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RESUMO
TESE DE DOUTORADO EM BIOLOGIA PARASITARIA

Rodrigo Nunes Rodrigues da Silva

Dentre as espécies causadoras de maléria humana, o Plasmodium vivax se destaca como a espécie mais
dispersa geograficamente no mundo, resultando em um significativo impacto socioeconémico. Todavia, a falta
de um sistema in vitro para o cultivo continuo, aliado ao equivoco generalizado de que a maldria causada pelo P.
vivax é branda, tém tornado o desenvolvimento de vacinas candidatas contra P. vivax uma tarefa ainda mais
complexa. Por outro lado, a vacinologia reversa surge como uma alternativa promissora, pois através de
diferentes ferramentas de bioinformatica, é possivel identificar potenciais candidatos vacinais com menor custo,
tempo e sem a necessidade de uma grande estrutura laboratorial. Desse modo, a determinacdo de regifes
imunogénicas e especificas dentro de candidatas vacinais ja estabelecidas também pode ser utilizada na geragédo
de antigenos quiméricos, contendo mdaltiplos epitopos contra diferentes alvos, levando a um avango no
desenvolvimento de vacinas eficazes. Baseados nesse conceito, nos propomos a identificar in silico epitopos de
célula B em proteinas candidatas vacinas de esporozoitos (PvCelTOS) e merozoitos (PvMSP-9) de P. vivax,
confirmar sua imunogenicidade natural em populacfes expostas a malaria e avaliar sua antigenicidade e
imunogenicidade em modelos animais. (Artigo 1) Primeiramente em relagdo a proteina PvCelTOS, utilizando a
combinacdo de 3 algoritmos de predicéo, identificamos 4 potenciais epitopos lineares de célula B nesta proteina.
Para confirmar os potenciais epitopos e validar a estratégia utilizada utilizamos o plasma de 528 individuos
naturalmente expostos a malaria. Inicialmente observamos que 17% destes individuos apresentavam anticorpos
1gG contra a PvCel TOS recombinante com prevaléncia de anticorpos IgG1. Adicionalmente, utilizando o plasma
dos individuos respondedores frente a um peptide array composto de 32 peptideos representando toda a
PvCelTOS, confirmamos a presen¢a de 50% dos epitopos indicados pela predi¢do. Estes dados confirmam o
éxito de nossa estratégia e corroboram o uso da vacinologia reversa para identificacdo de epitopos lineares em
maléria. (Artigo 2) Baseados no estudo anterior, realizamos a andlise in silico da PYMSP9, uma candidata
vacinal de estdgio eritrocitico, identificando a sequéncia EAAPENAEPVHENA (PVMSP9g7g5.a808) COMO UM
potencial epitopo célula B, que se repete 5 vezes ininterruptas em tandem e corresponde a 29% dos blocos de
repeti¢do da proteina, a regido mais imunogénica da PvMSP9. A imunogenicidade deste epitopo foi confirmada,
pois 56% dos respondedores para a proteina recombinante representando os blocos de repeticdo da PvMSP9,
reconheciam o peptideo PVMSP9¢g,95.ag08. ESte epitopo, foi considerado um bom alvo vacinal, pois a reatividade
de anticorpos especificos contra o peptideo PvMSP9¢g,g5 ag0s fOI diretamente correlacionada com o tempo passado
desde o ultimo episodio de maléria e inversamente associado com o nimero de episédios recentes da doenga.
(Artigo 3) Por fim, visando avaliar a imunogenicidade do epitopo PVMSP9¢795.4308 €M modelos animais, duas
repeticdes desta sequéncia foram sintetizadas como peptideos lineares em sua forma simples (RII) e conjugado a
epitopos T-helper descritos na PvMSP9 (pLRII) e na toxina-tetanica (TTRII); emulsificados em Montanide ISA-
51 e utilizados na imunizacdo de camundongos BALB/c. Todos os peptideos induziram anticorpos especificos
contra 0 epitopo PVMSP9 grg5-vsos)2, CONfirmando sua imunogenicidade. Todavia, os peptideos conjugados
pLRII e TTRII, contendo epitopos T-helper fusionados a sequéncia RII, induziram maiores titulos de anticorpos
que o peptideo simples, sendo este o primeiro trabalho evidenciando potencial do epitopo pL como epitopo T-
helper em camundongos. Considerando que anticorpos anti-PvMSP9 se mostraram capazes de inibir a invasdo de
merozoiitas in vitro em estudos anteriores, nossos dados corroboram um papel protetor dos anticorpos anti-
PVMSP9 g765.a808)2, UMa Vez que estes reconheceram tanto a proteina recombinante representando os blocos de
repeticdo da PvMSP9, quanto a proteina nativa do parasito. Acerca da resposta celular, apenas o peptideo TTRII
foi capaz de induzir producdo de IFN-y, em niveis comparaveis aos induzidos pela PvMSP9 recombinante.
Concluindo, nosso estudo reforca o uso da vacinologia reversa como uma alternativa viavel para identificar e
explorar candidatos vacinais contra o P. vivax, caracterizando seus epitopos e permitindo a elaboracdo de novas
e melhores construgdes vacinais, baseadas em multi-epitopos.
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ABSTRACT
PHD THESIS IN PARASITIC BIOLOGY
Rodrigo Nunes Rodrigues da Silva

Among the species that cause human malaria, Plasmodium vivax is the most geographically dispersed species in
the world, resulting in a significant socioeconomic impact. However, the lack of an in vitro system for
continuous culture, associated with the widespread misconception that P. vivax malaria is a mild disease, has
made the development of candidate vaccines against P. vivax an even more complex task. On the other hand,
reverse vaccinology emerge as a promising alternative, because through different bioinformatics tools, it is
possible to identify potential vaccine candidates with low cost, time and without the need of a large laboratory
structure. Thus, the determination of immunogenic and specific regions within already established vaccine
candidates can also be used in the generation of chimeric antigens, containing multiple epitopes against different
targets, leading to an advance in the development of effective vaccines. Based on this concept, we propose to
identify in silico B-cell epitopes in sporozoite (PvCelTOS) and merozoite (PvMSP-9) vaccine candidates against
P. vivax, confirm their natural immunogenicity in populations exposed to malaria, and assess their antigenicity
and immunogenicity in animal models. Article 1: First, in relation to PvCelTOS protein, using the combination
of three prediction algorithms, we identified 4 potential linear B cell epitopes in this protein. To confirm the
potential epitopes and validate the strategy used we used the plasma of 528 individuals naturally exposed to
malaria. Initially, we observed that 17% of these individuals had 1gG antibodies against recombinant PvCelTOS
with prevalence of IgG1l antibodies. Additionally, using the plasma of responders against a peptide array
composed of 32 peptides representing the entire PvCelTOS, we confirmed the presence of 50% of the epitopes
indicated by the prediction. These data confirm the success of our strategy and corroborate the use of reverse
vaccination for the identification of linear epitopes in malaria. Article 2: Based on the previous study, we
performed the in silico analysis of PvMSP9, an erythrocytic stage vaccine candidate, identifying the sequence
EAAPENAEPVHENA (PVMSP9e795 ag08) @S a potential B-cell epitope, which is presented as 5 uninterrupted
tandem repeats corresponds to 29% of the repetitive region, the most immunogenic region of PvMSP9. The
immunogenicity of this epitope was confirmed by ELISA, as 56% of the responders to the recombinant protein
representing the replicate blocks of PvMSP9 recognized the peptide PVMSP9g795.a808. This epitope was
considered a good vaccine target because the reactivity of specific antibodies against the peptide PvMSP9E795-
AB808 was directly correlated with the time since the last malaria episode and inversely associated with the
number of recent episodes of the disease. Article 3: In order to evaluate the immunogenicity of the PVMSP9g7gs.
agos €pitope in animal models, two replicates of this sequence were synthesized as linear peptides in their simple
form (RII) and conjugated to T-helper epitopes described in PvMSP9 (pLRII) and in tetanus toxin (TTRII);
emulsified in Montanide 1ISA-51 and used in the immunization of BALB / ¢ mice. All peptides induced specific
antibodies against the epitope PvMSP9 (E795-V808)2, confirming its immunogenicity. However, the pLRII and
TTRII conjugated peptides, containing T-helper epitopes fused to the RII sequence, induced higher antibody
titers than the simple peptide, being this work the first evidence of the potential of pL epitope as T-helper epitope
in mice. Considering that anti-PvMSP9 antibodies were shown to inhibit merozoite invasion in vitro in previous
studies, our data corroborate a protective role of anti-PvMSP9 (E795-A808) antibodies, since they recognized
both the recombinant protein representing the PvMSP9 repeat blocks and the parasite's native protein in
Immunofluorescence. Regarding the cellular response, only the TTRII peptide was able to induce IFN-y
production, at levels comparable to those induced by recombinant PvMSP9. In conclusion, our study reinforces
the use of reverse vaccinology as a viable alternative to identify and explore vaccine candidates against P. vivax,
characterizing its epitopes and allowing the development of new and/or better multi-epitope-based vaccine
constructs.
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INTRODUCAO

1.1 Maléaria: um breve histérico

Também conhecida como impaludismo, febre palustre, febre intermitente, febre
tercad benigna, febre tercd maligna, febre quartd, febre paltudica, maleita, sezao,
tremedeira, batedeira ou mae das febres, o termo malaria provém do século XVIII,
em virtude do nome italiano de "mal aire", que significa mau ar ou ar insalubre, ja
que a época acreditava-se que era causada pelas emanacdes e miasmas
provenientes dos pantanos. ldentificada em escritos chineses, datados de 3000 a.C.,
a doenca é considerada em diversas referéncias a febres sazonais e intermitentes
em textos religiosos e médicos antigos, entre 0s assirios, chineses e indianos, que a
relacionavam a punicao de deuses e presenca de maus espiritos. No século V a.C.,
na Grécia, Hipocrates realizou uma detalhada descricdo da doenca, relacionando-a
as estacdes do ano ou aos locais frequentados pelos doentes, além de descrever o
quadro clinico da malaria e algumas de suas complicacdes (Hippocrates 1985).
Posteriormente, no século Il d.C., diversos médicos gregos e romanos deixaram
varias referéncias sobre a doenca, conhecida como "Febre Romana", que ocorria em
epidemias ciclicas na Grécia, Italia e diversas partes da Europa (Ruppert& Barnes
1996; Ruppert et al. 2005).

Recentemente, andlises imunoldgicas e genéticas confirmaram a antiguidade
das infec¢des maléricas, evidenciando sua presenga em mumias egipcias (Bianucci
et al. 2008; M. et al. 2000; Miller et al. 1994; Nerlich et al. 2008), além de casos na
Roma antiga (Fornaciari et al. 2010a; Frias et al. 2013) e Europa renascentista
(Fornaciari et al. 2010b). Entretanto, apesar de todo impacto histérico da malaria na
histéria da humanidade, somente em 1880, Charles Alphonse Laveran, médico do
exército francés, a associou a parasitos observados no interior de hemacias
humanas (Tan& Ahana 2009). Em 1897, Ronald Ross elucidou o ciclo completo do
parasito em mosquitos culicineos e aves infectadas por Plasmodium relictum. A
partir deste estudo, em 1898, os malariologistas italianos Giovanni Battista Grassi,
Amico Bignami, Giuseppe Bastianelli, Angelo Celli, Camillo Golgi and Ettore
Marchiafava demonstraram conclusivamente que a malaria humana também era

transmitida por mosquitos, neste caso do género Anopheles (Cox 2010).
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Atualmente, sabe-se que a malaria € uma doenca infectocontagiosa de
transmissao vetorial, que apresenta elevada prevaléncia, letalidade e morbidade,
causada por parasitos do género Plasmodium, o qual comporta cerca de 120
espécies capazes de infectar naturalmente aves, répteis e mamiferos, dentre os
guais morcegos, roedores, humanos e primatas ndo-humanos (Rey 1991).

Neste contexto, sete espécies plasmodiais representam ameaca para a saude
dos seres humanos: P. falciparum, associada a elevada mortalidade e maioria dos
casos graves da doenca; P. vivax, espécie mais dispersa no mundo, para qual
acredita-se que numero de mortes seja subestimado (Naing et al. 2014; Rahimi et al.
2014); P. malariae, endémico na Africa tropical, sudeste asiatico, e Américas do Sul
e Central, é capaz de infectar primatas ndo humanos e apresenta formas
sanguineas que podem permanecer por longos periodos no corpo do hospedeiro,
gerando quadros de recrudescéncia (Collins& Jeffery 2007; Collins et al. 1989); P.
ovale curtisi e P. ovale wallikeri, duas espécies ndo-recombinantes simpatricas na
Africa e na Asia (Sutherland et al. 2010), que compartilham além de semelhancas
morfologicas, a habilidade de formar hipnozoitas (formas latentes que permanecem
no figado e levam a casos de recaida, longos periodos ap6s a infeccdo inicial)
(Chin& Coatney 1971; Marty et al. 1987), também observada no P. vivax.
Adicionalmente, h4 ainda espécies plasmodiais vinculadas a casos de zoonoses,
gue agravam ainda mais o risco epidemiolégico da doenca. Dentre as espécies
simianas, P. knowlesi é considerado uma local, mas importante, causa de malaria
(incluindo casos graves) na Malésia e outras areas do sudeste asiatico, onde é
predominantemente uma zoonose, sem evidéncias de transmissdo primaria de
homem para homem (Ahmed& Cox-Singh 2015). Adicionalmente, Patricia Brasil e
colaboradores demonstraram recentemente a transmissdo zoondética do P. simium,
50 anos apds o unico relato prévio desta espécie em humanos, sugerindo que esta
espécie também possa ter sido responsavel por casos de malaria no estado Rio de
Janeiro e regibes de mata Atlantica brasileira, tendo sido ao longo do tempo
diagnosticado como P. vivax, devido a falta de um diagndstico molecular adequado
(Brasil et al. 2017). Além destas duas espécies, das 25 espécies plasmodiais que
infectam primatas ndo humanos, outras 8 séo descritas como capazes de infectar
experimentalmente o homem (Collins 1974).

Por fim, os vetores do Plasmodium sdo as fémeas de mosquitos do género
Anopheles, que agrupa cerca de 400 espécies, das quais cerca de 60 sdo descritas

como transmissoras naturais da malaria (Tuteja 2007), sendo Anopheles gambiae e
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A. darlingi considerados os principais vetores no mundo e no Brasil, respectivamente
(Blandin et al. 2004; Mirabello& Conn 2006).

1.2 Maléaria no mundo

Segundo a organizacdo mundial da saude (OMS) aproximadamente metade da
populacdo mundial se encontra em risco de adquirir malaria, uma vez que 91 paises
ainda apresentam transmissdo continua da doenca (Figura 1). A despeito dos
investimentos globais no controle e eliminacdo da maléaria, que geraram uma
reducdo de 21% no numero de casos entre 2000 e 2015, a doenca persiste como
um dos maiores problemas de saude publica no mundo. Em 2015, foram estimados
cerca de 212 milh6es de casos de malaria no mundo, resultando em mais de 429 mil
mortes, especialmente na Africa subsaariana, onde criancas menores de 5 anos

representam o maior percentual de ébitos (W.H.O 2015).

Acerca da distribuicdo global dos casos de malaria, o continente africano
comportou cerca de 88% dos casos mundiais de malaria em 2015 e
aproximadamente 90% das mortes associadas a doenca no mesmo ano. Fora do
continente africano, o sudeste asiatico e a regido do mediterraneo foram as mais
afetadas pela doenca, correspondendo a 9% e 1,3% dos casos, respectivamente
(W.H.O 2015).

Dentre as espécies causadoras de malaria no ser humano duas se destacam:
P. falciparum, responsavel por 90% dos casos no continente africano, onde é
relacionado a maioria dos casos graves/letais de malaria, e P. vivax, espécie
geograficamente mais dispersa no mundo (Mueller et al. 2009), responsavel mais de
70% dos casos de malaria das Américas e Asia (W.H.O 2015). Esta espécie
ocasiona quadros clinicos que, embora apresentem baixa letalidade em comparacao
ao P. falciparum, podem ser debilitantes e resultar em graves impactos econdémicos

e de saude sobre as populacdes afetadas (Adams& Mueller 2017).

Nas Américas, apesar da reducdo no numero de casos na ultima década, 21
paises ainda sdo endémicos para malaria, estando a maioria dos casos
concentrados na regido amazénica. Em 2015, dos 660 mil casos registrados, 83%
se distribuiram entre 4 paises: Venezuela (30%), Brasil (24%), Peru (19%) e
Colombia (10%) (PAHO 2016; W.H.O. 2016). Dentre as espécies causadoras de

malaria, o P. vivax é a espécie prevalente nas Américas, correspondendo a 72% dos

25



casos em 2015, seguido por casos de P. falciparum, espécie prevalente no Haiti e
Republica Dominicana, e P. malariae, que corresponde a cerca de 0,1% dos casos
(W.H.O. 2016).

i
L

*J44

.
»,
s
'3) :>.l
T 4
D -
Paises endémicos para malaria, 2016 I Paises endémicos em 2000, nao endémicos em 2016
Paises nao endémicos para malaria, 2000 Nao aplicavel

Figura 1: Paises endémicos para maléria em 2000 e 2016, W.H.O. (2016)

1.3 Maléria no Brasil

No Brasil, a transmissédo de maléaria é classificada como instavel e de baixa ou
média intensidade (Recht et al. 2017). Nos ultimos anos, em virtude dos
investimentos e politicas de controle, o nUmero de casos registrados no pais tem
diminuido drasticamente (Figura 2). Enquanto em 2005, o pais registrou mais de 600
mil casos de maléria, os dados mais recentes indicam o registro de 128.745 casos
de malaria em 2016, sendo P. vivax a espécie prevalente, correspondendo a 88%
dos casos, seguido por P. falciparum (11,2% dos casos) e P. malariae (menos de
0,1% dos casos) (SIVEP 2017).

Embora o Brasil seja um pais de dimensdes continentais, a malaria se
concentra quase exclusivamente na regido da Amazobnia legal, composta pelos
estados do Acre, Amazonas, Amapa, Maranhdo, Mato Grosso, Para, Rondénia,
Roraima e Tocantins (Oliveira-Ferreira et al. 2010), onde apresenta uma distribuigao
heterogénea (Figura 3). Em 2013, entre os 808 municipios amazonicos, 37
municipios comunicaram 80,37% dos casos, sendo que 21,48% do total de casos na
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Amazbnia se concentraram em 3 municipios [Cruzeiro do Sul (AC), Porto Velho
(RO), Itaituba (PA)] (de Pina-Costa et al. 2014).

Por outro lado, cabe ressaltar, que no Brasil, 3 perfis de transmissao de malaria
podem ser observados: (1) casos autoctones, que ocorrem no interior da regiao
amazobnica e correspondem a grande maioria de casos no pais; (2) casos
importados, adquiridos fora do pais ou da regido onde a pessoa vive. Estes casos,
muitas vezes em virtude da demora na identificacdo da doenca, podem gerar
quadros graves e o6bitos, e em 2016 representaram aproximadamente 4% do total
casos de malaria notificados no pais, sendo a maioria dos casos notificados fora da
regido amazonica. (3) Casos autéctones de maléaria reportados em areas de mata
Atlantica. Estes casos correspondem a apenas 0.05% do total de casos no pais,
mas possuem grande importancia por poderem representar casos zoonéticos da
doenca, pela transmissdo de P. simium e transmitidos por Anopheles (Kerteszia)
cruzii (Brasil et al. 2017; de Pina-Costa et al. 2014).
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Figura 2: Série histdrica do numero de casos no Brasil, 2005 a 2016
Fonte: (SIVEP 2017)
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Figura 3: Distribuicdo de casos confirmados de malaria por (a) P. vivax e por
(b) P. falciparum
Fonte: (W.H.O 2015)

1.4 Ciclo biolégico do Plasmodium sp.: aspectos gerais

O ciclo dos plasmédios € complexo, apresentando duas fases no hospedeiro
vertebrado, fases exo-eritrocitica e eritrocitica, além de uma fase sexuada
(esporogodnica) no hospedeiro invertebrado (Figura 4).

No hospedeiro vertebrado a infeccdo se inicia quando, durante o repasto
sanguineo, fémeas anofelinas infectadas inoculam esporozoitas (formas infectantes
do parasito) na pele do hospedeiro, onde podem permanecer por horas até
encontrarem vasos sanguineos ou serem drenados por vasos linfaticos (Amino et al.
2006a; Gueirard et al. 2010).

