and reference strain (H1) was significant by Fisher’s exact test.

(*): p<0.05;

(**): p<0.01;

(***): p<0.0001.

doi:10.1371/journal.pntd.0005344.t003

structure based on the localities. Therefore, we observed that H1 and H4 were present in all
studied localities while H2, H8 and H9 were detected in only a single locality (Manaus, Novo
Repartimento and Oiapoque respectively). Even though the haplotypes could not be segre-
gated according to their geographic origin, Manaus and Novo Repartimento presented the
highest diversity of field isolates with six different haplotypes, while Porto Velho presented the
lowest diversity, with only two haplotypes, which were common to all localities (H1 and H4).
Interestingly, despite the difference in number of field isolates, Oiapoque presented a high
diversity of pvceltos gene sequence with five haplotypes while only four different haplotypes
were detected in Placido de Castro (Table 3). Due to the very high similarity among sequences
from different geographic origins and the consequent lack of phylogenetic signal, it was not
possible to analyze the haplotypes in reliable clades.

Population genetic analysis

We sequenced pvceltos gene (positions 19-569) of 119 samples collected from five regions of
Brazilian Amazon. From the alignment with reference strain (Sal-1), four distinct SNPs were
identified. Two SNPs were synonymous (C24A and 109A) and two were non-synonymous
(G28A and G352C). The nucleotide diversity () for pvceltos of 119 sequences analyzed was
0.00141 + 0.00014. The highest nucleotide diversity was observed in the Oiapoque group
(0.00202 + 0.00044), followed by the Placido de Castro group (0.00161 + 0.00029). Among
all 5 populations, Porto Velho sequences displayed the lowest nucleotide diversity
(0.00067 £ 0.00017) as expected, since only one SNP was detected in this group (Table 4). Sim-
ilarly, parasites from Oiapoque presented the highest estimate of haplotype diversity (H,)
(0.806 + 0.014) whereas parasites from Porto Velho showed the lowest H; (0.369 + 0.091).
Haplotype diversity was similar among the other studied areas (Table 4). The Tajima’s D test
was performed to asses if there is selective pressure on the pvceltos gene. Although the Tajima’s
D values ranged between -0.279 and 0.699, tests showed no significant departures from neu-
trality in all studied areas, indicating no significant selection in the pvceltos gene (Table 4).
Pairwise comparisons between each parasite population were performed using the Fgr sta-
tistics to check whether there was indicative of genetic differentiation between parasite
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Table 4. Comparison of genetic diversity among isolates from Brazil.

No. of segregating sites (S) | No. of haplotypes | Haplotype diversity (Hy) | Nucleotide diversity () | Tajima’s test

Novo Repartimento 3 6 0.58 0.00142 -0.045"
Manaus 4 6 0.66 0.00153 -0.279"
Oiapoque 3 5 0.81 0.00202 0.025"
Porto Velho 1 2 0.37 0.00067 0.699"°
Placido de Castro 3 4 0.67 0.00161 0.163"
All samples 4 9 0.61 0.00141 0.077"

The extent of pvceltos gene sequence corresponds to nucleotides 19-569 (reference clone Sal-1).
": not significant (p > 0.10).

doi:10.1371/journal.pntd.0005344.1004

populations, but all Fgr values were non-significant, suggesting lack of genetic differentiation
between the studied populations (Table 5).

Non-synonymous mutations reveal low diversity of PvCelTOS protein
sequence in relation to genome sequences available worldwide

The detected non-synonymous mutations characterized the specific amino acid substitutions
in positions 10 (Glycine for Serine) and 118 (Valine for Leucine). As observed in the protein
sequence alignments, PvCelTOS also presented high amino acid sequence conservation
degree, since only 24 isolates (19.2%) presented non-synonymous mutations and had different
sequences in comparison with the reference Sal-1 strain, whose frequency was significantly
higher than all other protein sequences found in our field isolates (79.8%; p<0.0001). There-
fore, we subsequently aligned the protein sequence of these mutant field isolates in relation to
other three hypothetical CelTOS protein derivatives from P. vivax genome data available in
PubMed protein database (Fig 4a). Only 13 isolates (10.9%) presented sequences identical to
Brazil I strain and none of our field isolates presented complete homology with North Korean
and India VII strains, however both Asian strains also presented mutations in C terminal
region at position 178 (Lysine for Threonine) that was not detected in our Amazon isolates.
Interestingly, the N-terminal mutation at position 10 (Gly10Ser) was never detected in avail-
able sequences, but it was present in 9.2% of our field samples. Regarding the five regions stud-
ied, all isolates from Porto Velho presented full homology with Sal-1 amino acid sequence,
while in other regions the frequencies of mutant sequences ranged from 21% to 44% (Fig 4b).
Noting the diversity identified following the pvceltos gene, our data indicate that it is limited in
isolates from different regions of the Brazilian Amazon. However, these two non-synonymous
mutations found may have an impact on the protein folding and also influence its potential as
an epitope.

Table 5. Genetic differentiation between samples from Brazil, measured by pairwise Fst values.

Novo Repartimento Manaus Oiapoque Porto Velho
Novo Repartimento - - - -
Manaus -0.015 - - -
Oiapoque 0.056 0.010 - -
Porto Velho 0.036 0.015 0.196 -
Placido de Castro -0.004 0.048 0.143 0.123

The Fst values are not significant after Bonferroni correction (p > 0.05).

doi:10.1371/journal.pntd.0005344.t005
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a)

Region1 - Nt Region 2 - Central Region3 - Ct
Sequence ID r I 1\ I Y ) Haplotypes Freq.
. i 10 30 81 118 130 171 178 19
| Sal-1(XP_001617263.1) MHLFNKPPKGKMNKVNRVSIICAFLALFCF  DNIANEIVSSLQKDSASFLQSGFDVKTQLKATAKKVLVEALKAALEPTEK  TIWEYESKGSLEEEEAEDEFSDELLD ~ h1-h2-hd-h7  79.8%
MHLFNKPPKGKMNKVNRVSIICAFLALFCF  DNIANEIVSSLQKDSASFLQSGFDVKTQLKATAKKVLEEALKAALEPTEK  TIWEYESKGSLEEEEAEDEFSDELLD h6 10.9%
North Korean (KMZ96916.1) MHLFNKPPKGKMNKVNRVSIICAFLALFCF  DNIANEIVSSLQKDSASFLQSGFDVKTQLKATAKKVLVEALKAALEPTEK  TIWEYESGSLEEEEAEDEFSDELLD - 0
India VIl (KMZ278086.1)  MHLFNKPPKGKMNKVNRVSIICAFLALFCF  DNIANEIVSSLQKDSASFLQSGFDVKTQLKATAKKVLIEALKAALEPTEK  TIWEYESJGSLEEEEAEDEFSDELLD 0

MHLFNKPPKEKMNKVNRVSIICAFLALFCF  DNIANEIVSSLQKDSASFLQSGFDVKTQLKATAKKVLVEALKAALEPTEK  TIWEYESKGSLEEEEAEDEFSDELLD ~ h3-h5-h9 8.4%
Isolates Ser10-Leu118 MHLFNKPPKEKMNKVNRVSIICAFLALFCF  DNIANEIVSSLQKDSASFLQSGFDVKTQLKATAKKVLIEALKAALEPTEK  TIWEYESKGSLEEEEAEDEFSDELLD h8 0.8%

b)
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Fig 4. Alignment of protein sequences and frequency of mutations on field isolates. (A) CelTOS protein derivatives from P. vivax
genome. The yellow mers represent the reference strain and the red mers the described mutate amino acid. (B) Frequencies of mutations in
isolates from different Brazilian Amazon regions, where the colors blue, red, yellow and green represent genome identical to strains Sal-1;
Brazil | and mutant isolates Ser10-Leu118 and Ser10-Val118, respectively.

doi:10.1371/journal.pntd.0005344.9004

Non-synonymous mutations could modify the potential of predicted B-
cell epitopes but not for T¢pg, epitopes.