Os esporozoitos que atingem a circulagdo sanguinea sdo transportados

passivamente até o figado, dando inicio ao estagio hepatico ou exo-eritrocitico, no
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qual se aderem as células endoteliais dos sinusoides hepaticos e iniciam um
processo de movimentacdo denominado de gliding, “deslizando” até atravessarem a
barreira sinusoidal. Uma vez no parénquima hepético, estes parasitos migram
ativamente, atravessando o citosol de varios hepatdcitos, até se aderirem a um e
iniciar a formacdo do vacuolo parasitoforo. Os fatores que tornam um hepatdcito
adequado para o desenvolvimento do esporozoita ainda ndo estdo esclarecidos
(Holz et al. 2016; Silvie et al. 2008), no entanto, a intensa travessia por diversos
hepatocitos parece ser um processo essencial do ciclo de vida do Plasmodium,
obrigatorio para torna-los capazes de estabelecer a infeccdo nesta célula-alvo (Mota
et al. 2002).

Dentro do vacuolo parasitoforo, os esporozoitas se convertem em trofozoitas
hepaticos e iniciam um processo de maturacao e divisdo celular (esquizogonia extra-
eritrocitica), resultando no desenvolvimento de um sincicio multinucleado, conhecido
como esquizonte hepatico, repleto de merozoitas em seu interior (Lindner et al.
2012). Durante esta etapa do ciclo a infeccdo € assintomatica (Silvie et al. 2008;
Stevenson& Riley 2004). A duracdo deste estagio varia de acordo com a espécie
plasmodial, durando de 6 a 8 dias em infec¢cbes por P. vivax, de 5 a 7 dias em
infeccbes por P. falciparum e de 14 a 16 dias em infeccbes por P. malariae
(McKenzie et al. 2002). Apés a maturacdo destes esquizontes, milhares de
merozoitas sdo liberados na corrente sanguinea através de merossomas ou pela
ruptura dos hepatécitos infectados, iniciando o estagio eritrocitico da infeccao (Sturm
et al. 2006).

Uma vez na corrente sanguinea, 0os merozoitas invadem de forma ativa
eritrocitos, se diferenciando em trofozoitos jovens (forma de anel) e posteriormente
em trofozoitos maduros, 0s quais iniciam um estagio de reproducdo assexuada
formando esquizontes sanguineos, repletos de merozoitas. No final desse estagio os
merozoitas recém-formados sdo liberados e invadem outros eritrécitos, dando
continuidade ao ciclo eritrocitico, resultando nos sintomas clinicos da doenca. Apés
algumas geracdes de merozoitos sanguineos, uma pequena parte destes parasitos
se diferencia em estagios sexuados, 0s gametocitos femininos e masculinos, que, ao
serem ingeridos pelo mosquito do género Anopheles, durante o repasto sanguineo,
dao inicio a fase sexuada do ciclo.

Por fim, no intestino médio do anofelino vetor, pelo processo de exoflagelacéo,
0S gametocitos se diferenciam em gametas, ocorre a fecundacdo e formacdo do

zigoto. Este se diferencia no oocineto, uma forma movel e invasiva, que atravessa a

29



membrana peritrofica e o epitélio do intestino medio, se alojando na lamina basal do
intestino médio (Baton& Ranford-Cartwright 2005b; Vlachou et al. 2006), onde perde
a motilidade e adquiri uma nova forma, denominada oocisto. Neste estégio, inicia-se
uma intensa multiplicacdo assexuada (esporogonia), levando a formacdo de
milhares de esporozoitos (Baton& Ranford-Cartwright 2005b), os quais, apds o
rompimento do oocisto maduro, s&o liberados na hemolinfa do inseto, podendo
migrar ativamente até as glandulas salivares do inseto, completando o ciclo evolutivo
do Plasmodium, podendo ser liberados na pele de um novo hospedeiro vertebrado
durante o repasto sanguineo (Angrisano et al. 2012).

Curiosamente, estudos recentes utilizando roedores demonstraram que a
maioria dos esporozoitas € injetada na derme, permanecendo no local por mais de 6
horas, com alguma migracdo para os vasos linfaticos proximais e linfonodos
drenantes cutaneos, ondem podem sobreviver por pelo menos 24 horas apos a
infeccdo. Nos linfonodos, a maioria dos esporozoitas é degradada, atuando como
fontes de antigenos para o sistema imune (Douglas et al. 2015; Vanderberg 2014;
Voza et al. 2012; Wilson et al. 2016), mas alguns podem se desenvolver
parcialmente em formas exo-eritrociticas (Amino et al. 2006b). Curiosamente, 0s
esporozoitas podem também se desenvolver em merozoitas na derme, epiderme e
nos foliculos pilosos, onde podem sobreviver por dias ou semanas até serem
degradados (Amino et al. 2006b; Douradinha& Doolan 2011; Menard et al. 2013).

Mosquito

Anopheles Esporozoitos Ruptura do

N = oocisto
Inoculagdo de - 3¢ ** 2
Vasos ifffiticos  °SPOrozofics na pele BT & % ¥
Linfonodos P B Y s !
iy ce— -
. Glandula o
~ /iisporozoi'as / salivar Epitell& S
Estagio = P intestino médio ‘
Exo-eritrocitico '\ /~ = Mosguito % \
RN
Anophel
nopheles g \ / \( |

_ f"_“

Esqunzonte

% Gametas ——p O
Ingestdo de Q O Oocineto

gametécitos T

@& Bo

Gametécitos

/T'r:fozoita \
Esquizonte [+

Trofozoita jovem NH Y . .

(Forma de anel) j Gametdcitos imaturos

Ruptura do f
\ - .

esquizonte, 3% &
.

Estagio
Eritrocitico

Figura 4: Ciclo biologico do Plasmodium sp.
Adaptado de (Garcia-Basteiro et al. 2012)
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1.5 Particularidades do Plasmodium vivax

Embora o ciclo biolégico do género Plasmodium ja seja complexo por si so,
uma seérie de particularidades podem ser observadas quando comparamos a
biologia das duas principais espécies causadoras da maléria humana, P. vivax e P.
falciparum. Inicialmente, P. vivax é capaz de desenvolver formas latentes no figado,
denominadas hipnozoitas, responsaveis por episodios de recaidas, longos periodos
apos o contato inicial com o parasito, permitindo sua persisténcia no hospedeiro
humano mesmo durante os periodos de reproducdo do mosquito, no qual sua
transmissao seria baixa (Krotoski 1985, 1989; Richter et al. 2010).

Com relacdo ao estagio eritrocitico do ciclo do Plasmodium, P. vivax infecta
preferencialmente reticulécitos (eritrécitos jovens), que representam menos de 1%
da populacdo de eritrécitos sanguineos, enquanto P. falciparum infecta eritrocitos
em todos os estagios de desenvolvimento (Handayani et al. 2009; Mueller et al.
2009; Suwanarusk et al. 2004). Essa diferenca na disponibilidade de células em
diferentes estagios de maturacdo dos eritrocitos-alvos pode estar relacionada com a
maior parasitemia normalmente observada em infecgdes por P. falciparum (Bassat et
al. 2016; Mueller et al. 2009).

Acerca do estagio sexuado do ciclo, na infec¢do por P. vivax, os gametécitos
sdo gerados mais cedo, de 2 a 3 dias ap6s o inicio do estagio eritrocitico, e com
densidades parasitarias mais baixas que nas infec¢Bes por P. falciparum, quando
sdo gerados cerca de 10 dias apOs o inicio do estagio eritrocitico (Bennink et al.
2016; Josling& Llinas 2015; Sinden& Gilles 2002). Além disso, o ciclo no mosquito
completa-se mais rapido e em temperaturas mais baixas, nas infec¢des por P. vivax,
ampliando a chance de transmissdo e permitindo sua existéncia em uma maior
gama de condicdes climaticas (Bassat et al. 2016; Mueller et al. 2009).

Em virtude de sua tendéncia a recidivas apds a cura da infeccdo primaria,
associadas a formacdo de hipnozoitas, e ao surgimento prévio de gametocitos,
muitas vezes antes do inicio dos quadros sintomaticos e subsequente tratamento,
facilitando a dispersdo da doenca, considera-se o P. vivax a espécie causadora de
malaria mais dificil de se controlar e eliminar. Os fatores que controlam as recaidas e
determinam sua periodicidade ainda sdo desconhecidos. Cabe ainda ressaltar que
ocorrem recidivas, ou recaidas, em infec¢cdes causadas por P. ovale e em varias
espécies simias, como P. cynomolgi, espécie filogeneticamente proxima de P. vivax

e por conta disso, utilizado como modelo animal de malaria vivax (White 2011).
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1.6 Arespostaimune do hospedeiro na malaria

A aquisicdo de uma imunidade natural na infeccdo malarica € um processo
complexo, lento e extremamente delicado, influenciado pelo perfil de transmisséo da
infeccdo nas areas endémicas e pela idade do individuo (Ladeia-Andrade et al.
2009; Langhorne et al. 2008).

Como mencionado anteriormente, durante seu desenvolvimento o Plasmodium
infecta diferentes células e sofre uma série de mudancas morfolégicas, exibindo em
cada estdgio do seu desenvolvimento um vasto repertorio de antigenos
responsaveis pelo estimulo de diferentes respostas imunes estagio-especificas. Ao
longo dos diferentes estagios do ciclo do Plasmodium diversos mecanismos
imunoldgicos sao requeridos em diferentes niveis (Figura 5), desempenhando

papéis importantes e determinantes no desfecho da infeccéo.
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Figura 5: Mecanismos imunes requeridos ao longo do ciclo do Plasmodium
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1.6.1 Respostaimune contra o estagio pré-eritrocitico do Plasmodium

O estagio pré-eritrocitico dura cerca de uma semana em humanos, com
variacdes entre as espécies plasmodiais, e pode ser dividido em duas fases, a fase
de esporozoita, que é curto, podendo durar de minutos a horas, e vai desde sua
introducé@o na pele durante o repasto sanguineo do anofelino infectado até atingir o
figado via corrente sanguinea e infectar hepatécitos; e a fase hepética, que
representa a maior parte do tempo de duracdo do estagio pré-eritrocitico,
culminando na formacéao e liberacdo de merossomos repletos de merozoitas (Figura
4) (Holz et al. 2016). Interessantemente, diferentes mecanismos imunes Ss&o
requeridos durante o estagio pré-eritrocitico quando direcionados a esporozoitas e a
formas hepéaticas do parasito.

Estudos em &reas endémicas de malaria na Africa e na Asia, demonstraram
gue populacdes naturalmente expostas a infeccdo desenvolvem resposta contra o
estagio pré-eritrocitico, detectando anticorpos anti-esporozoitas com maior
frequéncia em individuos com mais de 50 anos e apenas em uma minoria de
criancas menores de 5 anos (Druilhe et al. 1986; Nardin et al. 1979; Tapchaisri et al.
1983). Mais do que isso, o soro de individuos de areas endémicas, respondedores
contra esporozoitas, se mostrou capaz de inibir in vitro a invasdo de hepatdécitos por
este estagio parasitario (Hoffman et al. 1986; Hollingdale et al. 1989; Hollingdale et
al. 1984; Mellouk et al. 1986). Ainda nesse contexto, Baird e colaboradores (1998),
demonstraram que a prevaléncia e a densidade da parasitemia em individuos
residentes nas areas endémicas de malaria diminuem gradativamente ao longo dos
anos, enquanto os titulos de anticorpos anti-esporozoitas e a aquisicdo de
imunidade contra a doengca aumentam. Esse conjunto de dados corroborou a ideia
de que a imunidade contra malaria seja desenvolvida lentamente num cenério de
infeccdes continuas, além de evidenciarem o efeito protetor de anticorpos
direcionados contra os esporozoitas.

Sabe-se que os anticorpos anti-esporozoitas podem auxiliar na destruicdo in
vivo dos parasitos, facilitando sua fagocitose por macréfagos (Yoshida et al. 1980),
reconhecendo antigenos do parasito presentes na superficie dos hepatocitos
infectados e mediando o processo de citotoxicidade celular dependente de
anticorpos (ADCC), especialmente por células Natural Killers (NK) (Hoffman&
Doolan 2000). Tais anticorpos reconhecem um vasto repertério de antigenos, muitos
dos quais parecem estar associados ao processo de invasdo dos hepatocitos
(Gruner et al. 2007). Dentre tais antigenos, a proteina de circumsporozoita (CSP) foi
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0 primeiro antigeno identificado em esporozoitas de roedores e humanos
(Nussenzweig& Nussenzweig 1989) e atualmente € o alvo da principal formulagéo
vacinal contra maléaria, a vacina RTS,S (PATH 2017; Vandoolaeghe& Schuerman
2016).

Apos infectar hepatdécitos, os esporozoitas déo inicio a fase hepatica do estagio
pré-eritrocitico, a qual é tradicionalmente vista como silenciosa, em virtude da falta
de sintomas clinicos. Apesar disso, dados recentes sugerem que uma complexa
série de eventos ocorre para iniciar a resposta imune (Holz et al. 2016).
Recentemente, estudos com camundongos infectados com P. berghei e P. yoelii
demonstraram que, diferente de virus ou bactérias, estes parasitos podem
desencadear a producdo de IFN tipo | nas células infectadas na auséncia de TLR
(TLR3 e TLR4) e suas proteinas de sinalizacdo (MyD88 e TRIF) (Liehl et al. 2014).
Em vez disso, o Plasmodium é detectado nos hepatécitos infectados através da
proteina do gene 5 associada a diferenciacdo do melanoma (Mda5), sinalizado pela
proteina de sinalizagdo mitocondrial antiviral (Mavs), que ativa os fatores de
transcricdo Irf3 e Irf7 e resulta no recrutamento de células linféides para o figado.
Essas células foram freqluentemente encontradas em torno de hepatdcitos
infectados, mas ndo estavam presentes na auséncia dessa via indicando que a fase
hepatica ndo é inerte (Liehl et al. 2014).

Acerca do papel das células T na imunidade durante o estagio pré-eritrocitico,
em 1977, Chen e seus colaboradores ja haviam demonstrado que uma resposta
imune protetora, independente de anticorpos, € induzida por esporozoitas irradiados
em camundongos depletados de linfocitos B (Chen et al. 1977). Diversos estudos
tem demonstrado que a resposta imune celular no estagio hepatico é mediada
principalmente por células T CD8", induzidas contra antigenos expressos na
superficie dos hepatécitos e associados as moléculas do MHC de classe | (Doolan&
Hoffman 2000; Good& Doolan 1999; Hoffman& Doolan 2000; Prato et al. 2005;
Romero et al. 1992). Tais células poderiam agir de duas maneiras: (i) destruindo os
hepatécitos infectados diretamente pela acdo dos linfocitos T citotoxicos (CTL)
através da liberacdo de perforinas e granzima B, e (ii) induzindo o processo de
apoptose nos hepatocitos infectados, através do cross-linking da molécula de Fas
ligante (CD95L) na superficie das células CD8" CTL, com a molécula de Fas (CD95)
na membrana plasmatica dos hepatdcitos (Carvalho et al. 2002a; Crispe 2003).

Adicionalmente, outras populagdes celulares também parecem desempenhar

um importante papel na imunidade celular contra o estagio hepatico da doenga,
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dentre as quais: Células Natural-Killer (NK), que estdo aumentadas no figado de
camundongos apods a infeccado por P. yoelii, e podem inibir o desenvolvimento do
parasito nos hepatdcitos in vitro (Roland et al. 2006); células T CD4", as quais
parecem modular a expansdo e completo desenvolvimento da resposta T CD8"
(Carvalho et al. 2002a; Overstreet et al. 2011), além de células T- yd e NKT que
também parecem atuar diretamente eliminando hepatdcitos infectados (Kuk 2007;
Langhorne et al. 2008; Rodrigues et al. 1993; Roland et al. 2006; Tewari et al. 2010;
Todryk et al. 2008)

Interessantemente, é mais dificil detectar uma resposta robusta de células T
contra antigenos de fase pré-eritrocitica em individuos naturalmente expostos a
doenca em &reas endémicas do que em voluntarios imunizados com esporozoitas
irradiados (Seder et al. 2013) ou vacinas de subunidades (Ewer et al. 2013). Este
dado sugere que a exposicdo natural ao parasito pode ndo ser suficiente para
induzir uma robusta resposta de células T. Apesar disso, 0s promissores resultados
de ensaios vacinais e modelos animais, suportam o uso de antigenos de fase pré-

eritrocitica no desenvolvimento vacinal contra malaria.

1.6.2 Respostaimune contra o estagio eritrocitico assexuado do Plasmodium

Os estagios assexuados do ciclo eritrocitico tem sido alvo de numerosos
estudos por estarem acessiveis no sangue de pessoas infectadas e serem
responsaveis pela patologia associada a doenca (Long& Zavala 2017). Uma vez que
os eritrécitos ndo apresentam moléculas de MHC classe | ou classe Il, que
permitiriam o reconhecimento das células infectadas por células do sistema imune, a
imunidade contra o0 estagio sanguineo da infeccdo é amplamente mediada por
anticorpos (Beeson et al. 2016).

E sabido que individuos que vivem em &reas endémicas de maléria, expostos a
altas taxas de transmissdo da doenga, desenvolvem progressivamente uma
imunidade adquirida que leva a tolerancia da infeccdo ou diminui¢do do risco de
formas da grave da doenca por P. falciparum (Beeson et al. 2008; Langhorne et al.
2008) e por P. vivax (Lin et al. 2010; Michon et al. 2007). Estudos utilizando a
transferéncia de soros de aves (Manwell& Goldstein 1940), camundongos (Parashar
et al. 1977), primatas ndo-humanos (Coggeshall& Kumm 1937) e humanos com
imunidade naturalmente adquirida (Cohen et al. 1961; McGregor 1964) para animais

ou humanos nédo infectados os protegeu contra malaria clinica ou atenuou a
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gravidade da malaria, corroborando o papel fundamental dos anticorpos na protecao
da maléria clinica.

Os merozoitas, por serem as Unicas formas extracelulares do parasito durante
0 estagio eritrocitico do ciclo, sdo os alvos mais acessiveis para a resposta humoral.
Nesse contexto, ao longo do estagio eritrocitico, os anticorpos podem atuar: (i)
bloqgueando proteinas da regido apical dos merozoitas, responsaveis pelas
interacdes iniciais com a superficie dos eritrocitos, impedindo-os, assim, de
invadirem esses eritrocitos (Hodder et al. 2001; Mitchell et al. 2004); (ii) aglutinando-
0S no momento da ruptura dos eritrocitos contendo 0s esquizontes maduros,
prevenindo a sua liberacdo e dispersdo na corrente sangiinea (Long 1993); (iii)
inibindo eventos bioquimicos, como a liberacdo de proteases pelo parasito,
necessarias ao processo de reconhecimento, invasdo e ruptura dos eritrcitos
(Blackman 2000; Ersmark et al. 2004); e (iv) opsonizando 0os merozoitas, através dos
anticorpos citofilicos 1gG1 e IgG3, facilitando o seu reconhecimento e fagocitose
pelos macrofagos, ou mediando o processo de ADCC, levando a remocao e morte
desses merozoitas (Carvalho et al. 2002b; Lusingu et al. 2005; Soe et al. 2004).

Além de atuar sobre o0s merozoitas, o0s anticorpos podem agir: (i) na
neutralizacdo direta das toxinas liberadas pelo parasito apdés a ruptura dos
esquizontes, diminuindo as manifestacdes clinicas da doenca associadas a elas
(Arevalo-Herrera& Herrera 2001), (ii) na maturacéo intraeritrocitaria dos trofozoitas e
dos esquizontes sanguineos, através da interiorizacdo desses anticorpos durante o
processo de invasdo dos eritrcitos pelos merozoitas, ou por difusdo através do
ducto parasitéforo, atingindo o vacuolo parasitéforo e impedindo o processo de
degradacdo e digestdo da hemoglobina pelos parasitos, sua principal fonte de
nutrientes (Banerjee et al. 2002; Pouvelle et al. 1994; Pouvelle et al. 1991) e
reconhecendo moléculas induzidas pelo parasito na superficie dos eritrécitos
infectados (Bull et al. 1998)

Por outro lado, apesar do foco dado a resposta humoral, durante o estagio
eritrocitico da infeccdo maléarica, o sistema imune do hospedeiro desenvolve uma
potente resposta contra o0 parasito, causando alteragbes em quase todos o0s
componentes desse sistema. A ativacdo e a mobilizacdo de elementos celulares
requeridos tanto na resposta imune inespecifica, quanto na especifica, resultam de
interacbes complexas entre diferentes mecanismos efetores de imunidade, como a
producdo de citocinas. Nesse estagio, uma grande quantidade de citocinas é

liberada na circulacdo sanguinea, contribuindo direta ou indiretamente para a
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eliminacdo do parasito, ou entdo, apresentando efeitos totalmente contrarios,
podendo influenciar no desenvolvimento dos sintomas clinicos e das complicacdes
associadas a infeccdo (Ramharter et al. 2003).

Nesse contexto, cabe destacar importantes trabalhos em modelos animais, que
atribuem a participacdo de células do sistema imune inato - incluindo mastocitos
(Guermonprez et al. 2013), neutrdéfilos (Porcherie et al. 2011) e células NK, NKT e
Tyd (Hansen et al. 2007) - na detec¢do da infeccdo inicial no estagio sanguineo,
promovendo inflamacao, inibindo o crescimento de parasitos e moldando respostas
imunes adaptativas (Smith et al. 2002; Stevenson& Riley 2004; Taylor-Robinson
1999). Além disso, Horowitz e colaboradores demonstraram que células NK
humanas sdo uma fonte inicial particularmente importante de IFN-y em resposta a
eritrocitos infectados in vitro. Esta citocina desempenha um papel central na
resposta imune a malaria, promovendo a destruicdo das células infectadas pela
ativacdo de macréfagos. No mesmo trabalho, foi demonstrado que células Tyd
contribuem, num grau menor, para a producéo inicial desta citocina, enquanto as
células Taf dominam a producéo tardia de IFN-y (Horowitz et al. 2010).

Por fim, apesar da clara evidéncia de funcdo protetora atribuida a células B e
anticorpos, as contribuicbes das células T-CD4" e T-CD8" na protegdo contra o
estagio eritrocitico ainda ndo foram completamente esclarecidas, sendo os principais
dados acerca deste tema oriundos de modelos murinos (Long& Zavala 2017). Com
relacdo a protecdo, as células T-CD8" parecem reconhecer o MHC-I de eritroblastos
infectados (Imai et al. 2013) e estar envolvidas no clearence parasitario (Safeukui et
al. 2015), por outro lado, a apresentacdo cruzada de antigenos parasitarios, por
células endoteliais de microcapilares cerebrais, para as células T-CD8" é uma
caracteristica da malaria cerebral experimental (Howland et al. 2015; Swanson et al.
2016). Combinado a uma restricdo no efluxo de sangue venoso devido ao sequestro
de células (Nacer et al. 2014), os processos mediados por células T-CD8" s&o
considerados fundamentais na degradacgao vascular e condigao fatal (Draheim et al.
2017).

Do mesmo modo, as células T-CD4", sendo os produtoras de citocinas
inflamatorias e regulatorias, sdo fundamentais no equilibrio entre protecdo e
patologia (Draheim et al. 2017). Por um lado, estas células contribuem para o
controle parasitario, uma vez que células T-CD4" de memoria efetora Thl conferem
protecdo parcial no modelo de maléaria crénica por P. chabaudi chabaudi (Stephens&

Langhorne 2010) e a perda do fator de transcricdo T-bet, um importante regulador

37



da diferenciacdo Thl, prejudica o controle da parasitemia no modelo de P. berghei
ANKA (Oakley et al. 2013). Além disso, uma subpopulacdo de células T-CD4",
denominadas células T helper foliculares, libera IL-21, uma citocina que auxilia as
células B (Perez-Mazliah et al. 2015) e é fundamental para promover a formacéo do
centro germinativo e a imunidade humoral anti-parasito (Sebina et al. 2016; Zander
et al. 2016). Ao mesmo tempo, a produgéo de citocinas reguladoras, como a IL-10
(Couper et al. 2008; Freitas do Rosario et al. 2012; Freitas do Rosario& Langhorne
2012; Villegas-Mendez et al. 2016) e IL-27 (Kimura et al. 2016), pelas células T-
CD4" é fundamental para determinacdo da patologia em modelos murinos. Em
contraponto, a secrecgdo de IFN-y por células T-CD4" no inicio da infeccéo (Belnoue
et al. 2002; Villegas-Mendez et al. 2012) promove o acumulo de células T-CD8" no
cérebro, através de mecanismos dependentes CXCL9 e CXCL10 e mediados por
CXCR3 (Campanella et al. 2008; Van den Steen et al. 2008). Do mesmo modo,
camundongos deficientes para o fator de transcricdo T-bet (Oakley et al. 2013) e
deficientes para IL-12-RB2 (Fauconnier et al. 2012) sdo menos suscetiveis para o
desenvolvimento de malaria cerebral experimental. Por fim, apesar dos controversos
estudos acerca do papel das células T-CD4" na maléaria, seus antigenos cognatos,
bem como as células apresentadoras de antigeno que controlam sua diferenciacéo,

ainda sdo pouco conhecidos.

1.6.3 Respostas imunes contra o estagio sexuado do Plasmodium

Embora as respostas imunes direcionadas aos estagios pré-eritrocitico e
eritrocitico assexuado sejam as mais pesquisadas e, aparentemente, mais
importantes na defesa contra maléaria, as respostas contra os gametocitos podem
representar um importante mecanismo na diminuicdo da transmisséo da doenca.

Os primeiros estudos avaliando a resposta contra estagios sexuados do
parasito foram conduzido em modelos de malaria avidria e demonstraram que aves
imunizadas com sangue contendo gametocitos mortos tornavam-se menos infectivas
para mosquitos (Huff et al. 1958). Quase duas décadas depois, foi demonstrado que
galinhas imunizadas com gametocitos inativados de P. gallinaceum produziram uma
atividade bloqueadora de transmissdo em seu soro (Carter& Chen 1976; Gwadz
1976), que nado afetava diretamente o gametécito, mas sim o desenvolvimento do
parasito no mosquito. Posteriormente, esta imunidade bloqueadora de transmissao
foi demonstrada em camundongos (Mendis& Targett 1979) e primatas ndo humanos

(Gwadz& Green 1978).
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Os anticorpos contra as formas sexuadas do parasito podem induzir a
eliminacdo dos gametécitos no sangue do hospedeiro vertebrado, (Margos et al.
2001; Read et al. 1994). Além disso, no mosquito podem prevenir a fusdo dos
gametas (Blagborough& Sinden 2009), induzir via-complemento a destruicdo dos
gametas ou oocineto (Volohonsky et al. 2010) e prevenir a motilidade do oocineto,
impedindo sua penetracdo na parede do intestino médio e formacdo do oocisto
(Baton& Ranford-Cartwright 2005a; Duffy et al. 1993; Ranawaka et al. 1994; Sieber
et al. 1991).

Conjuntamente com anticorpos do hospedeiro vertebrado, diferentes
mecanismos no organismo do mosquito sdo descritos como capazes de controlar a
infeccdo pelo Plasmodium (Smith& Barillas-Mury 2016). No interior do mosquito a
eliminacdo do parasito é multimodal, com duas fases da imunidade inata do
mosquito agindo nos estagios e oocineto e oocisto de plasmodios humanos e
murinos (Gupta et al. 2009; Smith et al. 2015; Smith et al. 2014).

Inicialmente, o epitélio do intestino médio do mosquito funciona como uma
barreira para a chegada do parasito na hemocele, uma vez que cerca de 80% dos
oocinetos invasores sao destruidos pelo mosquito (Shiao et al. 2006), através de
espécies reativas de oxigénio e nitrogénio (Han et al. 2000) e pelo sistema “tipo-
complemento” do mosquito, que interage com a superficie do oocineto, modificada
pela nitracdo no intestino médio (Garver et al. 2013; Kumar et al. 2004; Oliveira Gde
et al. 2012; Ramphul et al. 2015). Adicionalmente, trabalhos recentes evidenciaram
gue oocistos de P. berghei e P. falciparum sdo suscetiveis a efeitos do organismo do
hospedeiro invertebrado em laboratério (Goulielmaki et al. 2014; Smith et al. 2015) e
em estudos de campo (Awono-Ambene& Robert 1998). Embora 0 modo como o
sistema imune do mosquito afeta o desenvolvimento dos oocistos ainda ndo esteja
completamente esclarecido, a diferenciacdo de hemdcitos apods a infeccdo pelo
Plasmodium, resulta no aumento das proporcdes de oenocitbides e granuldcitos
circulantes (Ramirez et al. 2014; Smith et al. 2015), que é capaz de conferir

imunidade protetora em experimentos de desafio (Rodrigues et al. 2010).

1.7 Desenvolvimento de vacinas anti-malaricas

Diversas estratégias tém sido utilizadas visando a diminuigdo dos casos de
malaria no mundo, dentre 0s quais combate aos vetores e rapido diagndstico

associado ao adequado tratamento do paciente. Infelizmente, a ineficacia dos
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inseticidas como controle em diversas areas endémicas e a resisténcia dos parasitos
as drogas antimaléricas, tornam o desenvolvimento de uma vacina segura, eficaz e
acessivel, uma prioridade da saude publica global (Polhemus et al. 2009).

Um vasto repertorio de evidéncias corrobora que seja possivel produzir uma
vacina anti-malarica eficaz. Em 1967, Nussenzweig e seus colaboradores
demonstraram que a imunizacdo de camundongos com esporozoitos irradiados foi
capaz de gerar protecao contra o desafio com P. berghei (Nussenzweig et al. 1967).
Posteriormente, o0 mesmo foi demonstrado para primatas ndo humanos. Entre os
anos de 1989 e 1999, humanos imunizados com picadas de mosquitos irradiados
carregando esporozoitos de P. falciparum apresentaram protecdo de 100% contra
desafios feitos 9 semanas apOs a Ultima imunizacdo (Hoffman et al. 2002).
Adicionalmente, vem sendo demonstrado que individuos naturalmente expostos a
malaria adquirem certo grau de imunidade, razdo pela qual os casos graves da
doenca acometem principalmente criancas e infantes (Langhorne et al. 2008;
Richie& Saul 2002; Tetteh& Polley 2007). Entretanto, esta imunidade adquirida nao
parece ser duradoura, uma vez que individuos imunes parecem se tornar novamente
suscetiveis a malaria grave quando retornam a areas endémicas apos longos
periodos fora de areas endémicas para doenca (Struik& Riley 2004).

Em contraponto, a imunidade provida por um complexo de antigenos como
esporozoitos irradiados e infeccbes naturais tem sido dificil de se replicar usando
antigenos purificados. Acredita-se que as diferentes composicfes antigénicas
apresentadas pelo Plasmodium nos diferentes estagios de seu ciclo biolégico, aliada
a variabilidade antigénica dentre as espécies e cepas dos parasitos, representam
um dos maiores obstaculos ao desenvolvimento vacinal (Rappuoli& Aderem 2011),
justificando assim a necessidade do desenvolvimento de uma vacina que contenha
varios antigenos de uma Unica fase ou uma combinacdo de antigenos de diferentes
fases do parasito (Miller& Hoffman 1998).

Apesar disso, a maioria das vacinas pensadas para combater a malaria tem
como alvo um unico estagio de vida do parasito, sendo classificadas com base
nesse critério em: vacinas preé-eritrociticas, vacinas de estagio sanguineo, ou

vacinas bloqueadoras de transmisséo (Arama& Troye-Blomberg 2014).

1.7.1 Vacinas pré-eritrociticas

Possuem o objetivo de bloquear a doenga, impedindo a invaséo dos
hepatdcitos pelos esporozoitos. Atualmente, em fungdo do baixo numero de
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esporozoitos liberados durante o repasto sanguineo, este estagio representa o
principal alvo vacinal contra Plasmodium (Kebaier et al. 2009; Yamauchi et al. 2007).
Contudo, uma vacina pré-eritrocitica precisa ser 100% efetiva, uma vez que, em
virtude de sua elevada taxa de replicacdo, um pequeno numero de esporozoita é o
suficiente para que a infeccdo atinja o estagio eritrocitico (March et al. 2013; Okie
2005; Risco-Castillo et al. 2015).

Sao exemplos desta estratégia, as vacinas que utilizam esporozoitos irradiados
ou atenuados (Haeberlein et al. 2017; Hansen et al. 1979; Nussenzweig et al. 1969;
Nussenzweig et al. 1967). Tais vacinas representam um interessante alvo, uma vez
que quando funcionais impedem o estabelecimento da infec¢&o inicial no figado,
inibindo assim a formacé&o hipnozoitas e eventos subsequentes de recaidas, no caso
de infec¢Bes por P. vivax ou P. ovale, além dos sintomas, frutos do ciclo eritrocitico
do Plasmodium, e a transmissdo da doenca, uma vez que 0S parasitos nao
atingiriam o estégio de gametécitos (Aramaé& Troye-Blomberg 2014).

Dentre as 19 formulacdes vacinais contra alvos deste estagio em ensaios
clinicos ou pré-clinicos (WHO 2017), a vacina RTS,S, que utliza a proteina
Circunsporozoito (CSP) de P. falciparum, proteina imunodominante na superficie do
esporozoito, ligada ao antigeno de superficie da hepatite B, se destaca como a
principal formulacdo vacinal anti-malaria. Tal formulacdo comegou a ser testada em
1980, apresentou sucesso parcial na imunizacédo de criangas em ensaios de clinicos
de fase 3 (Olotu et al. 2016; Rosenthal 2015; Rts 2015; Targett 2015), e sera
implementada a partir de 2018 em areas selecionadas do Gana, Quénia e Malawi,
segundo a Organizacdo Mundial de Saude (PATH 2017; Vandoolaeghe&
Schuerman 2016). Apesar disso, a limitada taxa de protecdo induzida pela vacina
RTS,S reforca a ideia de construgcdo vacinais contendo combinacfes de diferentes
antigenos.

Nesse contexto, destacamos a proteina CelTOS (Cell-Traversal Protein for
Ookinetes and Sporozoites) como uma nova e promissora candidata vacinal.
Recentemente, Jimah e colaboradores demonstraram que esta proteina € capaz de
romper os lipossomas compostos de acido fosfatidico através da formacgao de poros,
sendo importante no processo de travessia celular desempenhado pelos
esporozoitos nos hepatdécitos, atuando principalmente na saida do parasito da célula
hospedeira (Jimah et al. 2016). A CelTOS é secretada durante os estagios de
esporozita e oocineto do parasito (Kariu et al. 2006) e € altamente conservada entre

parasitos do filo Apicomplexa, apresentando semelhanca estrutural com a
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glicoproteina gp41 de HIV-1 e com uma toxina formadora de poro de Mycobacterium
tuberculosis (Jimah et al. 2016). Seu potencial como candidata vacinal esta
vinculado a estudos que apontam que a interrupcdo de genes da CelTOS em P.
berghei reduz a infectividade do parasito tanto no mosquito quanto no figado de
camundongos (Kariu et al. 2006). Além disso, a imunizacdo com a proteina CelTOS
de P. falciparum (PfCelTOS) foi capaz de induzir protecao cruzada contra P. berghei
em modelos murinos (Bergmann-Leitner et al. 2010). No entanto, embora a
PfCelTOS seja vista como um antigeno vacinal promissor, estando inclusive em
ensaios clinicos de pesquisa (WHO 2017), a proteina homdloga de P. vivax
(PvCelTOS) € pouco explorado. Dentre os poucos trabalhos que avaliam seu
potencial como candidata vacinal, destacamos o estudo de Longley e colaboradores,
gue demonstra que a proteina € naturalmente imunogénica em individuos expostos
a malaria da Tailandia, induzindo anticorpos que apresentam longevidade superior a
um ano (Longley et al. 2015). Recentemente nosso grupo demonstrou que a
PvCelTOS € uma proteina altamente conservada entre isolados de diferentes
regides geograficas, uma caracteristica que da suporte a seu potencial como
candidata vacinal (Bitencourt Chaves et al. 2017). Apesar disso, 0s alvos antigénicos

desta proteina, bem como seu papel protetor permanecem desconhecidos.

1.7.2 Vacinas de estagio sanguineo

Também chamadas de vacinas eritrociticas, sdo projetadas para desenvolver
anticorpos que inibam a invasdo dos eritrocitos pelos merozoitas (Moorthy et al.
2004). Embora esta estratégia vacinal ndo induza uma imunidade estéril, uma vez
que € incapaz de inibir o estagio hepatico da infec¢do, ao bloquear a invasdo dos
eritrocitos, pode impedir a evolucdo da doenca, gerando imunidade clinica e/ou
diminuindo a morbidade e a gravidade dos quadros clinicos (Arama& Troye-
Blomberg 2014).

Em funcdo de sua alta expressdo na superficie dos merozoitas, diversos
antigenos contra o estagio sanguineo se encontram em teste nas 10 formulacdes
vacinais hoje em ensaio clinico (WHO 2017), dentre os quais podemos destacar: A
proteina-rica em glutamato (GLURP) e a proteina-3 de superficie de merozoita
(MSP3), componentes da formulacdo GMZ2 (Milligan et al. 2017; Sirima et al. 2016);
o antigeno-1 de membrana apical (AMA)1 (Sirima et al. 2017); o antigeno-5 de
repeticéo de serina (SERA5), componente da vacina SE36 (Palacpac et al. 2013); a
proteina homéloga-5 de ligacdo de reticuldcitos, componente das vacinas ChAd63
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RH5 e MVA RH5 (Payne et al. 2017b); e a proteina de ligagdo Duffy de P. vivax
(PvDBP) (Payne et al. 2017a), uUnica candidata vacinal contra esta espécie
plasmodial em ensaios clinicos atualmente (WHO 2017).

Além destas, as proteinas de superficie de merozoitas (MSP) tém sido
consideradas um promissor grupo de proteinas alvo, uma vez que Sao expressas
durante a esquizogonia e se tornam associadas a superficie dos merozoitos ao
longo do desenvolvimento do esquizonte (Barnwell et al. 1999). Além disso, em
funcdo de sua repetida exposi¢cdo ao sistema imune do hospedeiro, diversas MSPs
tem tido seu potencial imunologico investigado (Cheng et al. 2014; Osier et al. 2014,
Stanisic et al. 2013).

Dentre estas proteinas, a proteina-9 de superficie de merozoitas de P. vivax
(PvMSP9) é considerada uma promissora candidata vacinal em funcao de diversos
fatores dentre os quais: (1) sua localizacdo na superficie do merozoito; (2) a
homologia com plasmédios simianos e P. falciparum; (3) a habilidade de IgG
especificas em inibir a invasao dos merozoitas; (4) sua alta imunogenicidade em
ensaios realizados em modelos animais (Barnwell et al. 1999; Galinski et al. 1999;
Oliveira-Ferreira et al. 2004b). Embora a MSP9 seja uma proteina identificada em
diversas espécies de Plasmodium, sua andlise filogenética demonstra que P. vivax é
estritamente relacionado a espécies que infectam primatas nao-humanos [34].
Estruturalmente, a MSP9 apresenta um longo dominio N-terminal, ndo repetitivo e
conservado e uma regido C-terminal contendo dois blocos espécie-especificos de
repeticdo em tandem [28,35]. Acerca da imunogenicidade da PvMSP9, sua regiao N-
terminal contém 5 epitopos promiscuos de célula T (pE, pJ, pK, pH e pL), que
interagem com um amplo espectro de moléculas de HLA de classe Il [36,37]; &
imunogénica em camundongos [36] e naturalmente imunogénica em adultos [26] e
criancas [31]. Por outro lado, os blocos de repeticdo situados na regido C-terminal
da proteina sdo apontados como a regido mais imunogénica da PvMSP9 [26], e
anticorpos direcionados a seus blocos de repeticdo se mostraram correlacionados a
exposicdo a malaria [26,35].

Apesar do consideravel numero de candidatos vacinais contra este estagio, ao
menos para P. falciparum, um consideravel nimero de estudos aponta resultados
desanimadoras acerca da protecdo induzida por muitos destes antigenos (Duncan et
al. 2011; Hermsen et al. 2007; Sagara et al. 2009). Acredita-se que a extensa
diversidade genética do parasito e a presséo seletiva exercida pela resposta imune

do hospedeiro sejam importantes fatores a serem considerados no desenvolvimento
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de vacinas (Takala& Plowe 2009). Nesse sentido, além do uso de formulagbes
vacinais combinando diferentes antigenos, atualmente, se sugere o foco em
antigenos conservados, capazes de induzir reatividade cruzada, capaz de cobrir a
ampla diversidade genética dos parasitos do género Plasmodium.