Fig 5a depicts the electrostatic potential around the mutations. The region encompassing
Arg37 shows a strong negatively charged surface. The Lys178 position showed the same nega-
tive pattern, while Val118 and Gly10 are positively charged. Pro8 region is mostly neutral.
Arg37 and Vall18 are part of a stable alpha helix structure, whereas Pro8, Gly10, and Lys178
belong to flexible loop structures. Also, all residues are exposed to the surface, except Arg37
which is hidden inside the negative pocket. As shown in Fig 5b four high scored potential lin-
ear epitopes with at least eight amino acids were identified in the entire protein sequence
(Lys6-Asn13; Gly38-Arg57; Ile136-Glu143 and Lys166-Ser191). The prediction scores ranged
from 0.97 to 1.17 and no immunodominant epitopes could be identified by this approach.
Considering that two of non-synonymous mutations were inserted in predicted B-cell linear
epitopes (Gly10Ser and Lys178Thr), we analyzed the prediction scores of mutate epitopes.
Interestingly, the C-terminal mutation Lys178Thr, observed only in Asian strains, North
Korean (KMZ96916.1) and Indian VII (KMZ78086.1), resulted in a slight increase of the pre-
dicted score; while the N-terminal mutation Gly10Ser, observed in our Brazilian isolates
Ser10-Vall18 and Ser10-Leul18, resulted in a decrease of the predicted score for an epitope
(Fig 5b). On the other hand, the predicted Tcpsg, epitopes were conserved among all known
strains and isolates, once non-synonymous mutations were not observed inside these epitopes.
Analyzing the full sequence of PvCelTOS, six Tcpg, predicted epitopes presented consensus
score smaller than 20 and were predicted to be recognized by more than 60% of analyzed HLA
(Fig 5b). Among these epitopes, the sequence RVSEDAYFL (PvCelTOS;g3.191) wWas considered
a potential promiscuous Tcpsg. epitope, since it was predicted as bonded by 81% of evaluated
HLAs and presented a mean consensus score of 11.81. However, the potential of predicted epi-
topes as target of immune response and the effects of mutations on immune response against
PvCelTOS remain unexplored.
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Fig 5. Modeling structure and In silico analysis of PvCelTOS. (A) Synonymous and non-synonymous mutations were illustrated by blue
title and red title, respectively, on 3D structure of PvCelTOS. The red and blue clouds represent the negative and positive surface,

respectively. (B) Synonymou

s and non-synonymous mutations found in our population and other described mutations are illustrated by blue

bars and red bars, respectively, on PvCelTOS structure. The blue lines represent predicted linear B-cell epitopes and the red lines represent
predicted T¢ps, epitopes. On both (B and T predicted epitopes) the letter and number of each epitope indicate the C-terminal and N-terminal

amino acid. The BepiPred va
number). The IEDB MHC-1in

lues represent the predicted score of linear B-cell epitope in wild type haplotype (H1) and mutate strain (red
dicates the mean binding prediction score of Tcpg, epitopes and respective HLA binding frequency among 27

evaluated HLA. No differences of prediction T-cell epitopes are observed between wild types or mutate PvCelTOS.

doi:10.1371/journal.pntd.0005344.9g005

Discussion

Cell-traversal protein for ookinetes and sporozoites (CelTOS) has been considered a potential
novel alternative for a vaccine against malaria. Although the biological function is not
completely elucidated, its pivotal role in the cell traversal of host cells in mosquito and verte-
brate host is important to a successful hepatocyte traversal and infection. Immunologic studies
have demonstrated that CelTOS is target of naturally acquired cellular [8] and humoral
response in exposed individuals [9]. However, one of the major obstacles to malaria vaccine
development is still the low efficiency in inducing protection, which, in part, can be explained
by genetic polymorphisms encoding different proteins used as immunogens [31]. In this con-
text, the genome sequence of various organisms and the advances in bioinformatics have revo-
lutionized the field of vaccinology, allowing the identification of vaccine candidates presenting
low antigenic variation. Actually, several studies concerning the genetic diversity of Plasmo-
dium spp. have described P. vivax and the gene coding for antigenic determinants such as cir-
cumsporozoite surface protein (CSP) [32], Merozoite Surface Proteins (MSP) [33], Duffy
Binding Protein (DBP) [34] and Apical Membrane Antigen-1 (AMA-1) [35]. (Reviewed by
[36]). In fact, the genetic diversity of these proteins in hyperendemic areas has been described
as a limiting factor for the rapid acquisition of protective immunity, and as a consequence for
the development of an effective vaccine. Moreover, the antigenic polymorphism of P. vivax
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vaccine candidates has been little discussed in unstable transmission areas such as the Brazilian
endemic areas. Thus, considering that the epidemiology of malaria in Brazil presents unstable
transmission and the knowledge about the genetic polymorphism of PvCelTOS remains
unknown, we aimed to identify the pvceltos gene in isolates from different regions of the Brazil-
ian Amazon and to study the potential impacts of the genetic diversity of PvCelTOS in protein
structures and predicted epitopes.

The identification and evaluation of the genetic diversity of pvceltos gene in isolates from
different geographic regions has not been previously studied and this was the first report.
Despite the large distance among the studied localities and the possible existence of a gene
flow of Plasmodium vivax genome among the studied populations which, associated with
migration of people, could promote the gene flow of the parasite [37], our first results showed
that pvceltos gene is highly conserved, presenting only 4 SNPs along its entire sequence, 2 syn-
onymous and 2 non-synonymous mutations. This high conservation degree was expected,
once it has been shown that CelTOS amino acid sequence is partially conserved even among
three different Plasmodium species (P. vivax, P. falciparum and P. berghei) [7]. In relation to
specific P. vivax celtos gene, there is a paucity of information available. In fact, it was described
for only four different strains used in complete genome studies: Sal-1, Brazil I, North Korean
and India VII. Therefore, even with the high conservation degree of pvceltos gene sequence in
relation to the reference strain Sal-1, all these strains also presented at least one SNP. In our
studied isolates, the synonymous mutation C109A was predominant and significantly higher
than all other 3 mutations found, while the other synonymous mutation C24A was the least
frequent mutation. It is important to mention that this predominant mutation (C109A) is also
present in human P01 strain, a new reference genome for P. vivax from an Indonesian clinical
isolate [38]. Classically, synonymous changes were thought to have no effect on the protein
and were called silent, however, recent studies show that even synonymous nucleotide changes
can affect protein folding and function [39-41] (Reviewed by [42]). Indeed, in most of the
gene encoding proteins, the rate of synonymous substitutions is higher than the rate of non-
synonymous substitutions, a condition known as purifying selection, and this has been dem-
onstrated in other Plasmodium proteins, such as PPAMA-1 [43]. Interestingly, in relation to
pvceltos we observed a perfect balance of synonymous and non-synonymous substitutions in
the few polymorphisms found in all gene sequences among geographically distinct isolates.