1.7.3 Vacinas bloqueadoras de transmissao

Também chamadas de vacinas altruistas, estas constru¢fes tém como alvo
antigenos presentes durante os estigios de gametoOcito, gametas, zigoto e/ou
oocineto do Plasmodium. Embora tais vacinas n&o geram imunidade estéril, nem
tdo pouco imunidade clinica, sdo capazes de evitar 0 desenvolvimento do parasito
no intestino médio do vetor, impedindo a transicdo de oocineto para oocisto e
consequentemente a geracdo de esporozoitas e dispersao da doenca (Carter et al.
2000). Dentre os principais alvos direcionados a esta estratégia vacinal hoje em
ensaios clinicos ou pré-clinicos, podem ser destacadas antigenos de P. falciparum
presentes na superficie de gametdcitos e gametas, como Pfs230 (Farrance et al.
2011) e Pfs48/45 (Outchkourov et al. 2008) , e antigenos expressos nos estagios de
zigoto e oocineto, como a Pfs25 (Goodman et al. 2011).

Cabe ressaltar que, embora o uso desta estratégia vacinal possa representar
uma importante ferramenta para programas de eliminacdo da malaria, atualmente,
nao ha nenhuma formulacéo vacinal deste tipo direcionada ao P. vivax em ensaios

clinicos ou pré-clinicos, espécie mais dispersa no planeta.

1.8 Desenvolvimento de vacinas contra o P. vivax

Acerca do atual estadgio das vacinas anti-maléaricas, a “WHO Initiative for
Vaccine Research” mantém uma lista atualizada de candidatas vacinais com base
em dados inseridos pelas principais agéncias de fomento. Atualmente, além da
vacina RTS,S, ha cerca de 23 formula¢gBes vacinais em ensaios clinicos e 17 em
ensaios pré-clinicos contra o P. falciparum, em contraponto, quando tratamos de
pesquisas direcionadas ao P. vivax, o numero de formulagBes em ensaios clinicos e
pré-clinicos € drasticamente reduzido a 3 formulac¢des: (1) ChAd63/MAV PvDBP,
gue tem como alvo a proteina que se liga ao antigeno Duff de P. vivax, e é hoje a
tnica formulacéo vacinal contra esta espécie em ensaios clinicos; (2) VMP002, que
contém a PVCSP expressa em Escherichia coli; e (3) PvSPZ, composta por

esporozoitas atenuados (WHO 2017).
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Este evidente viés na busca por vacinas contra o P. falciparum e o P. vivax,
pode ser visto como resultado da reconhecida importancia clinica atribuida ao P.
falciparum, em funcdo da alta letalidade e nimero de casos graves associados a
esta espécie, que direcionou esfor¢os e investimentos em estudos envolvendo esta
espécie ao longo do tempo. Além disso, cabe destacar que a existéncia de um
cultivo in vitro continuo bem estabelecido de P. falciparum, facilita o uso de diversas
metodologias da vacinologia convencional, acelerando o desenvolvimento de
pesquisas.

Contudo, os registros de casos de malaria grave e letal por P. vivax (Geleta&
Ketema 2016; Gupta et al. 2015; Mitra et al. 2015), a emergéncia de cepas
resistentes a cloroquina (de Santana Filho et al. 2007; Karunajeewa et al. 2008;
Teka et al. 2008) e a primaquina (Arias& Corredor 1989; Kristensen& Dragsted 2014;
Nayar et al. 1997), além de sua ampla dispersédo e enorme impacto socioeconémico
causado por esta espécie em areas endémicas, tornam o desenvolvimento de uma
vacina eficaz contra o P. vivax essencial para as estratégias de controle e
eliminagdo da maléria no mundo. Infelizmente, a falta de um cultivo in vitro de longa
duracdo dificulta os esforcos nesse sentido, impossibilitando o uso importantes
abordagens da vacinologia convencional para identificagcdo de alvos potenciais
(Patarroyo et al. 2012; Thomson-Luque et al. 2017).

1.9 Vacinologia reversa: uma abordagem promissora contra P. vivax

A vacinologia reversa utiliza andlises in silico de dados do genoma,
transcriptoma ou protedmica do parasito para identificar caracteristicas que podem
distinguir potenciais candidatos vacinais (Rappuoli 2000, 2001). Esta abordagem
reduz o tempo e o custo para identificacdo de alvos vacinais, sendo uma promissora
alternativa nos estudos de parasitos ndo cultivaveis, como o P. vivax (Mora et al.
2003).

Desde o completo sequenciamento dos genomas de P. falciparum (Gardner et
al. 2002) e P. vivax (Carlton et al. 2008; Dharia et al. 2010), uma quantidade
substancial de informacfes sobre estes parasitos ficaram disponiveis. Estudos
comparativos evidenciaram que essas espeécies plasmodiais tém o potencial de
expressar aproximadamente 5000 proteinas hipotéticas, sendo cerca de 75% destas
ortblogas com outras espécies. Nos Ultimos anos, estudos baseados no

transcriptoma e proteoma de P. vivax, identificaram possiveis candidatos vacinais
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(Acharya et al. 2009; Bozdech et al. 2008; Westenberger et al. 2010), incluindo
variantes de antigenos de superficie da familia de multigénica Plasmodium
interspersed repeat (pir), a maior familia de genes identificada até agora,
compartilhada por P. vivax e espécies plasmodiais de primatas ndo humanos, como
P. knwolesi, e de roedores, como P. chabaudi, P. yoelii e P. berghei (Cunningham et
al. 2010; Janssen et al. 2004).

Por outro lado, a vacinologia reversa também permite, através de diferentes
ferramentas de bioinforméatica, a identificacdo de epitopos alvos dentro de proteinas
sabidamente antigénicas/imunogénicas. Desse modo, a determinacdo de regides
imunogénicas curtas e especificas dentro de candidatas vacinais, pode ser utilizada
na geracdo de peptideos quiméricos, contendo mdltiplos epitopos contra diferentes
alvos, e levar a um avanco no desenvolvimento de vacinas eficazes. Baseados
nesse conceito, Bueno e seus colaboradores, utilizando a combinacéo de diferentes
algoritmos de predicdo, identificaram um epitopo linear de célula B, altamente
antigénico dentro do dominio Il, a regido mais imunogénica da candidata vacinal
AMA-1 de P. vivax (PvAMA-1) (Bueno et al. 2011).

Atualmente, o mapeamento por predicdo in silico e a posterior confirmacao
imuno-molecular dos epitopos de células B e T de proteinas candidatas vacinais
vem sendo utilizada em diversos patégenos como o HIV e Influenza (Soria-Guerra et
al. 2015). Além do possivel uso em peptideos quiméricos, a identificacdo de
epitopos alvos dentro de candidatas vacinais conhecidas pode representar uma
interessante estratégia para contornar mecanismos de escape do parasito, dentre 0s
quais: a diversidade antigénica, uma vez que podem ser selecionados epitopos
conservados entre diferentes cepas do parasito, e o0 mecanismo de “cortina- de
fumaca” (Anders 1986), através da selecdo de epitopos protetores especificos do
candidato vacinal explorado, diminuindo o efeito de imunodominancia de proteinas
que nao induzem imunidade protetora (Renia& Goh 2016).

Em contraponto, apesar dos esforcos empreendidos nas ultimas décadas no
desenvolvimento de vacinas contra malaria, as candidatas vacinais hoje conhecidas
nao representam mais de 1% do proteoma predito para P. vivax (Valencia et al.
2011).
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1.10 Parasitos quiméricos: solugao alternativa para um “velho” problema.

Apesar dos avancos na identificacdo de alvos vacinais contra P. vivax, a
auséncia de um cultivo in vitro persiste sendo um obstaculo para avaliacdo do
potencial protetor de novos antigenos. Nesse contexto, “parasitos quiméricos”
surgem como uma alternativa viavel e promissora para avaliacdo do potencial
protetor de vacinas de subunidades (Cockburn 2013; Mlambo& Kumar 2008;
Mlambo et al. 2008; Salman et al. 2015) e novas drogas terapéuticas (Blume et al.
2011; Tewari et al. 2014) contra espécies plasmodiais que infectam humanos. Em
suma, através desta abordagem sdo desenvolvidos parasitos murinos transgénicos,
expressando proteinas alvos de P. vivax ou P. falciparum em lugar de suas
homélogas na espécie original (Othman et al. 2017).

Deste modo, novos ensaios vacinais contra P. vivax tém sido desenvolvidos,
através da imunizacdo de camundongos com candidatos vacinais e subsequente
desafio com Plasmodium murino transgénico expressando o alvo vacinal
(Blagborough et al. 2016; Gimenez et al. 2017; Mizutani et al. 2016; Salman et al.
2017). Nesse cenario, a combinacdo de “parasitos e antigenos quimeéricos” pode
representar um novo caminho para o desenvolvimento de vacinas eficazes contra o

P. vivax.

1.11 Justificativa

O desenvolvimento de vacinas candidatas contra P. vivax tem sido dificil
principalmente pela falta de um sistema in vitro para o cultivo continuo e o equivoco
generalizado de que a malaria causada pelo P. vivax é branda. Contudo, a elevada
dispersdo e prevaléncia do P. vivax no mundo, somados ao crescente namero de
relatos de malaria grave por esta espécie e ao surgimento e dispersdo de cepas
resistentes ao tratamento na Asia, Brasil e Africa, tornam o desenvolvimento de
vacinas para esta espécie plasmodial um passo fundamental para o controle da

malaria no Brasil e no mundo.

Apesar da reconhecida importancia epidemioldgica da maléaria causada pelo P.
vivax em varias partes do mundo, inclusive no Brasil, a busca de vacinas contra esta
espécie plasmodial € pouco explorada e o numero de proteinas antigenicamente
relevantes ainda € restrito. Atualmente, enquanto existem 17 formulagbes vacinais

em ensaio pré-clinico e 24 em ensaios clinicos direcionadas ao P. falciparum, estes
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nameros sdo drasticamente reduzidos a 2 e 1, respectivamente, quando se tratando
de formulacdes direcionadas ao P. vivax (WHO 2017). Em meio a este cenario, a
vacinologia reversa surge como uma alternativa promissora para identificacdo de
alvos vacinais contra o P. vivax. Atualmente, 0 mapeamento por predi¢do in silico e
a posterior confirmac&o imuno-molecular dos epitopos de células B e T de proteinas
candidatas vacinais vem sendo utilizada em diversos patdégenos como o HIV e
Influenza (Soria-Guerra et al. 2015), fornecendo constantemente subsidios para o
desenvolvimento de vacinas e novos testes de diagnosticos eficazes. Na malaria,
apesar do consideravel numero de proteinas candidatas vacinais citados
anteriormente, estudos que utilizem ferramentas de bioinformatica aliados a

confirmacédo experimental com antigenos de Plasmodium séo escassos.

Nesse contexto, a identificacdo de epitopos de células B e T em promissoras
candidatas vacinais, bem como sua utilizacdo em ensaios de imunizacdo, pode
representar uma importante contribuicdo no campo das pesquisas em vacinas contra
o P. vivax, uma vez que fornecera informacfes relevantes sobre a validacdo e
identificacdo de candidatos vacinais, bem como sua antigenicidade e
imunogenicidade. Para tanto, a construcao de quimeras lineares sintéticas contendo
epitopos identificado in silico em proteinas candidatas vacinais tem se mostrado
uma alternativa viavel, de baixo custo e com um relativo sucesso reportado em

plasmodios murinos (Caro-Aguilar et al. 2005; Singh et al. 2012).
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OBJETIVOS

2.1 Objetivo Geral

Identificar e validar epitopos de célula B de diferentes proteinas candidatas
vacinais de Plasmodium vivax, bem como avaliar seus potenciais antigénicos e

imunogénicos, quando inseridos em peptideos lineares sintéticos.

2.2 Objetivos Especificos

e Avaliar a resposta imune naturalmente adquirida contra a proteina de fase
pré-eritrocitica PvCelTOS em individuos da Amazonia brasileira (Artigo 1);

e Identificar in silico epitopos lineares de célula B na PvCelTOS (Artigo 1);

e Realizar o mapeamento de epitopos da PvCelTOS, identificando suas regiées
imunogénicas em individuos naturalmente expostos a malaria (Artigo 1)

e Validar os métodos de predicdo in silico através da sobreposicdo dos dados
de predicao e dados de mapeamento antigénico da PvCelTOS (Artigo 1);

e Avaliar impactos da diversidade genética da PvCelTOS na estrutura da
proteina e potencial imunogénico de epitopos identificados in silico (Artigo 2)

e Identificar in silico epitopos lineares de célula B na proteina de fase
eritrocitica PvMSP9 (Artigo 3);

e Confirmar a antigenicidade do epitopo predito em individuos naturalmente
expostos a malaria (Artigo 3);

e Determinar a existéncia de correlacdes entre dados epidemioldgicos e a
resposta especifica para o epitopo identificado (Artigo 3);

e Sintetizar peptideos lineares representando epitopos de célula T e B da
PVMSP9 (Artigo 4);

e Avaliar a resposta imune celular e humoral induzidas pelos peptideos
sintéticos, formulados em adjuvante, em camundongos BALB/c (Artigo 4);

e Averiguar o reconhecimento da proteina recombinante PvMSP9-RIRII pelos
anticorpos induzidos pelos peptideos sintéticos (Artigo 4);

e Verificar o reconhecimento da proteina nativa no parasito por anticorpos

gerados em camundongos imunizados com peptideos sintéticos (Artigo 4).
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RESULTADOS

3.1 Artigo 1 - Plasmodium vivax Cell-traversal protein for ookinetes and
sporozoites (PvCelTOS): Resposta humoral naturalmente adquirida e
mapeamento de epitopos de célula B em individuos da Amazbnia

brasileira.

3.1.1 Objetivos especificos:

e Avaliar a resposta imune naturalmente adquirida contra a proteina de fase
pré-eritrocitica PvCelTOS em individuos da Amazonia brasileira (Artigo 1);
¢ Identificar in silico epitopos lineares de célula B na PvCelTOS (Artigo 1);

¢ Realizar o mapeamento de epitopos da PvCelTOS, identificando suas regides

imunogénicas em individuos naturalmente expostos a malaria (Artigo 1)
e Validar os métodos de predicédo in silico através da sobreposicdo dos dados

de predicdo e dados de mapeamento antigénico da PvCelTOS (Artigo 1);
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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 (Rls) 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 (Rl > 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
(p < 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 (PvCelTOS)iz6-£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, R, vivax,

malaria 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.

Inthisscenario, 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”5/59°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?

Frontiers In Immunology | www.frontiersin.org

February 2017 | Volume 8 | Article 77

52



Rodrigues-da-Silva et al

Call-Traversal Protein for Ookinetes and Sporozoites

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 Fundagao 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 1,000 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 $-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 pg/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
IgGl, 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 RT 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| SL y of the ep data of the
population.
Overall PvCelTOSIgG PvCelTOS
responders 1gG non-
responders
(NRs)
Gender—N (%)
Male 284 (53.8%) 55(58.5%) 229 (52.8%)
Female 244 (46.2%) 30(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)
eplsodes (1)
Time since the last malaria 51(4-91)  60(13.7-89.2) 51 (24-90.5)
episode (months)
Frequency of recent malaria 12.7% 16.0% 13.1%
episodes (%)
F p cor 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 specles 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 malana
episodes, and time elapsed from the last malana 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%;
%% =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 Rlis 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 PvCel TOS 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 + IgG3/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 PvCel TOS. 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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Five Immunogenic Regions Identified 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 (PvCelTOSksnis; PvCelTOSgisns7
PvCelTOS 3651433 PVCdTOSKlsﬁ-Slsl)-

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; S97-Alll; P127-V141; I133-G147; P139-V153;
L181-L195; E182-D196) were broadly recognized by respond-
ers to PvCelTOS (Figure 3). Two of the predicted epitopes
(PvCelTOSy36.614s and PvCelTOSkie6.5191) 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 35113, 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 .11
and could be the immune dominant sequence of this longer
predicted epitope. These data supported the prediction of
linear B-cell epitopes PvCelTOSy.1146 and PvCelTOSK es.s151-
Conversely, peptides N13-L27, S19-V33, and S97-A11l 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 PvCelTOSnis.vss, PvCelTOSsk93
PvCelTOSss7-a111, PvCelTOSp1a7.v1s3, and PvCelTOSis1.piss, in
which B-cell epitopes could be inserted. Interestingly, the pep-
tides with higher frequency of specific responders (1133-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 $97-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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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 PvCelTOS (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 PvCel TOS 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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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, IgGl presented higher frequencies of
responders and median RI than all other subclasses. Moreover,

45
30%
36%

IgG3 RIs were directly associated with the number of malaria

SIS @ =T I

§ o & sl ‘3_ episodes over the last 12 months and inversely correlated with
) é ; S;o" &I &I the time elapsed from the last malaria episode, suggesting that
§ = ; ; § g recent P, vivax infections can raise the levels of anti-PvCelTOS
5| & o~ - specific IgG3. The sterile protective immunity to malaria was

Reactivity index (RI) Responders (%)

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 RIs 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 PvCelTOS 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

g evidences of its influence in malaria outcomes and the capac-
H g 'g g § g § 2 E 2 § ity to mount a humoral immune response (54-57). To date,
ﬁ 5 associations of HLA class IT on humoral immune response to
§ malaria antigens were reported in individuals living in malaria-
% g endemic areas from Brazilian Amazon (58, 59) and in human
2 §5539883883 § vaccine trials (60-62). In P. vivax preerythrocytic targets, the
& TYecececeqeoc ? presence of HLA-DRB1*03 and DR5 was associated with the
§ H absence of antibody response to the CSP amino-terminal region
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i3
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"‘?.l §§ 39‘3 gEg § & §§ 35 2 E regions (unpublished data), suggesting a low selective pressure
e feeee © 3 by immune response against PvCelTOS. In our view, the influ-
& § ence of immunogenetic factors in PvCelTOS-specific humoral
% = response are feasible, but more studies are still necessary to
confirm this hypothesis.
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Peptides with overlapping and recognized by more than 20% of responders to A/CelTOS were grouped in immunogenic regions. The Rl of an immunogenic region represents the mean of RI 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

TABLE 2 | Identification of immunogenic regions in PvCelTOS.

region were listed with their

PvCelTOSw1avas
PvCelTOSera+aa
PvCelTOSsgr-am
PvCelTOSer7vim
PvCelTOS 11 0108
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E73-K93

P127-V153

597-A111

P127-v153

$97-A111

FIGURE 4 | Molecular dynamics and electrostatic potential surface for the PvCelTOS. (A) Sausage plot of the PvCelTOS. The red color [dentifies the
Immunogenic reglons of PvCelTOS. Thickness depicts relative fluctuation as calculated during molecular dynamics. The thinnest segments represent the most
stable reglons of the proteln. (B) The surface model shows the electrostatic potential surface of the PvCeITOS, representing the positive (blue) and negative (red)
charges. The secondary structure In the background represents the Immunogenic reglon.

N13V33

L181-D196

N13-v33

L181-D196

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-PvCel TOS 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 PvCelTOS 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 (PvCelTOS:s5, PvCelTOS73.93, PvCelTOSs7-111,
PvCelTOS,27.153, and PvCelTOS,s,.15) 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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3.2 Artigo 2: “Sequéncia génica e epitopos potenciais da PvCelTOS

(Plasmodium vivax Cell-traversal protein for ookinetes and sporozoites)
sdo altamente conservados entre isolados de diferentes regibes da

Amazonia brasileira. ”

3.2.1 Objetivos Especificos

Caracterizar a PvCelTOS em isolados brasileiros de diferentes areas endémicas
de malaria;

Avaliar o polimorfismo genético da PvCelTOS nos isolados;

Realizar a predicdo in silico de epitopos lineares potencialmente
reconhecimentos por células B nas diferentes sequéncias encontradas;

Avaliar impactos da diversidade genética da PvCelTOS na estrutura da

proteina e potencial imunogénico de epitopos identificados in silico.
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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

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005344 February 3,2017
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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 (Cel TOS) 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 PvCel TOS 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 pveeltos 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 (Cel TOS) 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 PfCel TOS 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 PvCel TOS, 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
pveeltos 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).
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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’ 477, 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 Rondonia 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’ 437, 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: Plécido
de Castro, AC.

doi:10.1371/journal.pntd.0005344.1001

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
pveeltos 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 pveeltos gene was amplified in a conventional PCR method using the pair of primers
PvCelTOS 5—CCCCCAAAGGCAAAATGAACAA—3’ (forward) and PvCel TOS 5—AACT
CATCTTCAGCTTCTTCCTC—3’ (reverse). Amplification of the pvceltos gene was conducted
in a reaction volume of 25 pL using 1 uL of DNA, 10 pmol/uL 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 pL 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 3730x] 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 PvCel TOS, 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 () 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 (Fst) 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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600 bp

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 PvCel TOS.

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 PvCel TOS 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

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005344 February 3,2017 8/19

72



@PLOS | NEGLECTED S
~Z TROPICAL DISEASES PvCelTOS genetic diversity in Brazil
Table 2. Mutations and corresponding amino acid substitutions in pvceltos gene.
Seq Nucleotide position
22t024 | 28 to 30 | 109to 111 | 352 to 354
Wild Type cce 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.0005344.1002
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 = CGCG). Furthermore, the mutations resulted in nine different hap-
lotypes (H2 = AGCG; H3 = CACG; H4 = CGAG; H5 = CAAG; H6 = CGAG; 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
3l 100% bl 100%
90% <o 90% e e . o, .
80% 80%
70% 70%
60% 60%
?, 50% g 50%
5 0% ;.; 20% .
& 30% % 30%
20% 20%
10% 10%
o% 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)
WMSNPsC24A @mSNPsG28A  ESNPsC109A  ESNPsG352C
Fig 3. Analysis of genetic diversity of PvCelTOS in Pl dium vivax isol (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
testand (+) 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.0005344.9003
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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(CACG) H4(CGAG) H5 H6 (CGAC) H7 (AGAG) HB8(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 pveeltos 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 (1) 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 pveeltos 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 (H;) = Nucleotide diversity (r) = 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).

d0i:10.1371/journal.pntd.0005344.t004

populations, but all Fsr 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 diff b ples from Brazil, measured by pairwise Fsy 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 Region 3 - Ct
|
L r Y. VT 1 Haplotypes Freq.
1 10 30 81 1 130 171 178 196
Sal-1(XP_001617263.1)  MHLF AFLALFCF QKDSASFLQSGFDVKTQLKATAKKVLVEALKAALEPTEK  TIWEYESKGSLEEEEAEDEFSDELLD ~ h1-h2-hd-h7  79.8%
MHLFNKPPKGKMNKVNRVSIICAFLALFCF  DNIANEIVSSLOKDSASFLQSGFDVKTQLKATAKKVLJEALKAALEPTEK  TIWEYESKGSLEEEEAEDEFSDELLD he 10.9%
North Korean (KMZ96916.1) MHL AFLALFCF QKDSASFLQSGFDVKTQLKATAKKVLVEALKAALEPTEK  TIWEYESJGSLEEEEAEDEFSDELLD - o
India Vil 1) MHLF CAFLALFCF  DNIANEIVSSLQKDSASFLOSGFDVKTQLKATAKKVLJEALKAALEPTEK  TIWEVESRGSLEEEEAEDEFSDELLD . o
| Isolates Ser10-val118 | MHL ; AFLALFCF  DNIANEIVSSLOKDSASFLQSGFDVKTQLKATAKKVLVEALKAALEPTEK  TIWEYESKGSLEEEEAEDEFSDELLD ~ h3-hs-h9  8.4%
Isolates Ser10-Leu118 | MHL : AFLALFCF  DNIANEIVSSLOKDSASFLOSGFDVKTQLKATAKKVLJEALKAALEPTEK  TIWEYESKGSLEEEEAEDEFSDELLD L 0.5%
b)
7,9%
| ’ ‘
4,8%
Manaus Novo Repartimento Placido de Castro Porto Velho Oiapoque
™ Sal-1strain ™ Brazil | strain Isolates Ser10-Leu118  mlsolates Ser10-Val118
Fig 4. Alig of protei q and freq y 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 Tgpg, 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-Val118 and Ser10-Leul18, resulted in a decrease of the predicted score for an epitope
(Fig 5b). On the other hand, the predicted T¢ps. 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 T¢ps, 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;s3.1.9,) was considered
a potential promiscuous Tcpg. 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) Synonymous 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 Tcpe. 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 values represent the predicted score of linear B-cell epitope in wild type haplotype (H1) and mutate strain (red
number). The IEDB MHC-I indicates 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.0005344.9005

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 pveeltos 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
pveeltos 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 PvCel TOS 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 PvCel TOS 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-Leu118 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 PvCel TOS 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 PvCel TOS. Interestingly, non-synonymous mutations could modify
the potential of these predicted epitopes, once the N-terminal and C-terminal described non-
synonymous mutations (Gly10Ser 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 PvCel TOS 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 Tcps. 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 PYAMA-1, PvDBP and PVTRAP [46-48], our epitope prediction results
indicate that the few Cel TOS 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 PvCel TOS 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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3.3 Artigo 3: “Identificagao in silico e validacdo de um epitopo linear de célula
B e naturalmente imunogénico na Proteina-9 de superficie de merozoita,

uma candidata vacinal de Plasmodium vivax”

3.3.1 Objetivos Especificos

e Identificar in silico epitopos lineares de célula B na proteina de fase
eritrocitica PvMSP9;

e Confirmar a antigenicidade do principal epitopo predito em individuos

naturalmente expostos a malaria;
e Determinar a existéncia de correlacdes entre dados epidemiolégicos e a

resposta especifica para o epitopo identificado.
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Abstract

Synthetic peptide vaccines provide the advantages of safety, stability and low cost. The
success of this approach is highly dependent on efficient epitope identification and synthetic
strategies for efficacious delivery. In malaria, the Merozoite Surface Protein-9 of Plasmo-
dium vivax (PvMSP9) has been considered a vaccine candidate based on the evidence that
specific antibodies were able to inhibit merozoite invasion and recombinant proteins were
highly immunogenic in mice and humans. However the identities of linear B-cell epitopes
within PvMSP9 as targets of functional antibodies remain undefined. We used several pub-
licly-available algorithms for in silico analyses and prediction of relevant B cell epitopes
within PMSP9. We show that the tandem repeat sequence EAAPENAEPVHENA
(PvMSP9¢,95-a808) Present at the C-terminal region is a promising target for antibodies,
given its high combined score to be a linear epitope and located in a putative intrinsically
unstructured region of the native protein. To confirm the predictive value of the computa-
tional approach, plasma samples from 545 naturally exposed individuals were screened for
1gG reactivity against the recombinant PvMSP9-RIRIl;2g9.972 and a synthetic peptide repre-
senting the predicted B cell epitope PvMSP9g7gs.ag0s- 316 individuals (58%) were respond-
ers to the full repetitive region PvMSP9-RIRII, of which 177 (56%) also presented total IgG
reactivity against the synthetic peptide, confirming it validity as a B cell epitope. The reactiv-
ity indexes of anti-PvMSP9-RIRII and anti-PvMSP9g74s.a508 antibodies were correlated.
Interestingly, a potential role in the acquisition of protective immunity was associated with
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the linear epitope, since the IgG1 subclass against PYMSP9g795.a808 Was the prevalent sub-
class and this directly correlated with time elapsed since the last malaria episode; however
this was not observed in the antibody responses against the full PvMSP9-RIRII. In conclu-
sion, our findings identified and experimentally confirmed the potential of PYMSP9g795.a808
as an immunogenic linear B cell epitope within the P. vivax malaria vaccine candidate
PvMSP9 and support its inclusion in future subunit vaccines.

Introduction

Despite global investments in the control and elimination of malaria, the disease remains a
major public health burden worldwide. According to the World Health Organization (WHO),
more than 3 billion people are still at risk of infection, with an estimated 197 million of cases
and 584 thousand deaths [1]. Among the species that infect humans Plasmodium falciparum
and P. vivax are considered the two most important malaria parasites. Although P. falciparum
is responsible for the major number of cases and deaths, especially in children, P. vivax is the
most prevalent species outside the African continent [1]. Aside from the enormous socioeco-
nomic impact caused by P. vivax prevalence [2], an increased number of publications reporting
severe disease [3-8] and the emergence of strains resistant to chloroquine [9-11] and prima-
quine [12-14], make the development of a safe and affordable vaccine an important compo-
nent in P. vivax control strategies. Although the epidemiological importance of P. vivax
malaria worldwide is evident, the research on potential P. vivax vaccine candidates lags behind
that on P. falciparum. Currently, there are only four P. vivax vaccine candidates or components
in advanced preclinical studies and only one in clinical development, while 34 P. falciparum
candidates are as listed in the WHO’s Malaria Vaccine Rainbow Tables [15]. These data show
the continued global commitment to control and eliminate malaria with strategies that include
vaccination, and highlight the specific need for identifying and testing additional vaccine can-
didates against P. vivax.

Recent advances in adjuvant composition, delivery systems and the design of subunit vac-
cine constructs, support the use of synthetic peptides containing B and T-cell epitopes as a vac-
cine platform against malaria. Moreover, synthetic peptide vaccines have several advantages
for clinical development, such as their stability in the absence of proteases, the lack of contami-
nation with biological agents, the fast production with good inter-batch reproducibility, and
the facility to be produced using solid phase peptide synthesis technologies that do not require
skilled operators [16]. In P. vivax vaccine studies, long synthetic peptide (LSP) vaccines have
been shown to be immunogenic in New World monkeys of the genus Aotus [16] and they were
reported to be safe and immunogenic in phase I clinical trials [17]. The LSP approach allows
the combination of different epitopes of different vaccine targets, a strategy that has had suc-
cess in murine malaria models [18]. The identification of antigens that induce protective
responses and confirmation of their immunogenic potential are critical for effective vaccine
development using synthetic platforms.

Invasion of erythrocytes is a critical step in the Plasmodium life cycle that is associated with
clinical manifestations and complications. Vaccines targeting this stage are intended to reduce
morbidity and mortality [19]. Erythrocytic vaccine strategies aim to disrupt the interaction
between Plasmodium merozoite proteins and erythrocyte surface ligands by eliciting neutraliz-
ing antibodies [20, 21], an approach strongly supported by studies with asexual blood-stage
antigens in animal models [22] and immune recognition of these antigens by exposed
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Fig 1. Schematic diagram of PvMSP9 and the predictions scores for linear B cell epitopes, intrinsically unstructured/disordered regions and
protein-protein interaction regions. The region corresponding to the amino acid residues 795-808 of PvMSP9 was selected for the synthesis of a soluble
peptide based on the best combination of prediction scores using BepiPred, IUPRED and ANCHOR algorithms. Yellow heat bars represent B-cell epitopes,
red heat bars represent predicted unordered regions and blue heat bars represent prediction of binding regions. The prediction scores represents the
average of scores for all amino acids within the region with prediction values above the cut-offs chosen for significance. The bar color intensities are
proportional to the prediction scores.

doi:10.1371/journal.pone.0146951.g001

individuals in malaria-endemic areas [23-27]. In this scenario, Merozoite Surface Proteins
(MSP) are a promising set of proteins, since they are expressed during schizogony and become
associated with the surface of merozoites in the course of schizont development [28]. More-
over, based on their repeated exposure to the host immune system, several MSPs were
described and their immunological properties were investigated [29-31]. Among these pro-
teins, PYMSP9 has gained attention as a potential vaccine candidate. The MSP9 was initially
identify in Plasmodium falciparum as a 101 kDa Acidic-Basic Repetitive Antigen (ABRA/
PfMSP9), and then orthologous genes were identified in other Plasmodium species [28, 32, 33].
The phylogeny of MSP9 shows that P. vivax and species of Plasmodium that infect non-human
primates are closely related [34]. Structurally, P.vivax MSP9 was described as a hydrophilic
protein with a putative 20 amino acid signal peptide, a cluster of four cysteines, a long non-
repetitive conserved N-terminal domain and a C-terminal region containing blocks of species-
specific tandem repeats [28, 35] (Fig 1). Previous studies have demonstrated that the N-termi-
nal region was immunogenic in mice [36], and naturally acquired immune responses have
been described in adults [26] and children [31]. The immunogenic N-terminal region contains
five promiscuous T-cell epitopes (pE, pJ, pK, pH and pL), which interact with a broad range of
HLA class IT molecules [36, 37]. Concerning the C-terminal region, naturally acquired immune
responses of adults living in malaria endemic areas, confirmed the presence of highly antigenic
blocks of tandem repeats (RI and RII). Anti-PvMSP9-RIRII antibodies are directly correlated
to malaria exposure [26, 35]. These observations, allied to the ability of a PvMSP9 monoclonal
antibody to inhibit P. vivax merozoite invasion into erythrocytes [28], suggest that PvMSP9
contains potential B-cell epitopes that could be used in the design of a multi-target vaccine can-
didate against P. vivax.

Pertinent to this context, most protein epitopes are thought to be discontinuous, composed
of different parts of the polypeptide chain that are brought into spatial proximity by the folding
of the protein. However, for approximately 10% of the epitopes, the corresponding antibodies
are cross-reactive with a linear peptide fragment of the epitope [38], those linear or continuous
epitopes are comprised of a single stretch of the polypeptide chain. In the post-genomic era,
reverse vaccinology approaches have gained attention for the rational selection of antigens and
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identification of key immunological epitopes [39]. Consequently, the efficient prediction and
confirmation of immunogenic linear epitopes also represents a promising strategy to develop
safe, viable and cost-effective vaccines. The aim of the present study was to identify an anti-
genic B-cell linear epitope within PvMSP9 and confirm its immunogenicity by using a syn-
thetic peptide representing the predicted epitope for seroepidemiological studies. Our data add
further support for studies of vaccines based on linear synthetic-peptides and epitope mapping
strategies to characterize Plasmodium vivax antigens.

Material and Methods
Sequence Data

To predict possible antigenic properties and the 3-Dimensional (3D) structure of PvMSP9
(PlasmoDB ID: PVX_124060) using bioinformatic tools, the entire sequence of PvMSP9
(Belem strain, Accession Number AAL78897.1) was downloaded from the NCBI website
(www.ncbi.nlm.nih.gov/protein) and used for analyses.

B Cell Epitope Prediction

The prediction of linear B-cell epitopes was carried out using the program BepiPred [38]. This
software takes a single sequence in FASTA format input and each amino acid receives a predic-
tion score based on Hidden Markov Model profiles of known antigens and incorporates pro-
pensity 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 PvMSP9, the cut-off value of 0.9 was used to warrant a
high specificity (0.91) and low predicted sensitivity (0.25). Therefore, the epitope score repre-
sents the average of the scores of least nine consecutive amino acids above the cut-off, and the
sequences with higher mean values were chosen as potential linear epitopes.

Prediction of Intrinsically Unstructured/Disordered Regions (IURs) and
Potential Binding Regions in PvMSP9

The prediction of intrinsically unstructured/disordered regions (IURs) was carried out using
the IUPred algorithm [40]. IUPred takes a single sequence in FASTA format as input and pre-
dicts the potential IURs. The final output is an individual score for each amino acid that ranges
from 0 (completely ordered) to 1 (completely unordered). IURs were then predicted as a region
spanning at least 9 contiguous amino acids with individual IUPred prediction score for each
amino acid >0.5. Additionally, the ANCHOR tool was used to predict possible regions
involved in protein-protein interactions in the complete PvMSP9 sequence. This approach
relies on the pairwise energy estimation approach and seeks to identify segments that reside in
disordered regions, cannot form enough favorable intra-chain interactions to fold on their own
and are likely to gain stabilizing energy by interacting with a globular protein partner [41]. The
basic output of this prediction method is a probability score, indicating the likelihood of the
residue to be part of a disordered binding region along each position in the sequence. Regions
that have a score >0.5 and pass the filtering criteria are predicted as disordered binding
regions.

3D Model and Electrostatic Analysis

The 3D structure of MSP9 was predicted using the Robetta algorithm [42]. The amino acid
sequence was retrieved from NCBI under accession code AAL78897.1. The Robetta is an

PLOS ONE | DOI:10.1371/journal.pone.0146951 January 20,2016 4/18

88



@PLOS | ONE

Identification and Validation of a Linear B-Cell Epitope in PvMSP-9

automated algorithm for predictions of the 3D structure of proteins through ab initio and com-
parative modeling. The first step is the searching for structural homologs using BLAST [43] or
PSI-BLAST [44]. In the protein sequence, the target primary structure is broken down into sep-
arated domains, or independently folding units of proteins, by comparing the sequence to
structural families in the Pfam database [45]. 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 calculated
with the Adaptive Poisson-Boltzmann Solver (APBS) software [46] integrated with Pymol [47].
The APBS software solves the Poisson-Boltzmann equation in order to describe electrostatic
interactions between solute in aqueous solution. Continuous electrostatic plays a very impor-
tant role in determining ligand-protein and protein-protein binding kinetics.

Molecular Dynamics Simulations

The GROMACS 4.6.5 package [48] was used to perform the minimization and dynamics of the
PvMSP9 protein under explicit solvent. Dynamics simulations were run with the GROMOS96
53a6 force field [49] and the SPC water model [50]. The MSP9 model was energy minimized
then the system was gradually heated from 0 to 300 K over 3ns using the NVT ensemble with
the Berendsen thermostat. A total of 10ns was performed.

Peptide Synthesis

The consensual analysis of the in silico prediction tools, indicate the peptide sequence corre-
sponding to residues E;95-Agg as a relevant epitope within PvMSP9. Therefore, the sequence
EAAPENAEPVHENA was synthesized by fluorenylmethoxycarbonyl (F-moc) solid-phase
chemistry [51] (GenOne Biotechnologies, Brazil). Analytical chromatography of the peptide
demonstrated a purity of >95% and mass spectrometric analysis also indicated an estimated
mass of 1477.50 Da, corresponding to the mass of the peptide.

Protein Expression

PvMSP9 recombinant proteins representing the C-terminal region containing the second block
of repeats (PvMSP9-RIJ; aa874-972) [35] and containg Blocks I and II of tandem repeats
(PvMSP9-RIRIL; aa 729-972) [26] were initially amplified from P. vivax (Belem strain),
expressed as GST fusion proteins and purified as previously described. The SDS-PAGE of
PvMSP9-RIRII recombinant protein used in ELISA assays is shown in S1 Fig.

Samples and Survey

Plasma samples were examined from a cross-sectional cohort study involving 545 individuals
from communities in the malaria endemic region of Rondénia state, Brazil, where over the last
seven years, P. vivax malaria accounts for more than 80% of all malaria cases [52]. The individ-
uals in the study population have been described elsewhere [26]. Briefly, they consist of rain
forest natives as well as migrants from several non-endemic areas of Brazil who have resided in
the region for 5 years or more. Additionally, samples from 24 individuals from non-endemic
regions of Brazil, who never resided in malaria endemic areas and with no history of malaria,
comprised a control group. A study survey included questions related to demographics, time of
residence in the endemic area, personal histories of malaria and personal knowledge of malaria.
The enrollment exclusion criteria were as follows: age <10 years old, pregnancy, breast-feeding,
anti-malarial drug use, mental disorders and status as member of an indigenous population.
Written informed consent was obtained from all adult donors or from parents of donors in the
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case of minors. The study was reviewed and approved by the Oswaldo Cruz Foundation Ethical
Committee and the National Ethical Committee of Brazil.

Detection of Specific Antibodies against the Recombinant
PvMSP9-RIRII and the Predicted B Cell Epitope EAAPENAEPVHENA
(PVMSP9&795-A808)

Plasma samples from study participants were screened for the presence of naturally acquired
antibodies against the PvMSP9-RIRII recombinant protein and PYMSP9g705. 505 synthetic
peptide by enzyme-linked immunosorbent assay (ELISA). Briefly, MaxiSorp 96-well plates
(Nunc, Rochester, NY) were coated with 5 pg/mL of peptide or 2 pg/mL of recombinant pro-
tein. After overnight incubation at 4°C, plates were washed with PBS and blocked with
PBS-Tween containing 5% non-fat dry milk (PBS-Tween- M) for 2h at 37°C. Individual plasma
samples diluted 1:100 on PBS-Tween-M were added in duplicate wells and the plates incubated
at 37°C for 2h. After three washes with PBS-Tween, bound antibodies were detected with per-
oxidase-conjugated goat anti-human IgG (Sigma St. Louis, MO) followed by o-phenylediamine
and hydrogen peroxide. The absorbance was read at 492nm using an ELISA reader (Spectra-
max 250, Molecular Devices, Sunnyvale, CA) and specific reactivity was obtained by subtrac-
tion of the averaged OD value due to GST alone from the averaged OD value of the same
plasma for the recombinant protein. The results for total IgG were expressed as reactivity
indexes (RI) that were calculated by dividing the mean optical density (OD) of tested samples
by the mean ODs plus 3 standard deviations (SD) of 24 non-exposed controls. Subjects were
considered IgG responders to a particular antigen if the RI was higher than 1. The total IgG
responders were also tested for IgG subclasses using the following peroxidase-conjugated
monoclonal mouse anti-human antibodies: clones HP-6001 for IgG1, HP-6002 for IgG2, HP-
6050 for IgG3 and HP-6023 for IgG4 (Sigma), as described before. As the cut-off for positivity,
subclass-specific prevalence for each antigen was determined using OD values above 3 SD
mean OD of 24 non-exposed controls.