This balance and the low diversity observed could raise at least two hypothesis: firstly, a pos-
sible low selective pressure of the immune system against this antigen, which can be corrobo-
rated by recent findings from Longley and colleagues that demonstrated a low frequency of
naturally acquired antibodies against PvCelTOS in comparison with other sporozoite antigens
such as CSP [44]; secondly, the high importance of this protein in sporozoite and ookinetes
traversal process could be a consequence of this high conserved profile observed in the
sequences of our study. Therefore, aiming to evaluate the degree of diversity of PvCelTOS in
different field isolates from Brazilian Amazon, we also compared the amino acid sequence of
each field isolate with the reference strain (Sal-1) and the three other hypothetical CelTOS pro-
tein derivatives from P. vivax genome (Brazil I, North Korean and India VII). Curiously, our
isolates presented higher similarity in relation to the reference strain than to Brazil I strain
which presented identical sequences in only 13 isolates. Additionally, none of our field isolates
presented complete homology with North Korean and India VII strains, both Asian strains
presented a mutation in C terminal region at position 178 that was not detected in our Ama-
zon isolates. Moreover, we observed an N-terminal mutation at position 10 (Gly10Ser), which
had never been detected in available sequences, but was present in 9.2% of our field samples,
as isolates Ser10-Leul18 and Ser10-Val118. This mutation was present in three distant study
localities (Manaus, Novo Repartimento and Placido de Castro) and it was more frequent than
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the sequence of Brazil I strain in Novo Repartimento and Placido de Castro. Interestingly,
although the distance from Novo Repartimento, Placido de Castro and Manaus to Oiapoque
could difficult the gene flow and thus explain the absence of this mutation in Oiapoque popu-
lation, the low frequency of gene flow promoted by the distance would not be the reason for
the absence of this mutation in populations; since Porto Velho, which is closer to Placido Cas-
tro (the locality with the highest frequency of this mutation), did not present this mutation.

Unfortunately, due to this high similarity degree we could not determine a genetic structure
based on the localities, and the sequences and haplotypes could not be eligible to construct a
phylogenetic tree. However, it was possible to identify 9 different haplotypes of pvceltos among
the 119 P. vivax field isolates from the Amazon regions that were analyzed. Regarding the
pveeltos sequences, we observed that haplotype H1 and H4 were present in all studied localities,
however haplotype H4 presented the highest frequency and was significantly higher when
compared to the reference H1. These findings suggest a global distribution of parasites con-
taining similar pvceltos genotypes. Moreover, the existence of the same haplotypes in different
malaria endemic areas will be important for the rationale of malaria vaccine designs.

Like other antigens of pre-erythrocyte stage, the immunity focused on CelTOS depends on
humoral and cellular immune responses [10]. Antibodies induced by immunization with P.
berghei CelTOS were able to recognize live as well as fixed P. berghei sporozoites [10] and
immunization with P. falciparum CelTOS elicits cross-species protection against heterologous
challenge with P. berghei [9]. Despite this cross-species reactivity, the low degree of similarity
between the P. falciparum and P. vivax CelTOS (63%), and the knowledge that the protection
can be reduced by depleting T-cell subsets in immunized animals prior to the sporozoite chal-
lenge thus eliminating the contribution of cellular components in protection [10], make cru-
cial the evaluation of both arms of the adaptive response against PvCelTOS to validate it as a
vaccine candidate. Additionally, studies based on the genetic diversity of P. falciparum mero-
zoite surface proteins, have demonstrated that non-synonymous SNPs contribute to the vari-
ability of the parasite and provide escape from host immunity [45]. Thus, to assess the targets
of immune response in PvCelTOS and evaluate the potential effects of non-synonymous muta-
tions on immune response against PvCelTOS, we used in silico approaches to determine differ-
ences on predicted Tcpg, epitopes and linear B-cell epitopes among the reference strain
(Salvador-1) and mutant PvCelTOS. Firstly, four epitopes were predicted as linear B-cell epi-
topes on full sequence of PvCelTOS. Interestingly, non-synonymous mutations could modify
the potential of these predicted epitopes, once the N-terminal and C-terminal described non-
synonymous mutations (Glyl0Ser and Lys178Thr) were inserted in predicted linear B-cell epi-
topes and affected its prediction score. We hypothesize that this finding could not justify the
low frequency of responders observed in the unique work that evaluated the natural immune
response against PvCelTOS on exposed individuals from Western Thailand [44], but it could
indicate the genetic diversity of Plasmodium vivax and therefore, its possible effects on
immune response can be considered in future studies. Moreover, it has been demonstrated
that few amino acid changes can prejudice the binding of peptides to MHC molecules, reduce
recognition by T cells or generate antagonistic peptides that inhibit activation of specific T
cells by the MHC-peptide complex (Reviewed by [42]). Therefore, in relation to potential T-
cell epitopes, six Tcpg, epitopes were predicted as hypothetical promiscuous epitopes, present-
ing an HLA binding frequency higher than 60% and a mean consensus rank smaller than 20.
Curiously, PvCelTOS has conserved Tcpg., epitopes among all different strains and isolates;
once there are not non-synonymous mutations inserted on any predicted T-cell epitope. This
finding allied to the showed cellular response to Plasmodium falciparum CelTOS in exposed
individuals [8] supports the necessity to identify and validate PvCelTOS T-cell epitopes that
could be interesting on new vaccine approaches.
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P. vivax displays almost twice as much genetic diversity as P. falciparum in terms of SNP
diversity and gene family variability. This implies that the global population of P. vivax may
have a capacity for greater functional variation, mainly in gene families associated with
immune evasion and erythrocyte invasion. In summary, our findings in PvCelTOS indicate
that the very low variations in gene sequences could suggest that this conservative profile is
important to the parasite’s survival and transmission. Moreover, although some studies have
shown the influence of positive natural selection on genetic variability of other P. vivax vaccine
candidates such as PvAMA-1, PvDBP and PvTRAP [46-48], our epitope prediction results
indicate that the few CelTOS polymorphism in P. vivax is not maintained by balancing selec-
tion related to avoidance of immune recognition by the human host. However, future investi-
gations aiming the naturally acquired cellular and humoral immune response against
PvCelTOS derived antigens are still needed to corroborate the potential of PvCelTOS as a vac-
cine candidate.

Genes and protein sequences used

Plasmodium vivax pvCelTOS mRNA for Pv cell-traversal protein, complete CDs. Accession
number: AB194053.1; S4 [Plasmodium vivax Sal-1] Accession number: XP_001617263.1;
Hypothetical protein PVBG_00206 [Plasmodium vivax Brazil I] Accession number:
KMZ84426.1; Hypothetical protein PVNG_01740 [Plasmodium vivax North Korean] Acces-
sion number: KMZ 96916.1; Hypothetical protein PVIIG_00773 [Plasmodium vivax India
VII] Accession number: KMZ 78086.1
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Brazil