Statistical Analysis

All statistics 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 Wilcoxon matched pairs test was used to compare reactivity
indexes of synthetic peptides and recombinant protein (PvMSP9-RIRII) and the optical density
(OD) against PvMSP9-RIRII on absorption ELISA. Differences in proportions of the RI of IgG
subclasses were evaluated by chi-square test (%2) and associations between antibody responses
and epidemiological data were determined by the Fisher’s exact test or the Spearman rank test
when appropriated. A two-sided P value < 0.05 was considered significant.

Results

In silico Analysis of PvMSP9 and Identification of PYMSP9g,g5.ag0s @S @
Potential B Cell Epitope

To detect potential linear B-cell epitopes with intrinsically unstructured/disordered regions
and possible components of binding regions in the protein, the full sequence of PYMSP9 was
analyzed using the BepiPred, IUPRED and ANCHOR algorithms, respectively. As shown in
Fig 1, nine high scored potential linear epitopes with at least nine amino acids were identified
on the entire protein sequence. The prediction scores ranged from 0.93 to 1.64. However, a
long fragment of 104 amino acids (E;74 ~Hg;7; prediction score mean of 1.5) was identified as a
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main epitope within the known naturally immunogenic C terminal region. E;,-Hg,; was fur-
ther characterized and seven linear epitopes were predicted: the first sequence 774-794 with a
BepiPred score of 1.54, five uninterrupted tandem repeats of the sequence EAAPENAEPV-
HENA (E;95-Asos; Esoo-As22; Eg23-Agse; Esaz-Assos Essi-Ases) and the last predicted sequence
865-877 with a BepiPred score of 0.88. The five tandem repeats represented 29% of all
PvMSP9-RIRII amino acid residues and also presented the highest epitope prediction score
(mean = 1.59) within the repetitive C-terminal region of PvMSP9 and the second highest pre-
diction score of the full sequence. In relation to the probability of being a binding site and hav-
ing the presence of intrinsically unstructured regions, the N terminal region presented lower
scores (0.06 and 0.49, respectively) and the central region had intermediate scores (0.61 and
0.86). Interestingly, the epitopes located in the C-terminal region (E;;4-Hg77) presented the
highest disorder tendency score of the protein sequence (0.97) and presented a high probability
of being a binding region (0.92). The consensual analysis of prediction scores indicated that the
tandem sequence of repeats contained an important epitope within the PvMSP9 region pre-
dicted to be involved in protein-protein interactions. Therefore, the putative predicted
sequence EAAPENAEPVHENA was designated PvMSP9:795.50s and selected for further
characterization of its potential as a B cell epitope using a synthetic peptide and naturally
acquired antibodies.

Molecular Modeling of the PvMSP9 RIRII Domain

The predicted PvMSP9 RIRII structure is composed of 53% alpha helices, less than 1% beta
sheets and 45% turns and coils, as measured by Stride [53]. The disordered regions are located
in the RIRII domain, represented by green loops (Fig 2A). The PvMSP9 surface is highly
charged, with a high number of Asp and Glu residues (Fig 2C and 2D). The region encompass-
ing the PvMSP9-RIRII predicted region seems more flexible than the rest of the structure,
shown by the calculated B-factors (Fig 2B). The B-factors of protein crystal structures reflect
the overall fluctuation of atoms about their average positions and are capable of providing
important information about protein dynamics. This result confirms the prediction of the dis-
ordered region defined by BepiPred. Also, it is possible to notice the relative exposition to the
solvent and consequently, other receptors or ligands.

Epidemiological Profile of the Studied Individuals

The epidemiological characteristics of the studied population are summarized on Table 1. The
participants of the study were mostly composed of men (X*: 14.98, p = 0.0001), with ages
ranging from 10 to 85 years old. All enrolled individuals were residing in areas where malaria
transmission occurs and were considered naturally exposed to P. vivax infections. As a conse-
quence, 85.7% of participants reported previous malaria episodes and 73.4% reported previous
infections with P. vivax. At the moment of diagnosis, 11.4% of the population was infected and
received the appropriate treatment according to the Brazilian guidelines (Table 1).

Characterization of PYMSP9g795.a808 @s @ Naturally Immunogenic B-Cell
Linear Epitope within the Immunodominant Region of PvMSP9

To test if the PvMSP9-RIRII protein region is a target for naturally acquired antibodies, we
assessed the IgG reactivity profile against the recombinant protein representing the two blocks
of repeats from plasma samples collected from 545 individuals living in endemic areas of a
western amazon region of Brazil. We observed that 58% of the studied population represented
antibody responders against the recombinant PvMSP9-RIRII protein. Among the responders,
the reactivity index ranged from 1.1 to 9.0 (mean = 2.4 + 1.7), which reflected a wide spectrum
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Fig2. Th di ional structure prediction of the PvMSP9 RIRII domain. (A) 3D model of the
PvMSP9 domain constructed using the Robetta algorithm. Red structures depict alpha helices, while the
disordered region is represented in green. A small beta sheet was found between residues 850 and 858. (B)
B-factor as calculated by GROMACS after 10ns simulation. The thicker segments represent the most flexible
regions, while the thinnest represent the most rigid. (C) Electrostatic surface of the disordered region,
showing a predominantly negative segment in red. (D) Same region show in B, without the electrostatic
surface, showing the region 793-866 highlighted in green. The color scale was set from 5 kT/e (red) to 5 kT/e
(blue), as calculated by APBS.

doi:10.1371/journal.pone.0146951.g002

in the magnitude of the naturally acquired IgG response and also confirmed the two blocks of
repeats as an immunogenic region of PvMSP9. To test if the predicted PYMSP9g795.A508
sequence contains a valid B-cell epitope, we characterized the antigenicity of a synthetic pep-
tide representing this sequence. The overall frequency of responders to the peptide was 32.5%,
however among the 316 antibody responder individuals to PvMSP9-RIRII, 56% presented spe-
cific IgG antibody response against the PYMSP9g795. 505 synthetic peptide (Fig 3A). The mag-
nitude of the anti-PYMSP9;:795_as0s specific IgG response varied with RI values ranged from
1.1 to 3.4 (mean = 1.4 + 0.4) in responders to PYMSP9g795_ag0s. Additionally, the IgG subclass
profile against the synthetic PYMSP9g705. as0s Was characterized with a significantly higher fre-
quency of IgG1 responders (68.6%) over IgG2 (42.2%; %2 = 13.41 p<0.0003); IgG3 (52%,

%2 =5.24 p<0.0221) and IgG4 (28.2%, 2 = 25.86 p<0.00001). A similar profile of IgG sub-
classes against PvMSP9-RIRII was observed with no significant differences between frequen-
cies of IgG subclasses against the synthetic and recombinant PvMSP9 derived antigens (Fig
3B). After validating that the tandem repeat region within PvMSP9-RIRII is a linear B-cell
epitope, we further evaluated the importance of PYMSP9;:795_as0s by comparing the fine speci-
ficity of the naturally acquired antibody responses. Individuals with antibody responses to
PVMSP9g795.as0s had higher IgG levels against PvMSP9-RIRII in comparison to non-
responder individuals (p<0.0001; Fig 4A). Moreover, as shown in Fig 4A, we also observed
that the significantly higher reactivity indexes against PYMSP9-RIRII when compared to
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Table 1. Summary of the epidemiological data of naturally exposed individuals enrolled in the study.

Median (1Q) Frequency (N)
Gender
Male - 55.9% (305)
Female - 44.1% (240)
Malaria exposure
Age 33 (21-49)
Years of residence on endemic area 23 (16-37)
Number of past malaria infections 5 (2-10)
Months since the last malaria infection 1(0-12) -
Previ malaria speci tracted
Plasmodium vivax - 15.8% (86)
Plasmodium falciparum - 10.8% (59)
Both species - 57.6% (314)
Never infected / Not reported - 15.8% (86)
Diagnosis
Plasmodium vivax - 6.8% (37)
Plasmodium falciparum - 4.6% (25)
P. falciparum + P. vivax - 0% (0)
Not infected - 89% (483)

doi:10.1371/journal.pone.0146951.t001

PvMSP9-RII recombinant protein is present only among the responders to PvMSP9g795 4508,
while this significant difference was not observed when the RIs against the repetitive regions
was compared among non-responders to peptide. Lastly, as shown in Fig 4B, a weak direct cor-
relation between the RI of IgG against PYMSP9g795.a50s and PYMSP9-RIRII (p = 0.0045;

r = 0.1593) was also observed.

Association between Epidemiological Variables and Antibody
Responses to PYMSP9e795.a808

To assess whether epidemiological factors influence the naturally acquired immune response
against PYMSP9g95_4s0s, different variables of the studied population were studied for correla-
tion with the reactivity indexes of total IgG. Our data indicate that the reactivity index IgG spe-
cific against PYMSP9;:795_ 4505 Was not correlated with number of previous malaria infections
(PMI; p = 0.733), time of residence in endemic area (TREA; p = 0.171) or time since the last
malaria episode (TLM; p = 0.109). However, among responders to PvMSP9-RIRII, both
responders and non-responders to PvMSP9g795_as0s presented significantly higher medians of
time of residence in endemic areas (p<0.0001 and p = 0.0001 respectively) and time since the
last malaria episode (p = 0.0225 and p = 0.0278 respectively) than non-responders to
PvMSP9-RIRII (Table 2). In addition, a direct correlation between Rls against PvMS9-RIRII
and time of residence in endemic areas was observed in both groups, responders (r = 0.3619;
p<0.0001) and non-responders (r = 0.2560; p<0.002) to the peptide. Interestingly, the
responders to PYMSP9;:795_as0s, presented a RI of IgG against PMSP9-RIRII that directly cor-
related with the time since the last malaria episode (p = 0.022, r = 0.177) and inversely corre-
lated with the number of infections in the last six months (p = 0.0174, r = -0.178), while the
non- responders presented no correlation with these parameters. Lastly, in relation to the IgG
subclasses against PYMSP9g795. 4508, PMI and TREA did not correlate with the RI for all tested
subclasses. However, an IgG1 biased response directed to the epitope was associated with a
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PVMSP9e79s.a808 Presented no statistically significant difference. (*) Indicates that the difference was
significant (p < 0.05) for a comparison between a particular IgG subclass over the others IgG subclasses for
the same antigen by chi-square test.
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protection parameter, since TLM was correlated with IgG1 reactivity indexes against
PYMSP9;:705. 505 (r = 0.2644, p<0.0362) but not against PyMSP9-RIRII (r = -0.0870, p- =
0.241).

Discussion

The development of a safe, efficacious and inexpensive vaccine against P. vivax remains a chal-
lenge for the scientific community. Despite a considerable number of antigens that have been
described as vaccine candidates, the conventional vaccinology strategies applied are especially
difficult when dealing with non-cultivable microorganisms, as P. vivax. With the concomitant
advent of whole-genome sequencing and advances in bioinformatics, the vaccinology field has
been radically changed in the last few decades, providing the opportunity for description of
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Fig 4. IgG reactivity index to PvMSP9-RIRIl and PVMSP9¢79s5.a808- (A) Comparison of IgG reactivity index against PvMSP9-RIRIl and PvMSP9-RIl among
responders and non-responders to PYMSP9g,9s5.a808. The lines indicate geometric means with 95% of confidence interval. The Mann Whitney test was used
to compare medians of IgG reactivity indexes against recombinant proteins on responders and non-responders to synthetic peptide. Significant differences
were indicated by *. (*) p<0.05; (**) p<0.001; *** p<0.0001 (B) Correlation between IgG reactivity indexes against PYMSP9g7g5.ag08 and against
PvMSP9-RIRII. The correlation was assessed by Spearman’s rank test.

doi:10.1371/journal.pone.0146951.g004
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Table 2. Epidemiological parameters grouped in different IgG reactivity profiles.

P gical p S PVMSP9g795-a808 (+) PVMSP9¢795.a808 (-) PVMSP9g795.a508 (*)
PVMSP9-RIRII (+) (n = 177) PVMSP9-RIRII (+) (n = 139) PVMSP9-RIRII (-) (n = 230)

Years of residence in endemic area 29 (20-45) ** 26.5(17-37) *° 19 (15-28) """ ###
(Median-1Q)
Months elapsed since the last malaria 24 (2-72) * 16 (2-72) 12 (2-48) " ¥
episode (Median-1Q)
Number of previous malaria infections 5(2-10) 5 (2-10) 5 (2-10)
(Median-1Q)
Infections in the current year (Mean 0.44 £ 0.98 0.64 +1.46 0.68 +1.34
+SD)
Infected by P. vivax at the moment of 16 (9%) 6 (4%) 25 (11%)

collection (N—%)

Differences in proportions of number of individuals infected by P. vivax at the moment of collection were evaluated by the chi-square test (x2) and
comparisons of epidemiological parameters were made using the Mann Whitney test.

Significant differences between responders and non-responders to both antigens were indicated in the table by

#: p<0.05

##: p<0.001

###: p<0.0001.

Significant differences between responders to PvMSP9-RIRII only and non-responders were indicated in the table by

*: p<0.05

**: p<0.001

***: p<0.0001.

Statistical differences on epidemiological parameters were not observed between responders and non-responders to PYMSP9¢g795-ag08s-

doi:10.1371/journal.pone.0146951.t002

novel antigens and improvement of the already known candidates. The vaccine constructs
based on synthetic peptides represent one of these well succeeded reemerging strategies [54,
55], but it is strongly dependent of an efficient epitope selection. In this study we describe the
identification of a B-cell linear epitope (PYMSP9g;95_as0s) within the P.vivax MSP9 using bio-
informatics tools applied to reverse vaccinology. Using conventional vaccinology approaches,
we validated PvMSP9;:795_as0s as a target of antibodies by conducting a seroepidemiological
assessment using a cohort of individuals naturally exposed to P. vivax in malaria endemic
regions of western Brazil. Our results support further development of this epitope as a possible
subunit in a multi-target synthetic vaccine against P. vivax.

Firstly, we screened the full sequence of PvMSP9 using the BepiPred algorithm. The selec-
tion of this epitope prediction algorithm was based on the fact that it is the heavily cited and
widely used tool for In silico analyses of linear B-cell epitopes [38]. In P. vivax vaccine research
this approach was recently used to map potential epitopes in well-known vaccine candidate
PvMSP-1 [56] and also to map and validate a highly immunogenic linear epitope in PvAMA-1
[57]. The in silico mapping of PYMSP9 B cell epitopes by BepiPred indicated nine potential
regions in the full protein sequence. In comparison to other P. vivax vaccine candidates,
PvMSP9 presented a comparable number of epitopes predicted and higher predicted mean
scores. Interestingly, the repetitive region of PvMSP9 predicted here is located within a long
fragment in the C-terminal region previously identified as target of naturally acquired immune
responses [26, 58], suggesting that the long sequence of 104 amino acids could be a main target
of antibodies directed to PYMSP9:795_as0s- Based on the evidence that the fragment predicted
as a B-cell epitope contains five uninterrupted tandem repeats of the sequence: EAAPE-
NAEPVHENA (g795-As08; E809-A822: E823-A836; E837-A850; Ess1-Ase4)> €ach tandem sequence was
analyzed as an individual epitope. The epitope based on the predicted tandem sequence of
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PvMSP9 is located in a species-specific region [28] with limited polymorphism [34, 35]. These
findings supported the selection of this region as a main target for a linear B-cell epitope selec-
tion. In addition, allied to the high prediction score as a linear epitope, the sequence EAAPE-
NAEPVHENA had the highest probability to be present in an intrinsically unstructured region
of the PvMSP9 sequence. Interestingly, several vaccine candidates that have been extensively
studied in P. falciparum, were later reported to have unstructured regions, some of which serve
as targets of protective immunity. For example, MSP-2 was shown to be largely unstructured
[59, 60], MSP-3 and Glutamate-rich protein (GLURP) presented long unstructured regions
[61] and even Apical Membrane Antigen -1 (AMA-1), though generally known as a well-struc-
tured molecule [62], contains disordered N-and C-terminal regions [63]. In P. vivax, a recently
described linear epitope within domain II of AMA-1, which was targeted for naturally acquired
antibodies, is also located in an TUR. In this context, since many disordered proteins are orga-
nized via binding to a structured partner to gain stabilizing energy and undergo a disorder-to-
order transition, we also used the ANCHOR algorithm to identify potential binding sites
within the disordered regions. As expected, the tandem sequence also presented the highest
score within the full protein sequence. In accordance with these findings, our 3D molecular
modeling and dynamic simulations of the PvMSP9 structure also indicated the tandem
repetitive region as the most disordered, charged and predictably exposed at the surface of mer-
ozoites, supporting the idea of this region as critical for protein-protein interactions. The com-
bination of prediction algorithms used for the In silico analyses of PvMSP9 were especially
interesting given that the mechanism used by MSP9 to be located at the parasite membrane,
which is not through a GPI anchor, and its role in merozoite invasion remain unknown [64].
Based on the evidence that specific antibodies against PvMSP9 are able to inhibit the parasite
invasion [28], we could hypothesize that antibodies against the repeat regions could have func-
tional activity by inhibiting the formation of MSPs at the surface of merozoites or modify the
kinetics of merozoite invasion. In summary, based on the combination of an elevated predicted
score in linear B-cell epitope prediction and the highest probability of being inserted in an IUR
and located in a binding region of PvMSP9, the sequence EAAPENAEPVHENA designated as
PvMSP9;:795_as0s Was selected for validation as a linear B-cell epitope.

In a cross-sectional study carried out using plasma samples from naturally exposed individ-
uals we firstly confirmed the previously described role of two blocks of tandem repeats at the
C-terminal region of PYMSP9 (PvMSP9-RIRII) as target of immune response [26, 31]. The
high frequency of responders to PvMSP9-RIRII and the RIs were also consistent with previous
studies, which describe the two blocks of repeats as the most immunogenic region of PYMSP9
in adults from the Brazilian Amazon [26]. Among the responders against the recombinant pro-
tein PvMSP9-RIRII, the majority of individuals were also reactive to the synthetic peptide rep-
resenting the predicted epitope PYMSP9;:;95_a50s, confirming that is naturally immunogenic
and supporting the in silico prediction workflow used. Interestingly, a significant proportion of
responders to PvMSP9-RIRII presented no reactivity against the synthetic peptide. Taking into
account that the linear epitope is located in the first block of repeats and the RIs of IgG against
PvMSP9-RIRII were higher in individuals who were also responders to PYMSP9;:795_sg08, We
believe that non-responders could have had their antibody responses biased towards the sec-
ond block of repeats, which was also reported as highly immunogenic in our earlier studies
[26]. Indeed, the lack of a significant linear epitope predicted in the second block of repeats
could suggest that humoral immune responses detected in our previous studies could be
directed to conformational epitopes presented in the recombinant PvMSP9-RIL In fact, the
lack of peptide-based methods well-stablished for screening these conformational epitopes that
we hypothesize limited our findings. On the other hand, the observation of higher antibody lev-
els against PvMSP9-RIRII than PvMSP9-RII only in responders to the peptide and, even with a
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lower coefficient, the positive correlation between reactivity indexes of IgG antibodies specific
to PYMSP9;:795as0s and PvMSP9-RIRII, suggested that PYMSP9g795_as0s is a linear and natu-
rally immunogenic epitope with significant effect on the humoral immune response directed
against the first block of tandem repeats of PYMSP9.

The importance of a linear B-cell epitope within a vaccine candidate against P. vivax was
also described using a similar approach to study PVAMA-1 [57]. However, even though the
higher RI found in comparison with our PYMSP9 derived peptide, there was no association
between the high response observed and exposure and/or protection, as well as the subclass
profiling of responders. In our work, we found a prevalence of cytophilic IgG1 antibodies that
were both reactive and non-reactive to PYMSP9g;95_5s0s. The high prevalence of cytophilic
antibodies to PYMSP9g;95. 4505 Was an encouraging finding based on the reported function of
such antibodies in the protective immune response to merozoite antigens [65, 66]. In the con-
text of blood-stage malaria immunity against P. falciparum, the interaction of cytophilic anti-
bodies (IgG1 and IgG3) with monocytes has been extensively reported as important to mediate
the effective antibody-dependent cellular inhibition (ADCI) [67-70]. Conversely, the non-
cytophilic responses could interfere with the opsonizing effects of IgG1 and IgG3 [68, 71].
Although the effector mechanism of opsonizing antibodies remains controversial in P. vivax
malaria, IgG1 and IgG3 subclasses seem to be important. For examples, IgG1 and IgG3 specific
to PvMSP1 were the most prevalent IgG subclasses in asymptomatic individuals from Papua
New Guinea [72] and from Brazil, respectively [72-74], suggesting a protective role of these
antibodies. Curiously, no correlations were observed between exposure or indicative of
protection data and IgG subclass reactivity against PvMSP9-RIRII [26]. In this scenario, the
prevalence of IgG1 against PYMSP9g595. 4505 and the positive ratio between cytophilic and non-
cytophilic antibodies (data not show) against the selected peptide suggest the potential for this
epitope in immunity acquisition.

Lastly, taking into account that the immune response and susceptibility to malaria are
intrinsically linked and vary considerably under different epidemiological scenarios [75], we
accessed the relationship between the specific immune response against the linear peptide. We
used the years of residence in endemic areas and the self-reported number of malaria lifetime
episodes as exposure parameters. Moreover, a crude approximation of protection status esti-
mated by the length of the period (in months) since their last malaria episode and the number
of infections within the last 6 months prior to the blood collection. Our first results suggested
that antibodies against PvMSP9-RIRII increase with exposure and could be involved in protec-
tion, since we observed that responders to PvMSP9-RIRII presented longer time elapsed since
the last malaria episode. Additionally, the positive correlation between Rls of IgG specific to
recombinant protein and time of residence in the endemic area confirm the cumulative
response against the block of tandem repeats in naturally exposed individuals. These findings
were corroborated in comparison with previous studies in which a low frequency of antibody
responses against PvMSP9-RIRII was reported in children [31] and high frequency in adults
[26]. The role of anti-PvMSP9%795. 4508 IgG antibodies in this process remain unknown, since
there are no significant differences in these parameters between responders and non-respond-
ers against the peptide, as well as specific correlations between reactivity indexes and exposure
and/or protection parameters used. However, among responders to PYMSP9g795.ag0s, the
reactivity of IgG antibodies specific to PvMSP9-RIRII presented a direct correlation with time
since the last malaria episode and an inverse correlation with the number of malaria episodes
in the last six months. Therefore, although our results did not show a clear association between
IgG against PYMSP9¢;95_as0s and epidemiological parameters, the direct correlation between
IgG1 and the time elapsed since the last malaria episode suggest that the response against
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PYMSP9g795_ 508 could be involved in immunity acquisition mediated by naturally acquired
antibodies against PvMSP9.

In conclusion, we identified and confirmed that the PvMSP9 peptide sequence EAAPE-
NAEPVHENA (PYMSP9g;95.43808) contains a linear B-cell epitope. The epitope is present in
the protein sequence within a tandem block of repeated amino acids and is targeted by natu-
rally acquired IgG antibodies from individuals living in malaria endemic areas. Antibodies
against the linear B-cell epitope were responsible for a significant proportion of immune
responses against the entire repetitive region (PvMSP9-RIRII) expressed as a recombinant pro-
tein. Lastly, immune responses observed were mainly biased to cytophilic antibodies and the
levels of specific IgG1 against the epitope were correlated with epidemiological parameters of
protection. Hence, our data describes the potential of PYMSP9g795. 4508 as an immunogenic lin-
ear epitope and support its inclusion in future multi-target vaccine development assays that
use synthetic peptides.

Supporting Information

S1 Fig. SDS-PAGE of PvMSP9-RIRII recombinant protein expressed, purified and used as
antigen ELISA assays. Lane 1 corresponds to Pre-stained molecular mass markers from
BioRad (Precision Plus protein standards, Cat# 161-0373). Lanes 2-3 correspond to
rPvMSP9-RIRII in 2.5 pg and 5.0 pg. The recombinant protein migration ~ 60 Kda confirmed
the successfully expression and purity of our antigen, which has a expected molecular mass of
52.1 Kda (25.1 Kda of protein sequence and 27 Kda of GST Tag).
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3.4 Artigo 4 (Aceito com major revision pela revista Vaccine) -
Imunogenicidade de construgcfes peptidicas sintéticas baseadas no
PVMSP9e795.a808, UM epitopo linear de célula B da proteina-9 de superifice

de merozoita de P. vivax,em camundongos BALB/c.

3.4.1 Objetivos especificos:

e Sintetizar peptideos lineares representando epitopos de célula T e B da
PVMSP9;

e Avaliar a resposta imune celular e humoral induzidas pelos peptideos
sintéticos, formulados em adjuvante, em camundongos BALB/c;

e Averiguar o reconhecimento da proteina recombinante PvMSP9-RIRII pelos
anticorpos induzidos pelos peptideos sintéticos;

e Verificar o reconhecimento da proteina nativa no parasito por anticorpos
gerados em camundongos imunizados com peptideos sintéticos;

e Caracterizar fenotipicamente as subpopulacdes de células T e B de memoria

induzidas na imunizacdo com peptideos sintéticos.
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Abstract

Plasmodium vivax Merozoite Surface Protein-9 (PvMSP-9) is a malaria vaccine
candidate naturally immunogenic in humans and able to induce high antibody titers in
animals when delivered as a recombinant protein. Recently, we identified the sequence
EAAPENAEPVHENA (PvMSP95795.a808) as the main linear B-cell epitope in naturally
exposed individuals. However, the potential of PvMSP9g70s5.4808 as an immunogen in
experimental animal models remained unexplored. Here we assess the immunogenicity
of PvMSP9g79s5.a808 using synthetic peptides. The peptides tested in BALB/c mice
include two repeats of the sequence EAAPENAEPVHENA tested alone (peptide RII),
or linked to an autologous (PvMSP9 peptide pL; pLRII) or heterologous (p2 tetanus
toxin universal T cell epitope; TTRII) T cell epitope. Inmune responses were evaluated
by ELISA, FLUOROSPOT, and indirect immunofluorescence. We show that all of the
peptide constructs tested were immunogenic eliciting specific IgG antibodies at
different levels, with a prevalence of IgGl and IgG2. Animals immunized with
synthetic peptides containing T cell epitopes (pLRII or TTRII) had more efficient
antibody responses that resulted in higher antibody titers able to recognize the native
protein by immunofluorescence. Relevantly, the frequency of IFN-y secreting SFC
elicited by immunization with TTRII synthetic peptide was comparable to that reported
to the PvMSP9-Nt recombinant protein. Taken together, our study indicates that
PvMSP95:795.a808 is highly immunogenic in mice and further studies to evaluate its value
as promising vaccine target are warranted. Moreover, our study supports the critical role
of CD4 T cell epitopes to enhance humoral responses induced by subunit based

vaccines.
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Introduction

After more than a century of basic research on malaria, this vector-borne disease
continues to be a global health threat. Although Plasmodium falciparum continues to
cause the greatest morbidity and lethality among the five species of Plasmodium that
infect humans, an increasing number of severe cases caused by P. vivax have been
reported. In 2016, P. vivax was responsible for about 40% of malaria cases outside of
Africa, representing 64% of malaria cases in the Americas, above 30% in Southeast
Asia and 40% in Eastern Mediterranean regions [1]. Several factors are involved in the
high transmissibility and spread of P. vivax and include: early and continuous
production of gametocytes during the erythrocytic cycle [2, 3], shorter development
cycle in the vector compared to other Plasmodium spp [4], and ability to relapse from
long-lasting dormant liver stages (hypnozoites) [5, 6]. These biological features along
with the enormous socioeconomic impact caused by P. vivax [7], the report of severe
and lethal P. vivax malaria cases [8-10] and the emergence of chloroquine [11-13] and
primaquine resistant strains [14-16] make the development of a safe and affordable

vaccine a critical component in P. vivax control strategies.

The identification and validation of potential vaccine targets against P. vivax have
been delayed, in part due to difficulties associated with the absence of a continuous,
long-term in vitro culture of this parasite, but also due to limited of investment in
available tools and methods [17-19]. Regardless, peptide constructs, containing B and
T-cell epitopes, have been considered in strategies for developing vaccines for P. vivax
and this direction has advanced for several known target antigens. This vaccine platform

based on the design of minimal subunits, using synthetic peptides, has the potential to
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deliver precisely defined epitopes that can be produced at large-scale, high yield and
relatively low cost [20, 21]. Synthetic peptides are also stable in the absence of
proteases, do not have contamination with biological agents, and can be produced in a
fast and reproducible manner [22]. Furthermore, peptide vaccines allow the conjugation
of multiple epitopes in a single construct representing a promising approach against
genetic variants of vaccine candidates that are involved in parasite escape mechanisms
[20, 23] and a good strategy to develop multi-stage or multi-specific vaccines.
Unfortunately, synthetic peptides have overall poor immunogenicity [24, 25]. Because
this, several alternative approaches have been used to overcome this barrier, like the use
of virus-like particles and the conjugation of B-cell linear epitopes to T-cell epitopes or

lipid moieties [26].

T cell-independent immune responses induced in the absence of T cell help are
weaker, uneven and have impaired memory responses in comparison to those elicited by
T cell-dependent antigens. T-helper cells play a crucial role in linking innate and
adaptive immunity and they become critical components of peptide-based vaccines [27,
28]. A challenge for testing subunit vaccines in preclinical trials is that individual
epitopes could not be recognized by the experimental animal models used [29].
Recently, bioinformatics tools have been introduced for the successful in silico
identification of potential epitopes on vaccine candidates against several pathogens [30-
33]. However, the number of predicted and validated epitopes within P. vivax antigens,

as well as the knowledge on protective efficacy is still limited.

Merozoite Surface Protein 9 (MSP9) is a conserved protein among Plasmodium
species infecting humans, rodents and primates [34-36], which is expressed on the

merozoite surface during schizont development and segmentation [37]. Antibodies
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produced against P. cynomolgi and P. knowlesi MSP9 homologs inhibit merozoite
invasion of erythrocytes [36]. P. vivax MSP9 (PvMSP9) is also immunogenic in animal
models [38] and naturally exposed individuals [39]. This experimental evidence
supports the research and development of a P. vivax vaccine based on MSPO.
Structurally, PvMSP9 contains a long non-repetitive conserved N-terminal domain, with
five promiscuous CD4 T cell epitopes (pE, pJ, pK, pH and pL) [40, 41] and a C-
terminal domain, that contains two blocks of tandem repeats, described as the main
target of the humoral response in adults living in endemic areas [39]. Recently, using a
combination of in silico tools we identified the sequence EAAPENAEPVHENA
(PVMSP9g795-4808) as a minimal linear B-cell epitope. The native PvMSP9 includes five
PvMSP95795.4808 tandem repeats, corresponding to 29% of the PvMSP9’s two blocks of
repeats. Furthermore, the potential role of PvMSP9g795.4308 in the acquisition of
protective immunity has been reported [42]. Based on this observation, we aimed to
assess the value of PvMSP9g79s.a80s for the development of a subunit-based P. vivax
vaccine by characterizing the immunogenicity of this epitope in animal models. Here
we characterize the immune responses elicited by immunization with peptide-based
immunogens that incorporate PvMSP-9579s.4508. Peptides were synthetized representing
the B cell epitope alone or conjugated to well-characterized CD4 T cell epitopes. Our
data add further support for the development of vaccines based on linear synthetic-

peptides and epitope mapping strategies of P. vivax proteins.

Material and Methods

Peptide Synthesis
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Three epitopes were selected to design the peptide constructs: (a) the sequence
EAAPENAEPVHENAEAAPENAEPVHENA (Peptide RII), consists of two repeats of
the identified B-cell linear epitope PvMSP-9g70s5.a308 arrayed in tandem conformation
[42]. (b) The sequence ASIDSMIDEIDFYEK (PvMSP-9a443-x456, Peptide pL), a well-
defined promiscuous and naturally immunogenic CD4 T cell epitope [41], and (c) the
sequence QYIKANSKFIGITE (Peptide TT), a CD4 T cell epitope, of tetanus toxin, able
to enhance the humoral response in mice [43-45]. All peptides were synthesized by
fluorenylmethoxycarbonyl ~ (F-moc)  solid-phase  chemistry  [46]  (GenOne
Biotechnologies, Brazil) as single peptides (RII, pL, TT) and as hybrid peptides,
containing a combination of a B-cell epitope and a T-cell epitope (pLRII and TTRII)
(Table 1). Synthetic peptides containing PvMSP-9g705.430s were flanked by cysteine
residues at N- and C-terminal regions, which allows spontaneous polymerization, a
strategy that has been used to enhance immunogenicity [47-49]. Analytical
chromatography of the peptide demonstrated a purity of >95% and mass spectrometric

analysis also indicated an estimated mass corresponding to the mass of the peptides.
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Table 1: Design of synthetic peptides used in this study. Five peptides were synthesized based on three selected epitopes. The single
peptides - RII, representing two repeats of the B cell epitope PYMSP9 705.4308)2; Peptide pL representing the T cell epitope PYMSP9,443.
k4s6) identified within the N-terminal region of PvMSP9; Peptide TT, Tetanus toxingsso-is43) corresponding to a well-defined CD4 T cell

epitope. To induce spontaneous polymerization, the peptides used for immunization were synthesized with flanked cysteine residues.
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Immunization of mice with synthetic peptides

Female BALB/c mice of 6-8 weeks of age were obtained from the Institute of Science
and Technologies in Biomodels (ICTB) / FIOCRUZ. Groups of 21 mice were
immunized subcutaneously (s.c) three times at 3-week intervals (days 0, 21 and 42) at
the base of the tail with 50 pg of one of the synthetic peptides (RIL, pL, TT, pLRII and
TTRII) emulsified in 150 pL of Montanide ISI 51 (SEPPIC, France). Controls received
only PBS emulsified in the same adjuvant. Mice were bled at days 0, 11, 21, 33, 42, 63,
84 and 132, and the sera samples were tested by enzyme-linked immunosorbent assay
(ELISA) for antibody responses. On day 63 three mice in each group were sacrificed,
and splenocytes were harvested to evaluate cellular immune responses using IFN-y and
IL-5 Fluorospot assays. Twenty-one non-immunized animals were bled and sacrificed at

each time point to serve as additional control group.

All the animal studies were performed at the animal facilities of Oswaldo Cruz
Foundation in accordance with guidelines and protocols approved by the Ethics
Committee for Animal Experimentation of the Oswaldo Cruz Foundation CEUA-

FIOCRUZ (Protocol N° LW-12/14).

Recombinant PvMSP9-RIRII

The recombinant protein PvMSP9-RIRI], containing the C-terminal blocks of tandem
repetitions, was expressed as a GST fusion protein, as described [39] and were used in

Absorption ELISA tests.

Antibody assays
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The presence and levels of specific antibodies against the synthetic peptides in sera of
mice were evaluated by Enzyme-linked immunosorbent assay (ELISA). Briefly, 96-
microwell plates (Nunc-Maxisorb) were coated with Sug/mL of synthetic peptides (RII,
TT, and pL). After overnight incubation at 4°C, the plates were washed with PBS and
blocked with PBS-0.05% Tween 20 containing 5% non-fat dry milk (PBS-Tween-M
5%) for 1 hour at 37°C. Individual mice serum samples at two-fold serial dilutions in
PBS-Tween-M 2.5% were added to duplicate wells, and the plates were incubated at
37°C for 2 hours. After three washes with PBS-Tween, bonded antibodies were detected
with peroxidase-conjugated goat anti-mouse IgG (Southern Biotech) followed by o-
phenylenediamine and hydrogen peroxide. The absorbance was read at 492 nm using an
ELISA reader (Spectramax 250, Molecular Devices, Sunnyvale, CA). The end-point
titers in the mice sera were determined as the highest dilution at which immunized mice
sera had optical density (OD) value three times higher than sera from control mice (the
OD values in the control mice were about 0.045, 0.053 and 0.054 for peptides RII, TT,
and pL, respectively). The determination of IgG subclass profile against peptide RII was
also performed as described above, except that the secondary antibodies used were goat
anti-mouse monoclonal antibodies specific for mouse IgGl, IgG2a, 1gG2b or IgG3
(Southern Biotech). Moreover, to confirm the reactivity of induced antibodies against
PvMSP9, an ELISA was performed following the same methodology above described,

except that plates were coated with 2pg/mL of recombinant protein PvMSP9-RIRIIL

Absorption ELISA

The absorption ELISAs were performed as previously described [50]. Briefly, 96-

microwell plates (NUNC-Maxisorp) were coated overnight with 5 pg/mL of the
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peptide RII or 2 pg/mL of PvMSPO9-RIRII recombinant protein, then washed, and
blocked as described. Sera were added to the plates at end-point titers and incubated for
two hours at 37°C. After incubation, sera were transferred to plates coated overnight
with PvMSP9-RIRII (2 pg/mL) after appropriate washing and blocking, and the
ELISAs were performed as described. After the read of absorbance, the OD values

against PvMSP9-RIRII of serum before and after absorption were compared.

Indirect immunofluorescence assays

The specificity of the antibody response elicited by immunization was tested by
immunofluorescence assays (IFA) using air-dried thin films of erythrocytes infected
with P. vivax schizonts as described previously [38]. Surface expression was detected
using sera from mice immunized with synthetic peptides RII, pLRII and TTRII and
affinity-purified goat anti-mouse IgG conjugated to fluorescein isothiocyanate (FITC)
(Sigma, St. Louis). Pools of sera from animals of each group (RII, TTRII, pLRII)
collected on days 63 and 84 were tested at 1:2 dilution. DAPI (4',6-Diamidine-2'-
phenylindole dihydrochloride) (SIGMA, St. Loius) was used to confirm the presence of
DNA. Serum of an individual from Brazilian Amazon, who presented high antibody

titers against P. vivax merozoite proteins was used as positive control.

Fluorospot

The relative number of mouse antigen-specific T-cells secreting IFN-y and IL-5 was
determined by FluoroSpot (FluoroSpot kit for mouse IFN-y /IL-5; MabTech). Briefly,
Fluorospot plates were pre-wetted with 15 puL 35% ethanol for 1 min, immediately

followed by washing with sterile water (200 pL/well). 100 puL of anti-mouse IFN-y
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(AN18) and anti-mouse IL-5 (TRFKS) antibodies, both diluted to 15 pg/mL in sterile
PBS, were added to each well. After overnight incubation at 4°C, plates were washed
with sterile PBS (200 pL/well), and blocked with 200 puL/well with cell culture medium
(RPMI 1640 supplemented with 10% heat-inactivated FCS, 1 mM glutamine, 100
units/mL penicillin, 100 pg/mL streptomycin and 0.5 mM HEPES) for at least 30 min at
room temperature. The blocking medium was removed and fresh medium with or
without one of the stimulants (ConA, RII, TTRIL, pLRII, pL, and TT) combined with
anti-CD28 mAb at 0.2pg/mL. Splenocytes of immunized mice were added to each well
(250,000 cells/well) in duplicate and incubated for 30 h at 37°C and 5% CO,. Cells were
removed by washing the plates with PBS (200 pL/well), and 100 pL of monoclonal
antibodies anti-IFN-y (R4-6A2-BAM; 1:200) and anti-IL-5 (TRFK4-biotin; 2pg/mL) in
PBS with 0.1% bovine serum albumin (PBS/BSA) were added to each well. Plates were
incubated at room temperature for 2h, followed by washing as described above.
Secondary detection reagents (anti-BAM-490, and SA-550) were diluted 1:200 in
PBS/BSA and 100uL added to each well for 1 h at room temperature. Plates were
washed as above and 50 pL fluorescence enhancer added to each well for 15 min. The
enhancer was discarded thoroughly, the plate underdrain removed, and the plates left to
dry protected from light. TFN-y and IL-5 secreting cells were counted with an
Immunospot reader S6UV ultra (Cellular Technology Ltd, Cleveland, OH). The number
of IFN- vy, and IL-5 secreting cells per 10° spleen cells was expressed as the mean

number of spots induced by antigen subtracted by the number of spots induced by PBS.
Statistical methods

GraphPad Prism version 5 (GraphPad Software, Inc, La Jolla, CA, USA) was used

for statistical analysis. Statistical difference in categorical variables between the two
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defined groups was determined using Fischer exact test while Mann-Whitney U test was
used to determine differences in continuous variables. P values of <0.05 were

considered statistically significant.

Results

Synthetic peptides containing the epitope PvMSP9g795.4808 are immunogenic in

BALB/c mice and showed enhanced activity when linked to a T helper epitope.