The cell-traversal protein for ookinetes and sporozoites (CelTOS), a highly conserved
antigen involved in sporozoite motility, plays an important role in the traversal of host cells
during the preerythrocytic stage of Plasmodium species. Recently, it has been considered
an alternative target when designing novel antimalarial vaccines against Plasmodium
falciparum. However, the potential of Plasmodium vivax CelTOS as a vaccine target is
yet to be explored. This study evaluated the naturally acquired immune response against
a recombinant R, vivax CelTOS (PvCelTOS) (IgG and IgG subclass) in 528 individuals
from Brazilian Amazon, as well as the screening of B-cell epitopes in silico and peptide
assays to associate the breadth of antibody responses of those individuals with exposi-
tion and/or protection correlates. We show that PvCelTOS is naturally immunogenic in
Amazon inhabitants with 94 individuals (17.8%) showing specific IgG antibodies against
the recombinant protein. Among responders, the IgG reactivity indexes (RIs) presented
a direct correlation with the number of previous malaria episodes (p = 0.003; r = 0.315)
and inverse correlation with the time elapsed from the last malaria episode (p = 0.031;
r=-0.258). Interestingly, high responders to PvCelTOS (RI > 2) presented higher number
of previous malaria episodes, frequency of recent malaria episodes, and ratio of cytophilic/
non-cytophilic antibodies than low responders (Rl < 2) and non-responders (Rl < 1).
Moreover, a high prevalence of the cytophilic antibody IgG1 over all other IgG subclasses
(o < 0.0001) was observed. B-cell epitope mapping revealed five immunogenic regions
in PvCelTOS, but no associations between the specific IgG response to peptides and
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exposure/protection parameters were found. However, the epitope (PvCelTOS136.£143)
was validated as a main linear B-cell epitope, as 92% of IgG responders to PvCelTOS
were also responders to this peptide sequence. This study describes for the first time the
natural immunogenicity of PvCelTOS in Amazon individuals and identifies immunogenic
regions in a full-length protein. The IgG magnitude was mainly composed of cytophilic
antibodies (IgG1) and associated with recent malaria episodes. The data presented in
this paper add further evidence to consider PvCelTOS as a vaccine candidate.

Keywords: PvCelTOS, P. vivax, vaccines, epitope mapping, epitope prediction, malaria vaccines, malaria

INTRODUCTION

Malaria remains a major public health problem worldwide. It is
caused by protozoan parasites of the genus Plasmodium, being
responsible for nearly 438,000 deaths and 150-300 million new
infections in 2015 (1) and the reason of enormous socioeconomic
impact in endemic settings (2). Among the Plasmodium species
able to infect humans, Plasmodium falciparum and Plasmodium
vivax are the most prevalent malaria parasites. P. falciparum is
extremely prevalent in Africa and is responsible for the major-
ity of cases and deaths worldwide, while P. vivax is the most
prevalent species outside Africa (3). Despite the reduction in the
number of malaria cases and deaths over the past decade (1), the
emergence of drug resistance and the significant ongoing burden
of morbidity and mortality emphasize the need for an effective
malaria vaccine. Unfortunately, potential P. vivax vaccine candi-
dates lag far behind those for P. falciparum (4). Currently, besides
the RTS, S vaccine, there are 30 candidate vaccine formulations
in clinical trials against P. falciparum, while there is only one
against P. vivax (5). These data allied to the impact caused by the
high P. vivax prevalence (2), the severity of the disease (6-11),
and the emergence of strains resistant to chloroquine (12-14)
and primaquine (15-17), reiterate the importance of identifying
and exploring the potential of vaccine candidates against P. vivax
as an essential step in the development of a safe and affordable
vaccine.

Malaria liver-stage vaccines are one of the leading strategies
and the only approach that has demonstrated complete, sterile
protection in clinical trials. Therefore, vaccines targeting sporo-
zoite and liver-stage parasites, when parasite numbers are low,
can lead to the elimination of the parasite before it advances to
the symptomatic stage of the disease (18). Corroborating this
idea, the sterile protection against P. falciparum by immuniza-
tion with radiation-attenuated sporozoites was demonstrated
in several studies (19-21) and the protection lasted for at least
10 months and extended to heterologous strain parasites (22).
Based on these findings, sporozoite surface antigens are one of
the most promising vaccine targets against malaria, to protect
and prevent the symptoms and block its transmission. To date,
RTS,S, the subunit vaccine consisting of a portion of P. falciparum
circumsporozoite protein (CSP), conferred partial protection in
Phase III trials and fell short of community-established vaccine
efficacy goals (23-26). Conversely, Gruner and collaborators
have demonstrated that the sterile protection against sporozoites
can be obtained in the absence of specific immune responses to

CSP (27). In addition, a recent study found 77 parasite proteins
associated with sterile protection against irradiated sporozoites
(28). Collectively, these data reinforce the concept that a multi-
valent anti-sporozoite vaccine targeting several surface-exposed
antigens would induce a higher protection efficacy.

In this scenario, cell-traversal protein of Plasmodium ookinetes
and sporozoites, a highly conserved protein among Plasmodium
species, emerged as a novel target in the development of a vaccine
against Plasmodium parasites (29). This secretory microneme
protein is translocated to the sporozoites and ookinetes surface,
being necessary for sporozoites and ookinetes to break through
cellular barriers and establish infection in the new host, having
a crucial role on cell-transversal ability in both stages (29, 30).
The disruption of the genes encoding CelTOS in Plasmodium
berghei reduces the infectivity in the mosquito host and also
the infectivity of the sporozoite in the liver, almost eliminating
their ability to cell pass (29). Interestingly, P. falciparum CelTOS
(PfCelTOS) was naturally recognized by acquired antibodies in
exposed populations (31), able to induce cross-reactive immunity
against P. berghei and inhibit sporozoite motility and invasion of
hepatocytes in vitro (32). However, the knowledge about P. vivax
CelTOS (PvCelTOS) has remained limited. Only recently, a
study reported PvCelTOS as naturally immunogenic in infected
individuals from Western Thailand. Our group, investigating the
genetic diversity of genes encoding PvCelTOS in field isolates
from five different regions of the Amazon forest, reveals a high-
conserved profile. Together, both findings support the potential of
PvCelTOS as an interesting target on P. vivax sporozoite surface,
but further studies are still necessary to consolidate this protein
as an alternative in future multitarget vaccines. Therefore, the
present study aimed at evaluating the naturally acquired humoral
immune response against PvCelTOS in exposed populations
from Brazilian Amazon, determining the antibody subclass
profile, identifying its B-cell epitopes and verifying the existence
of associations between the specific IgG and subclass response
against PvCelTOS and epidemiological data that can reflect the
exposition and/or protection degree.

PARTICIPANTS AND METHODS

Study Area and Volunteers

A cross-sectional cohort study was conducted involving 528 indi-
viduals from Rio Preto da Eva (2°50'50”S/59°56'28" W), located
north of the Amazon River and 80 km distant from Manaus,
the capital of Amazon state. This city has an area of 6,000 km?
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and a population of about 22,000 people, who live in rural areas
inside the forests. Transmission of malaria in the Amazon occurs
throughout the whole year, with seasonal fluctuations with maxi-
mum transmission occurring during the dry season from May to
October and prevalence of infections by P. vivax, responsible for
more than 85% of reported malaria cases.

Samples and survey data were collected from November
2013 to March 2015. In addition, we also included, as control
subjects, 10 naive individuals living in Manaus, and with no
reported previous malaria episodes. Written informed consent
was obtained from all adult donors or from parents of donors
in the case of children. The study was reviewed and approved by
the Fundag¢iao Oswaldo Cruz Ethical Committee and the National
Ethical Committee of Brazil.

Epidemiological Survey

In order to evaluate the possible influence of epidemiological
factors on humoral immunity against PvCelTOS, all donors were
interviewed upon informed consent prior to blood collection.
The survey included questions related to personal exposure to
malaria, such as years of residence in the endemic area, recorded
individual and family previous malaria episodes, use of malaria
prophylaxis, presence/absence of symptoms, and personal
knowledge of malaria transmission. All epidemiological data
were stored in Epi-Info for subsequent analysis (Centers for
Disease Control and Prevention, Atlanta, GA, USA).

Malaria Diagnosis and Blood Sampling
Venous peripheral blood was drawn into heparinized tubes and
plasma collected after centrifugation (350 X g, 10 min). Plasma
samples were stored at —20°C and transported to our labora-
tory. Thin and thick blood smears of all donors were examined
for malaria parasites. Parasitological evaluations were done by
examination of 200 fields at 1,000X magnification under oil-
immersion and a research expert in malaria diagnosis examined
all slides. Donors positive for P. vivax and/or P. falciparum at
the time of blood collection were subsequently treated using
the chemotherapeutic regimen recommended by the Brazilian
Ministry of Health.

Recombinant PvCelTOS Expression in

HEK-293T Cells

As previously described (33), the P. vivax sequence for CelTOS
(Salvador I; Uniprot accession number Q53UB7) was cloned in
the expression vector pHLsec, which is flanked by the chicken
B-actin/rabbit p-globin hybrid promoter with a signal secretion
sequence and a Lys-His6 tag. The protein was expressed upon
transient transfection in HEK-293T cells with endotoxin-free
plasmids in roller bottles (2,125 cm?). The secreted protein was
purified from the supernatant by immobilized Ni Sepharose
affinity chromatography. The presence of proteins in the elu-
tion samples was confirmed using 6xHis epitope tag antibody
[horseradish peroxidase (HRP) conjugate] in a Western blot.
The sample was concentrated using an Amicon Ultra centrifugal
filter system (Life Technologies) until reaching 10 ml of final
volume. Contaminant proteins and salts were removed from the
concentrate by size exclusion purification (SEC) using Superdex

medium in the column. Protein concentration after recovery was
tested using a Bradford protein assay, and purity was assessed by
silver staining and by Western blotting.

Antibody Assays

Anti-PvCelTOS specific antibodies were evaluated on plasma
samples from 528 exposed individuals from Brazilian Amazon
and 10 healthy individuals, who had no reported malaria
episodes, using enzyme-linked immunosorbent assay (ELISA),
essentially as previously described (33, 34). Briefly, MaxiSorp
96-well plates (Nunc, Rochester, NY, USA) were coated with PBS
containing 1.5 pug/ml of recombinant protein. After overnight
incubation at 4°C, the plates were washed and blocked for 1 h
at 37°C. Individual plasma samples diluted 1:100 in PBS-Tween
containing 5% non-fat dry milk (PBS-Tween-M) were added
in duplicate wells. After 1 h at 37°C and three washings with
PBS-Tween, bound antibodies were detected with peroxidase-
conjugated goat antihuman IgG (Sigma, St. Louis) and followed by
addition of o-phenylenediamine and hydrogen peroxide. Optical
density was identified at 492 nm using a SpectraMax 250 ELISA
reader (Molecular Devices, Sunnyvale, CA, USA). The results for
total IgG were expressed as reactivity indexes (RIs), which were
calculated by the mean optical density of an individual’s tested
sample divided by the mean optical density of 10 non-exposed
control individuals’ samples plus 3 standard deviations. Subjects
were scored as responders to PvCelTOS if the RI of IgG against
the recombinant protein was higher than 1. Additionally, the RIs
of IgG subclasses were evaluated on responders individuals by
a similar method, using peroxidase-conjugated goat antihuman
IgG1, IgG2, IgG3, and IgG4 (Sigma, St. Louis).

B Cell Epitope Prediction on PvCelTOS

The prediction of linear B-cell epitopes was carried out using the
program BepiPred (35), which is based on hidden Markov model
profiles of known antigens, and also incorporates hydrophilic-
ity and secondary structure prediction. For each input FASTA
sequence, the server outputs a prediction score for each amino
acid. The recommended cutoff of 0.35 was used to determine
potential B-cell linear epitopes, ensuring sensibility of 49% and
specificity of 75% to this approach. Linear B-cell epitopes are
predicted to be located at the residues with the highest scores.
In this study, BepiPred was used to predict B-cell linear epitopes
and to evaluate the prediction value of peptides containing short
amino acid sequences of PvCelTOS.

The Emini surface accessibility (ESA) was used to evaluate the
probability of predicted linear B-cell epitopes to be exposed on
the surface of the protein. This approach calculates the surface
accessibility of hexapeptides and values greater than 1.0 indicate
an increased probability of being found on the surface (36).
Sequences with BepiPred score above 0.35 and ESA score above
1.0 were considered potential linear B-cell epitopes in regions that
could be accessed by naturally acquired antibodies.

B-Cell Epitope Mapping of PvCelTOS

A peptide library of 32 PvCel TOS synthetic 15-mer peptides over-
lapping by nine amino acids (GenOne Biotechnologies; purity
95% based on HPLC) was synthesized. To evaluate the specific
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response to each peptide, the peptide array was performed using
MaxiSorp 96-well plates (Nunc, Rochester, NY, USA) coated
with PBS containing 5 pg/ml of each peptide in duplicates. After
overnight incubation at 4°C, the plates were washed with PBS
and blocked with PBS-Tween containing 5% non-fat dry milk
(PBS-Tween-M) for 1 h at 37°C. Individual plasma samples were
diluted 1:100 with PBS-Tween-M and added in duplicate wells
for each sequence and the plates incubated at room temperature
for 1 h. After three washings with PBS-Tween, bound antibodies
were detected with peroxidase-conjugated goat antihuman IgG
(Sigma, St. Louis) followed by addition of o-phenylenediamine
and hydrogen peroxide. The absorbance was read at 492 nm using
an ELISA reader (Spectramax 250, Molecular Devices, Sunnyvale,
CA, USA). The results for total IgG were expressed as RIs, which
were calculated by the mean optical density of the tested samples
plus 3 standard deviations of pools of control individuals. Subjects
were scored as positive if the RI was higher than 1.

Root Mean Square Fluctuation (RMSF) and
Electrostatic Potential Surface Calculation

Molecular dynamics simulations were carried out using
GROMACS 5.1.2 (37) software package. Gromos53a6 (38) force
field was used. Simple point charge water model (39) was used
to solvate the system. Charges were neutralized using Na+ and
Cl— ions. Steepest descent method was used for energy minimi-
zation. Further, 100 ps temperature equilibration was carried out
at a temperature of 300 K in the presence of position restraints
of 1,000 KJ/mol and the pressure coupling of 1,000 ps at 1 bar
of atmospheric pressure. After equilibration, the simulation of
200,000 ps (200 ns) without position restraints was carried out.
All simulations were run three times, and consistent results were
recorded. RMSF was analyzed from simulation trajectory using
GROMACS utilities. The Electrostatic potential surface for the
PvCelTOS was calculated using APBS (40) and visualized in
PyMOL (Pymol LLC) and the electrostatic potential surfaces for
the contours from —3kT/e (red) to +3kT/e (blue) were visualized.
The figures were rendered using PyMol.

Statistical Analysis

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

RESULTS

Epidemiological Profile of Studied
Individuals

Most studied individuals were adults and naturally exposed to
malaria infection throughout the years (Table 1). Age ranged

TABLE 1 | Summary of the epidemiological data of the studied
population.

Overall PvCelTOS IgG  PvCelTOS
responders 19G non-
responders
(NRs)
Gender—N (%)
Male 284 (53.8%) 55 (568.5%) 229 (52.8%)
Female 244 (46.2%) 39 (41.5%) 205 (47.2%)
Total 528 94 434
Malaria exposure —median (IR)
Age (years) 36 (25-50) 38 (21-55.5) 36 (21-50)
Time of residence in endemic 33 (19-49) 35 (21-55) 33 (19-48)
area (years)
Number of previous malaria 4 (2-10) 4.5 (2-10) 4 (2-10)
episodes (n)
Time since the last malaria 51 (24-91) 60 (13.7-89.2) 51 (24-90.5)
episode (months)
Frequency of recent malaria 12.7% 16.0% 13.1%
episodes (%)
Previous malaria species contracted—N (%)
Never infected 7 (1.3%) 0 (0%) 7 (1.6%)
Plasmodium falciparum 32 (6.1%) 5(5.3%) 27 (6.2%)
Plasmodium vivax 125 (23.7%) 25 (26.6%) 100 (23%)
Both species 158 (29.9%) 31 (33%) 127 (29.3)
Not reported/remember 206 (39%) 33 (35.1%) 173 (39.9%)

Values of age, time of residence in endemic areas, number of previous malaria
episodes, and time elapsed from the last malaria episode represent the median
(interquartile range), while the parameter “frequency of recent malaria episodes”
represents the percentage of individuals who reported malaria episode in the last year.
The frequency of individuals who present recent malaria episodes was compared by
Fisher’s test, and other epidemiological parameters were compared by Mann-Whitney
test. No statistical difference was observed between epidemiological parameters of
responders and NR individuals.

from 10 to 89 years with an average of 36.9. The proportion of
men was significantly higher (53.8%) than for women (46.2%;
x> =5.761, p < 0.0164). Regarding the previous personal history
of malaria, only seven individuals reported no malaria episode
(1.3%). Among those who remembered the Plasmodium species,
the majority (29.9%) reported infections by P. falciparum and P,
vivax. The number of past malaria episodes also varied greatly
among donors, ranging from 0 to 50 (mean = 7.74 + 16.5).
Finally, the time elapsed since the last malaria episode ranged
from 0 to 480 months (mean = 71.7 + 77.9). Interestingly, a
correlation trend was observed between the time of residence in
the endemic area and the number of previous malaria infections
(p =0.0003; r = 0.153). Collectively, the epidemiological inquiry
indicated that the studied population had different degrees of
exposure and/or immunity.

PvCelTOS Is Naturally Immunogenic with
the Prevalence of Cytophilic Antibodies in

Brazilian Amazon Individuals

To test if the PvCelTOS is a target for naturally acquired
antibodies in Amazon individuals, we first assessed the IgG
reactivity profile against the recombinant protein. The plasma
samples collected from the 528 individuals living in the endemic
area reveal a low frequency of responders to PvCelTOS, since
only 17.8% of the studied population (94 individuals) presented
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specific IgG antibodies against the protein. Interestingly, the
epidemiological data were similar between responders and NRs
against this protein (Table 1). On both groups, responders and
NRs, the age, time of residence in endemic area, the number of
previous malaria episodes, the number of recent malaria epi-
sodes, the frequency of individuals with recent malaria episodes,
and months elapsed from the last malaria episode were similar
(p > 0.05).

Among the group of responders to PvCelTOS, the RI
ranged from 1.01 to 19.93 (median = 1.205; interquartile
range = 1.082; 1.552), reflecting a wide spectrum in magnitude
of naturally acquired IgG response. The IgG subclass profile
was marked by IgG1, the most prevalent subclass, present in
65.96% of responders, and with major RI (median = 1.15; inter-
quartile range = 0.86-1.68) compared to IgG2 (median = 0.9;
interquartile range = 0.66-1.2), IgG3 (median = 0.88;
interquartile range = 0.72-1.06), and IgG4 (median = 0.62;
interquartile range = 0.51-0.76) (Figure 1). Moreover, IgG3
RIs were directly correlated to the number of recent malaria
episodes (p = 0.003; r = 0.315; Figure S1A in Supplementary
Material) and inversely associated with the time elapsed from
the last malaria episode (p = 0.031; r = —0.258; Figure S1B in
Supplementary Material).

High IgG Rls against PvCelTOS Are Driven
by Cytophilic Antibodies and Associated

with Recent Infections
In order to identify possible factors that could be associated with
thislarge spectrum of reactivity against PvCel TOS in IgG-positive

individuals, we explored epidemiological data among respond-
ers. Initially, we observed that the RI against PvCelTOS was
directly correlated with the number of previous malaria
episodes (p = 0.047; r = 0.227; Figure S1C in Supplementary
Material) and inversely correlated with the time elapsed from
the last malaria episode (p = 0.045; r = —0.24; Figure S1D in
Supplementary Material). Based on these findings, responder
individuals were divided into two subgroups: high responders
(HRs; individuals who had RI of IgG against PvCelTOS higher
than 2) and low responders (LRs; individuals who had RI of IgG
against PvCelTOS between 1 and 2). Figure 2A illustrates the
means of epidemiological parameters of HRs, LRs, and NRs to
PvCelTOS. Interestingly, while NRs and LRs presented a very
similar profile of epidemiological parameters, HRs presented
a statistically higher number of previous malaria episodes in
comparison to NR and LR (p = 0.0058; p = 0.0051, respectively).
Moreover, despite no statistical differences could be observed
on the time elapsed from the last malaria episode (p = 0.15
in ANOVA test), the frequency of individuals who reported
recent episodes of malaria was higher in HR (41.6%) than LR
(12%, p = 0.02) and NR (13.1%, p = 0.016). Moreover, the
proportion of RIs of cytophilic over non-cytophilic antibodies
(IgG1 + 1gG3/IgG2 + IgG4) presented direct correlation with RI
of IgG of responder individuals (p = 0.0016; r = 0.32), suggesting
that higher RI could be associated with a cytophilic profile of
humoral response against PvCelTOS. Interestingly, although the
proportion of individuals with cytophilic profile was similar in
both groups, HR and LR (83% and 78%, respectively), the ratio of
(cytophilic/non-cytophilic) antibodies was significantly higher
in HR than LR (p = 0.0076) (Figure 2B).
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frequency of recent malaria episodes indicates the percentage of individuals who reported malaria episodes in the last year. HRs presented a higher number of
previous malaria episodes and higher frequency of recent malaria episodes than LRs (o = 0.0051 and p = 0.02, respectively) (B) Comparison of ratio (cytophilic/
non-cytophilic) antibodies. Red and blue points represent the HR and LR, respectively. Points above the value of 1 represent individuals with a cytophilic profile of
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Five Immunogenic Regions Ildentified in
PvCelTOS and Two Linear B-Cell Epitopes
Broadly Recognized by Naturally Acquired
IgG Antibodies

Four B-cell linear epitopes were predicted in silico in the entire
sequence of PvCelTOS (PvCelTOSksniz; PvCelTOSgss-rs7
PVC€1T051136.E143; PVCGITOSK166.5191).

In order to validate the prediction data and identify pos-
sible non-predicted immunogenic regions of PvCelTOS,
plasma from IgG responders to PvCelTOS was tested against
32 overlapping peptides corresponding to the complete amino
acid sequence. First, 10 peptides (N13-L27; S19-V33; E73-187;
L79-K93; S§97-A111; P127-V141; 1133-G147; P139-V153;
L181-L195; E182-D196) were broadly recognized by respond-
ers to PvCelTOS (Figure 3). Two of the predicted epitopes
(PvCelTOSu36.6143 and PvCelTOSkies.s101) were present (partially
or entirely) in peptides confirmed as naturally immunogenic.
Interestingly, peptides 1133-G147 and E182-D196 were recog-
nized by IgG specific antibodies of responders to PvCelTOS
in frequencies higher than 50% (92% and 54%, respectively)
and presented median of RI higher than 1 (1.79 and 1.14,
respectively). In addition, peptides P127-V141, P139-V153,
and L181-L195 were located besides the most immunogenic
peptides and presented overlapped sequences, which were also
recognized by IgG antibodies in moderate frequencies. Peptide
1133-G147 (ASTIKPPRVSEDAYF) presented the highest IgG RI
(p < 0.0001 by ANOVA test) and the highest frequency of rec-
ognition (92%) compared to all other peptides. While it contains
the entire sequence of predicted epitope PvCelTOS 36143, pep-
tides P127-V141 and P139-V153, which contain only the partial
sequence of the predicted epitope, presented minor frequencies
of recognition (38% and 39%, respectively; p < 0.0001 on Fisher’s
exact test). The peptides L181-L195 and 186-196 were both

partially inserted in the predicted linear epitope PvCelTOS¢6.191
and could be the immune dominant sequence of this longer
predicted epitope. These data supported the prediction of
linear B-cell epitopes PvCelTOSus6.e146 and PvCelTOSKes-s101-
Conversely, peptides N13-L27, S19-V33, and S97-A111 also
presented frequency of recognition about 40% (38, 40, and
36%, respectively). After the confirmation of five immunogenic
regions and two immunodominant epitopes in PvCelTOS, we
also compared the RI and frequencies between HR and LR for
PvCelTOS. However, no differences were found.

Main B Cell Epitopes Are Present on
PvCelTOS Surface

Peptides that presented overlapped amino acids and were
recognized by more than 20% of responders to PvCelTOS
(Figure 3) were grouped as immunogenic regions. All pep-
tides inserted in identified immunogenic regions are listed
in Table 2 with their respective frequencies of recognition,
BepiPred and ESA scores. In this context, we identified five
immunogenic regions PvCelTOSxisvs3, PvCelTOSgs3.x93,
PVC61T08597.A111, PVC€1TOSP127.V153, and PVCGlTOSngl.Dl%, in
which B-cell epitopes could be inserted. Interestingly, the pep-
tides with higher frequency of specific responders (I1133-G147,
L181-L195, and 182-186) presented a good combination
of BepiPred and ESA score. The molecular dynamics and
electrostatic potential surface of PvCelTOS indicate regions
P127-V153, N13-V33, and L181-D186 as more flexible than
E73-K93 and S97-A111 (Figure 4A). Regarding solvent expo-
sure, all immunogenic regions were exposed and accessible in
solution. Interestingly, the immunogenic regions L181-D196
and E73-K93 are part of a very negatively charged region,
while N13-V33 and P127-V153 are in a mostly neutral-positive
region (Figure 4B).
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FIGURE 3 | Mapping of B-cell epitopes in PvCelTOS. Each column represents a peptide, the numbers indicate the first and last amino acid (aa-aa) of the
peptide. The points represent the value of IgG reactivity index (RI) specific for each peptide of one responder to PvCelTOS and the red traced line represents the
cutoff value. The black lines indicate median and interquartile range. If the RI for one peptide was higher than 1, the individual was considered positive to this
peptide. The white bar on top represents the linear structure of the protein, in which the blue boxes indicate the BepiPred prediction score and red boxes indicate

DISCUSSION

Despite significant advances in the understanding of the biol-
ogy of Plasmodium parasites and the immune response elicited
by these pathogens, there is not yet a subunit vaccine capable
of providing long-lasting protection. The cell-traversal protein
for ookinetes and sporozoites (CelTOS) has been considered a
potential novel alternative for a vaccine against malaria (29, 32,
41), but the knowledge on P. vivax CelTOS potential remains
scarce. Unfortunately, many conventional vaccinology strategies
applied to P, falciparum are especially difficult when dealing with
non-cultivable microorganisms such as P. vivax. Consequently,
seroepidemiological studies have played a significant role in
the identification and validation of P. vivax vaccine candidates
(42-48). Therefore, we confirmed the naturally acquired
humoral response against PvCel TOS (IgG and IgG subclass) and
identified five B-cell epitopes along the entire PvCelTOS amino
acid sequence, which were recognized by IgG antibodies from
malaria-exposed populations from Brazilian Amazon.

Plasma samples were collected in three cross-sectional studies
with Brazilian Amazon communities between 2013 and 2015.
The profile of the studied individuals shows that our population
included rainforest region natives and migrants from non-
endemic areas of Brazil who had lived in the area for more than
10 years. The majority of individuals reported a prior experience
with P. vivax and/or P. falciparum malaria. Concerning malaria
history, the highly variable range of number of previous infec-
tions, time of residence in endemic areas, and time since the last
infection suggests differences in exposure and immunity, since it
is well known that the acquisition of clinical immunity mediated
by antibodies depends on continued exposure to the parasite

(49-51). The correlation between time of residence in endemic
areas and months since the last infection observed in our study
also indicates that this phenomenon could be occurring in low/
medium endemic areas like the Brazilian Amazon. Therefore, the
selection of these individuals was ideal to detect the presence of
antibodies against the new recombinant antigen and distinguish
whether the alterations found were related to malaria exposure
and/or indicatives of protection.

First, we found 94 individuals presenting specific antibodies
to PvCelTOS and confirmed the natural immunogenicity of
PvCelTOS among exposed individuals from Brazilian Amazon.
Recently, Longley and collaborators also reported the first
evidence of naturally induced IgG responses to PvCelTOS in
human volunteers from Western Thailand (33). Interestingly,
the frequency of responders to PvCelTOS observed in our stud-
ied population (17.8%) was similar to the frequency observed
by Longley on uninfected and clinical malaria individuals (33).
Moreover, the low humoral reactivity against PvCelTOS is
commonly found in other Plasmodium preerythrocytic antigens
(48, 52, 53). The short life of specific antibodies, host genetic
factors, and/or epidemiological parameters could be possible
reasons for the low frequency of responders against PvCelTOS
in endemic areas. The short life of specific PvCelTOS humoral
response hypothesis does not seem to occur since Longley et al.
verified that IgG positivity and magnitude of response were
present over the 1-year period in the absence of P. vivax infec-
tions (33). Our study also describes anti-PvCelTOS antibodies
in individuals who reported no malaria in the last 10 years or
more. However, in both cases, the contact between human host
and sporozoite antigens in transmission areas was not evaluated.
In relation to host genetic factors, there is a significant body of
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TABLE 2 | Identification of immunogenic regions in PvCelTOS.
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133-147

39%
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0.95
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43%
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Peptides with overlapping and recognized by more than 20% of responders to PvCelTOS were grouped in immunogenic regions. The Rl of an immunogenic region represents the mean of Rl of all peptides inserted in that immunogenic

region with a confident interval of 95%. The frequency of recognition of immunogenic regions was defined based on the number of individuals whith Rl to immunogenic region higher than 1. The peptides combined in an immunogenic
region were listed with their respective frequencies of recognition, BepiPred score, and Emini surface accessibility (ESA) score. Overlapped mers were signalized by underiined bold typeface on immunogenic region sequence.

evidences of its influence in malaria outcomes and the capac-
ity to mount a humoral immune response (54-57). To date,
associations of HLA class II on humoral immune response to
malaria antigens were reported in individuals living in malaria-
endemic areas from Brazilian Amazon (58, 59) and in human
vaccine trials (60-62). In P. vivax preerythrocytic targets, the
presence of HLA-DRB1*03 and DR5 was associated with the
absence of antibody response to the CSP amino-terminal region
(48) and HLA-DRB1*07 was related to the absence of specific
antibodies for CSP repeats of VK210 (52). Moreover, Chaves and
collaborators reported that PvCel TOS gene sequence is highly
conserved among isolates from different Brazilian geographic
regions (unpublished data), suggesting a low selective pressure
by immune response against PvCelTOS. In our view, the influ-
ence of immunogenetic factors in PvCel TOS-specific humoral
response are feasible, but more studies are still necessary to
confirm this hypothesis.

Regarding the influence of epidemiological factors, we initially
tried to investigate the associations between exposition to malaria
and the frequency of IgG responders to PvCel TOS. Surprisingly,
although the association of epidemiological data with specific
response against Plasmodium antigens was well characterized on
several studies (63-65), we observed a similar epidemiological
profile between responders and NRs to PvCelTOS. Therefore,
we focused on the search of distinct epidemiological and IgG
subclass profiles among PvCelTOS responder individuals. The
knowledge about the antibody subclass profile is critical to sug-
gest functional antimalarial immunity and to evaluate potential
vaccine candidates. Cytophilic antibodies (IgG1 and IgG3) are
frequently prevalent on immune serum from high-transmission
areas (66-69) and often correlate with protection from disease
(70-72). In our study, IgG1 presented higher frequencies of
responders and median RI than all other subclasses. Moreover,
IgG3 RIs were directly associated with the number of malaria
episodes over the last 12 months and inversely correlated with
the time elapsed from the last malaria episode, suggesting that
recent P. vivax infections can raise the levels of anti-PvCelTOS
specific IgG3. The sterile protective immunity to malaria was
recently associated with a panel of antigens (28), and the relation-
ship of cytophilic antibodies and reduced risk of symptoms are a
common finding in high endemic areas (70-74). However, in our
study, concerning the higher levels of IgG1 for PvCelTOS and
the association of IgG3 levels with recent infections, we cannot
confirm or discard its role as part of protective humoral response
until more conclusive studies, such as sporozoite inhibition by
anti-PvCelTOS specific antibodies, are conducted. In the same
way, among responders, IgG Rls were directly correlated with the
number of previous malaria episodes and inversely correlated
with the time elapsed from the last malaria episodes, suggesting
that antibody levels for PvCel TOS could be associated with recent
infections.

The influence of epidemiological parameters on immunity
to malaria was previously observed in studies from Brazilian
Amazon population. Based on previous studies that associated
high levels of antibodies with multiple preerythrocytic antigens
with reduced risk of clinical malariain children (75) and decreased
risk of infection in adults (68), we also aimed to investigate if
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FIGURE 4 | Molecular dynamics and electrostatic potential surface for the PvCelTOS. (A) Sausage plot of the PvCelTOS. The red color identifies the
immunogenic regions of PvCelTOS. Thickness depicts relative fluctuation as calculated during molecular dynamics. The thinnest segments represent the most
stable regions of the protein. (B) The surface model shows the electrostatic potential surface of the PvCelTOS, representing the positive (blue) and negative (red)
charges. The secondary structure in the background represents the immunogenic region.
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the epidemiological parameters could reveal new findings about
the role of exposition on PvCelTOS immunogenicity. Therefore,
we subdivided the large spectrum IgG RIs among PvCelTOS
responders into HRs (RI > 2) and LRs (RI < 2). Although LRs
and NRs to PvCelTOS presented similar exposition factors to
malaria, interestingly, HR individuals presented a remarkable
higher number of previous malaria episodes, frequency of recent
malaria episodes, and a higher ratio of cytophilic/non-cytophilic
antibodies than LRs. This observation suggested that higher
level of exposition to malaria induced a more intense and
improved humoral response against PvCelTOS. Unfortunately,
the cross-sectional design of our study limited the investigation
to retrospective malaria histories, and the best approximation
of an individual’s protection was the estimated amount of time
that had passed since their last malaria episode, which presented
no significant association with IgG response against PvCelTOS.
Prospective studies on humoral immune responses and studies
addressing the ability of these antibodies to interfere the motility/

invasion of sporozoites (76, 77) will provide more evidences of
the protective role of anti-PvCelTOS antibodies.

Information at the amino acid level about the epitopes of pro-
teins recognized by antibodies is important for their use as bio-
logical tools and for understanding general molecular recognition
events (78).In this context, epitope prediction programs have been
widely used in malaria research (4, 79-81). Nevertheless, the use
of chemically prepared arrays of short peptides is a more powerful
tool to identify and characterize epitopes recognized by antibodies
(46, 82, 83). It is also important to mention that in order to raise
antibodies for a peptide, a minimum length of six amino acids is
required, and peptides of >10 amino acids are generally required
for the induction of antibodies that may bind to the native protein
(84). In this context, the synthesis of 15 amino acid peptides, with
9 overlapping, has allowed the identification of PvCel TOS B-cell
epitopes encompassed in sequences ranging from 15 to 27 amino
acids in length. Therefore, after the confirmation of PvCelTOS
as naturally immunogenic in exposed populations, the present
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paper describes for the first time the fine B cell epitope mapping
of a full-length protein. Initially, 10 peptides were specifically
recognized by naturally acquired antibodies from PvCelTOS
responders. After a combination of in silico approaches and
recognition of overlapped peptides, five immunogenic regions
were confirmed (PVCGITOS13,33, PVC€1TOS73,93, PVCCITOSQ7,111,
PvCelTOS 27153, and PvCelTOS51.106) in different frequencies and
RIs. Moreover, the main linear epitope (ASTIKPPRVSEDAYF)
presented highest IgG RI and frequency compared to all other
naturally recognized peptides, suggesting that the majority of
naturally acquired antibodies against PvCelTOS are directed to
the C-terminal region. Moreover, T cell responses to PvCelTOS
may also help to determine the immunodominant repertoire
in individuals living in malaria-endemic regions, which could
also supply information for the development of a vaccine for
PvCelTOS. In humans, PfCelTOS derivate peptides elicited
proliferative and IFN-y responses in ex vivo ELISPOT assays
using peripheral blood mononuclear cells from naturally exposed
individuals living in Ghana (30).

Recently, CelTOS was demonstrated as highly conserved
protein across several large groups of apicomplexan parasites
including Plasmodium spp., Cytauxzoon, Theileria, and Babesia
and considered essential to cell infection, traversal, and
membrane disruption (85). Despite the genetical differences
between PfCelTOS and PvCelTOS, it is important to mention
that Bergmann-Leitner and colleagues immunized mice and
rabbits with recombinant PfCelTOS and also observed specific
antibodies for linear B-cell epitopes at C-terminal (82). These
observations suggested that CelTOS could present a similar
conformation among species, with similar regions targeted by
antibodies. We considered that the exposition of linear epitopes
is a critical step to their recognition by circulating antibodies;
therefore, the combination of ESA, molecular dynamics, and
electrostatic potential surface was used as a complementary
approach to predict the exposition of epitope sequences on
protein surface. All immunogenic regions identified were
exposed and accessible to antibodies. This finding could be
important in a future subunit vaccine composition based on
these identified regions. However, the potential of these specific
antibodies directed main PvCelTOS epitopes in the inhibition
of sporozoite motility, invasion, and/or traversal remains to be
investigated.
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