To evaluate the immunogenicity of the linear B-cell epitope PvMSP9g795.a808, We
determined antibody end-point titers elicited by immunization against peptide RII, a
synthetic peptide that includes two repeats of the PVMSP9g70s.4808 epitope. Plasma
samples from mice immunized with different synthetic peptides (RII, pLRII, TTRIL pL
and TT) were collected at different time points and antibody titers determined by
ELISA (Figure 1). Firstly, we confirmed that epitope PVMSP9g795.a808 was
immunogenic in BALB/c, once that all groups immunized with synthetic peptides
containing the peptide RII (RII, pLRII and TTRII) presented specific I1gG antibodies
against this peptide. Animals immunized with single peptide RII had a detectable level
of antibodies at day 42 after the first immunization and reached its maximum antibody
level (1:6400) on day 84. Moreover, the immunization with peptides linked to T cell
epitopes (pLRII and TTRII) elicited earlier and higher IgG antibody titers against
peptide RII. Mice immunized with pLRII had detectable levels of antibodies (1:800) 33
days after the first immunization and presented the maximum titers of antibodies
(1:12800) at day 63. Besides, animals immunized with TTRII presented a detectable

level of antibodies (1:100) 21 days after the first immunization, even before the second
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immunization, and also reached its maximum level of antibodies (1:25600) at day 63. In
groups RII, pLRII and TTRII, the maximum antibodies titers against RII were

maintained since than reached until the kinetic last time point.

No cross-reactions were observed between antibodies specific to peptide RII and the T
cell epitopes (pL and TT), since plasma collected from mice immunized with the single
peptide RII, did not develop specific antibodies against peptides pL or TT
(Supplementary Figure la and 1b, respectively). Mice immunized with a single T cell
epitope (pL or TT) did not elicit specific antibodies against RII (Figure 1). Moreover,
synthetic peptides containing T cell epitopes (pL, pLRIL TT, and TTRII) elicited low
IgG specific responses against the T cell epitopes, 32 days after the first immunization
(Supplementary Figure 1). A specific response against peptide pL was observed in
plasma of animals immunized with the single peptide pL or the hybrid peptide pLRII
(Supplementary Figure la). In the same way, anti-peptide TT IgG antibodies were
identified in samples collected from mice immunized with the single peptide TT or the

hybrid TTRII peptides (Supplementary Figure 1b).

Figure 1: Endpoint anti-RII antibody titers in mice immunized with synthetic
peptides. The figure summarize the results of two different experiments and the values
represent the mean of six animals in each point of both experiments (three animals per
time point, in each experiment). Lines indicate the variation of antibody titer along

experimental kinetic in immunized groups: RII (green), pLRII (blue), TTRII (red), pL
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(purple), TT (orange) and PBS (gray). All immunogens were formulated in adjuvant

Montanide ISA51. Arrows indicate the immunization times.

IgG1 and IgG2 are the predominant isotypes against RII.

To evaluate the profile of anti-RII IgG subclass induced by synthetic peptides, we
determined the final IgG1, 1gG2a, IgG2b and IgG3 antibody titers in plasma collected at
day 63. In all studied groups, a similar subclass profile was observed with no
differences between induced titers of IgG1, IgG2a, and IgG2b (Figure 2). Moreover, the
absence of detectable levels of IgG3 was a common finding in all groups. No significant
changes in IgG isotype patterns were observed in the course of the follow-up after each

immunization (Data not shown).

Figure 2: IgG subclass profile against peptide RII induced by immunization with
synthetic peptides. Each point represents end-point mean values of IgG1, IgG2a, IgG2b
and IgG3 antibody titers + SEM. RII (green), pLRII (blue), TTRII (red). Samples were

collected three weeks after the last immunization (day 63) from six mice per group.

Anti-RII antibodies elicited by immunization with synthetic peptides recognized

the PvMSP9-RIRII recombinant protein.

To confirm the specificity of anti-RII antibodies elicited by immunization, we tested by

ELISA the plasma of immunized mice against the recombinant protein PvMSP9-RIRII
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that represents the two blocks of repeats on the C-terminal region of PvMSP9. Plasma
samples collected from mice immunized with the synthetic peptides constructs
containing the peptide RII (RII, pLRII and TTRII) were able to recognize the
recombinant protein at 1:100 dilution (Figure 3). The O.D. mean values were higher in
groups immunized with pLRII or TTRII than in group immunized with RII (p=0.038
and p=0.031; respectively). Moreover, mice immunized with peptide TT, pL or with
PBS formulated in adjuvant presented similarly low ODs than groups immunized with

RIL, pLRII, and TTRII (p<0.0001).

Figure 3: Evaluation of reactivity of anti-RII IgG against the recombinant protein
PvMSPI-RIRIIL. Optical densities of antibodies elicited by immunization with
synthetic peptides TTRII (red box), pLRII (blue box), RII (green box), pL (purple box)
or TT (orange box) against IPvMSP9-RIRIIL. Synthetic peptides that include the RII
sequence (RII, pLRI, and TTRII) induced antibodies that recognize the recombinant
protein. The antibody responses are significantly higher in comparison to control mice
immunized with adjuvant alone (p<0.0001). Mice immunized with peptides containing
linked T and B cell epitopes (pLRII and TTRII) presented higher optical densities than
those immunized with the single peptide RII. Animals immunized with synthetic
peptides representing T cell epitopes (TT and pL) or PBS formulated in adjuvant were
not able to recognize the recombinant protein. Data is presented as Box and Whiskers
plots with lines representing 10-90 percentile and p values included. Each column
represents the optical densities of animals from each group of samples collected 42, 63,

84 and 132 days after the first immunization.
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The anti-RII antibodies were able to recognize specifically the MSP9 native

protein.

After having demonstrated that anti-RII antibodies recognized the recombinant protein
representing the two blocks of repeats within PvMSP9, we investigated whether these
antibodies recognize the native protein expressed during the blood stage of the parasite
life cycle. To accomplish this, pool of sera collected from mice immunized with
different synthetic peptides were tested for reactivity using IFA. Plasma from mice
immunized with peptides containing the sequence PvMSP9g705.4308 (RII, pLRII and
TTRII) recognized the native MSP9 with a fluorescent pattern consistent with surface
staining. No reactivity was observed in sera from naive mice, mice immunized with
peptides pL or TT or mice immunized with PBS formulated in adjuvant. Representative

results are shown in Figure 4.

Figure 4: RlII-specific antibodies induced by synthetic peptides recognize the native
PvMSPY. Binding of RlII-specific IgG using a pool of sera from BALB/c mice
immunized with the synthetic peptide (TTRII) and erythrocytes infected with P. vivax
schizonts. Images were taken at 100-fold magnification. Left panels show the cell DNA
stained with DAPI (4',6-diamidino-2-phenylindole), middle panels show the fluorescein
isothiocyanate (FITC) fluorescence indicating the reactivity of anti-RII IgG against the

parasite, and the right panels show the merged images. Scale bar, 5 um length. The sera
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of an individual from Brazil endemic area, who presented high response to P. vivax

MSP-9 recombinant antigen was as used as positive control.

The promiscuous T-cell epitope TT was critical to induce IFN-y secreting T cells.

Once observed that T cell epitopes enhanced the antibody responses, we explored the
effect of these epitopes on cellular immune responses. To determine the number of IFN-
y and IL-5-Spots Forming Cells (SFC) induced by immunization with synthetic
peptides, we used the Fluorospot. Splenocytes derived from mice immunized with the
single peptide RII and hybrid peptides (pLRII and TTRII) were collected 3 weeks after
the third immunization (day 63) and were stimulated ex vivo using each peptide used
for immunization (pL, TT, RII, pLRII and TTRII). Mice immunized with TTRII
showed an increased number of IFN-y-SFC, when stimulated with peptides TT or
TTRIL, compared to the number of SFC induced by the same peptides using splenocytes
collected from mice immunized with other synthetic peptides (p=0.024). Moreover, no
significant number of IL-5 secreting cells were observed (Figure 5). All cells stimulated

with ConA have high numbers of IFN-y and IL-5-secreting cells (Data not showed).

Figure S: Detection of IFN-y and IL-5 secreting cells from mice immunized with
synthetic peptides collected three weeks after the last immunization (day 63).
Results are express as the mean values of duplicate assays using three different animals
from each group individually analyzed. Cells of each animal were individually

stimulated with each peptide. (a) Number of IFN-y SFC in 10° spleen cells after

122



364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

stimulation with peptide pL (gray bars) or pLRII (striped bar). (b) Number of IFN-y
SFC in 10° spleen cells when stimulated with peptide TT (gray bars) or TTRII (striped
bar). (c) Number of IL-5 SFC in 10° spleen cells when stimulated with peptide pL (gray
bars) or pLRII (striped bar). (d) Number of IL-5 SFC in 106 spleen cells when
stimulated with peptide TT (gray bars) or TTRII (striped bar). The corresponding
immunized groups (RII, pLRII and TTRII) are presented in the X-axis. The bars
represent the mean number of SFC stimulated by synthetic peptides and lines indicate
the respective Standard Error Mean. The SFC values were subtracted from the SFC

values obtained with the control group.

Discussion

Synthetic peptides represent a promising approach for the development of subunit
vaccines [51, 52], providing a safe and inexpensive alternative to the conventional
vaccine platforms. This approach can be even more effective by targeting both B and T
cell epitopes known to be involved in protective efficacy aiming to induce a balanced
immune response [53-56]. However, constructs containing linear B-cell epitopes from
Plasmodium antigens have not always met with their expected success [57-59]. Both
antibody-dependent and -independent T-cell-mediated protective immune mechanisms
are operative at different stages of the parasite life cycle [60-64], so the ideal vaccine
should combine epitopes identified as strong inducers of both antibody and cell-
mediated immunity. In this study, we used synthetic peptides to immunize BALB/c
mice and to verify the immunogenicity of two known epitopes described within

PvMSP9, a potential vaccine candidate.
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Firstly, we observed that the B cell epitope PvMSP9E795.4308 Was immunogenic and
confirmed that hybrid peptides synthesized by linking the sequence to T cell epitopes
exhibit enhanced antibody responses. All the peptides tested that include such a
sequence (RII, pLRII, and TTRII) induced specific antibodies against RII and the
antibody levels were maintained up to three months after the last immunization.
Relevantly, both peptides containing B and T cell epitopes, pLRII and TTRII, elicited
earlier and higher antibody titers (1:12800 and 1:25600, respectively) than the RII
synthetic peptide, that includes only the B cell epitope (1:6400). The enhanced level of
antibodies induced by synthetic peptides containing a T helper epitope, pLRII, and
TTRIL, are in agreement to previous studies [48, 49], which demonstrated the
enhancement of a specific response induced by the insertion of a T helper epitope and
generated a specific level of antibodies similar to our study. Moreover, although this
enhanced humoral response was expected to peptide TT (Tetanus Toxings3o-r843)) [43-
45], we present here the first evidence that the T cell epitope PVMSP9a443.x456 has
potential as a T helper epitope. The kinetics of the antibody responses elicited by
immunization with the synthetic peptides that included the PvMSP9:79s.4308 €pitope
reported here are similar to those described for immunization with the recombinant
PvMSP9 proteins. However, consistent with the lower immunogenicity of linear

peptides, higher levels of antibodies were induced by the recombinant proteins [38].

Despite differences in total IgG levels between immunized groups, similar IgG
isotype patterns were elicited with similar titers of IgGl, IgG2a, and IgG2b.
Interestingly, the same subclass profiles were observed when BALB/c mice were
immunized with PvMSP9 recombinant proteins, formulated in Montanide ISA51 [38].

This effect could be attributed to the adjuvant effect given the fact that adjuvants
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enhance and modulate the magnitude of adaptive immune responses to co-administered
antigens, impacting longevity, antigen avidity, and modulation of isotype and IgG
subclass switches [65, 66]. On the other hand, based on the scarce knowledge about the
role of each IgG subclass on protection against murine malaria, we cannot determine
how effective the induced profile could be in a protective response. To date, amongst
mouse IgG subclasses, IgG2a and IgG2b are considered to be the most potent activators
of complement and most used in passive transfer experiments in murine infections
(including malaria) [67, 68]. Besides, IgGl is believed not to be a potent complement
activator [69]; to be poor at killing tumors [70]; but plays an important role in

controlling gastrointestinal parasites [71].

Despite early studies already demonstrating that antibodies against recombinant
MSP-9 were able to block merozoite invasion in vitro [36] and naturally acquired
antibodies correlate with exposure/protection in Brazilian Amazon [39] and Southeast
Asia [72], the functionality of these induced antibodies against our synthetic constructs
and their role on parasite recognition remained unknown. Therefore, we first observed
that the induced IgG anti-RII were able to recognize the recombinant protein
representing the PVMSP9-RIRII. This result was consistent with our previous study, in
which we observed that specific antibodies against RII of naturally exposed individuals
corresponded to 30% of antibodies against the PvMSP9-RIRII (Data not showed) [42].
Moreover, specific antibodies against peptide RII were also able to recognize the native
protein on the surface of merozoites and schizonts in immunofluorescence assays.
Unfortunately, we could not carry out an inhibition assay or challenge of immunized
mice to verify the protective potential of the anti-RII antibodies. However, considering

that monoclonal antibodies against PvMSP9 were able to inhibit the invasion of
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Cover Letter

Rio de Janeiro, April 16" 2018.
Dear Editor,

P. vivax malaria remains as one of the principal public health problems in tropical regions and the
development of an effective vaccine certainly will benefit the control. Despite a considerable number of
antigens that were described as candidates, the conventional vaccinology strategies applied are especially
difficult when dealing with non-cultivable microorganisms, as P. vivax. However, with the concomitant
advent of whole-genome sequencing and advances in bioinformatics, the vaccinology field radically change
in the last few decades, providing the opportunity for a faster description of novel antigens and improvement
of the already known candidates. During the past years, our previous works demonstrated that PvMSP-9 is
naturally immunogenic in humans, present no HLA restriction associated to humoral response and have
promiscuous T-cell epitopes. In our last published work, we screened the full sequence of PvMSP-9 vaccine
candidate using reverse vaccinology bioinformatics tools aiming the identification of important B-cell
epitopes. We identified and confirmed the sequence EAAPENAEPVHENA (PvMSP95:795.4808) as a valid B-
cell epitope within the vaccine candidate PvMSP-9. The epitope is present in the protein sequence as a
tandem block of 5 uninterrupted repeats and were targeted by naturally acquired IgG antibodies from
individuals living in endemic areas of malaria. In this scenario and aiming a multi-target vaccine constructs
in the future, in this work we assess the immunogenicity of PvMSP9g795.4308 using synthetic peptides. The
peptides tested in BALB/c mice include two repeats of the sequence EAAPENAEPVHENA tested alone
(peptide RII), or linked to an autologous (PvMSP9 peptide pL; pLRII) or heterologous (p2 tetanus toxin
universal T cell epitope; TTRII) T cell epitope. We show that all of the peptide constructs tested were
immunogenic eliciting specific IgG antibodies at different levels, with a prevalence of IgG1 and IgG2.
Animals immunized with synthetic peptides containing T cell epitopes (pLRII or TTRII) had more efficient
antibody responses that resulted in higher antibody titers able to recognize the recombinant protein and,
more importantly, the native protein by immunofluorescence. Taken together, our study results indicates that
PVMSP9579s.4808 is highly immunogenic in mice and further studies to evaluate its value as promising

vaccine target are warranted.
Best Regards,

Josué da Costa Lima Junior, PhD

Laboratory of Immunoparasitology
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erythrocytes by P. vivax merozoites [36], that two blocks of repeats are the most
immunogenic regions of the protein [39], the ability of anti-RII antibodies to recognize
the recombinant protein PvMSP9-RIRII and the native protein reinforce the potential of

PvMSP95:79s.308 as a vaccine target for novel synthetic constructions.

Interestingly, even with the enhancement in humoral responses elicited by
immunization with the synthetic peptide representing the B cell epitope linked to T cell
epitopes, only the peptide TTRII was able to induce IFN-y secreting cells. In our point
of view, this finding could be associated with differences on presentation of T cell
epitopes by MHC of different models, once for efficient induction of either B-cell or
cytotoxic T cell responses, the induction of a robust T helper cell responses is crucial
[73, 74]. The use of promiscuous or universal T helper epitopes, which bind several or
most MHC class II molecules, respectively, offer a good alternative to design subunit
vaccines able to induce a robust immune response regardless of the MHC makeup [75,
76]. Unfortunately, the evident bias on MHC presentation of synthetic peptides in
humans and animal models limit several applications. For example, whereas the
universal T cell epitope PADRE binds many human HLA-DR molecules with high
affinity, they only show strong binding to H2I-Ab in mice [77]. Here, although the
epitope PvMSP9 a443.x456 (peptide pL) was described as a promiscuous T helper epitope
in humans [41], this was the first work using this as a T helper epitope in mice.
Moreover, the evaluation of their prediction data suggested no binding of this peptide
by mice MHC (H-2-Ib, H-2-Id, and H-2-Ed) (data not showed), whereas peptide TT
(Tetanus Toxings3o-ks43)) was described as a universal epitope in human and mice [78].
On the other hand, the induction of IFN-y secreting cells by TTRII was comparable to

the number of secreting cells induced by recombinant protein PvMSP9 [38], supporting
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that the adequate choices of T helper epitopes could potentiate the immunogenicity of

synthetic peptides.

In conclusion, this was the first work to evaluate the immunogenicity of the B-cell
epitope PvMSP9g70s5.a808 and the T helper epitope PvMSP9a443.x456, using synthetic
peptides as a vaccine platform. The B cell epitope PvMSP9E705.4308 Was immunogenic
in BALB/c mice, and specific antibodies to this epitope were able to recognize the
native parasite protein. Moreover, we confirmed that a Tetanus Toxin derived T-cell
epitope enhanced the humoral immune response when conjugated to B cell epitope RII,
once TTRII elicited an earlier and higher humoral response than a single peptide RIL
Besides, our data suggest that epitope PvMSP9a443.x456 Was not a potential T helper in
mice, disagreeing with the described promiscuity in binding to several MHC alleles in
humans. Our data reinforces the importance of PvMSP9g70s.a508 as a potential epitope to

be included in a subunit malaria vaccine against P. vivax.
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Supplementary material:

Supplementary Figure 1: Endpoint antibody titers (a) anti-pL and (b) anti-TT.
Mean end-point antibody titers derived from six mice are presented. Each line
represents one group immunized with a different formulation: pLRII (blue line), TTRII
(red line), pL (purple line), TT (orange line), RII (Green line) and PBS (gray line).
Arrows indicate the immunization times. Samples from mice immunized with peptide
RII and from group immunized with PBS formulated in adjuvant do not presented
reactivity against peptides pL or TT. Besides, mice immunized with peptide TT or
TTRII did not present antibodies against peptide pL, whilst those immunized with

peptides pL or pLRII did not presented antibodies against peptide TT.
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Figure 1

Antibodies titers against peptide RIl

Nomenclature Topology Amino acid sequence MW (Da)
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Figure 4
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Supplementary Figure 1
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Highlights (for review)

Highlights:

PVMSp9¢795.a308 Synthetic constructs were immunogenic in mice;

1gG1, 1gG2a and IgG2b were prevalent in humoral response induced by synthetic peptides
T-cell epitopes enhanced the humoral response

Anti-PvMSP9¢,95 508 antibodies were able to recognize the native PvMSP9 by
Immunofluorescence assay.
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DISCUSSAO

O desenvolvimento de uma vacina segura, eficaz e de baixo custo contra o P.
vivax persiste um desafio para a comunidade cientifica. Apesar do considerado
namero de antigenos descritos nos ultimos anos, as estratégias de vacinologia
convencional sdo particularmente dificultadas quando lidam com parasitos nao-
cultivaveis, como P. vivax. Contudo, com o advento do sequenciamento completo do
genoma e avancos na area de bioinformatica, o campo da vacinologia foi
radicalmente modificado, permitindo a descricAo de novos antigenos e o
aprimoramento de candidatos vacinais ja conhecidos através da vacinologia reversa.
Nesse contexto, construcbes vacinais baseadas em peptideos sintéticos
representam uma estratégia reemergente bem-sucedida (Cespedes et al. 2013;
Silva-Flannery et al. 2009b), mas extremamente dependente da adequada selecéo
de epitopos.

Baseados neste racional e considerando estudos que apontam a proteina de
“Travessia Celular de Oocinetos e Esporozoitas” (CelTOS) de P. falciparum como
uma potencial candidata vacinal (Bergmann-Leitner et al. 2010; Kariu et al. 2006;
Kusi et al. 2014), a primeira parte de nosso estudo buscou testar duas hipéteses
centrais: A proteina CelTOS de P. vivax (PvCelTOS) pode ser considerada uma
candidata vacinal promissora contra o P. vivax. E, é possivel, utilizando ferramentas
de predicdo in silico, identificar com sucesso epitopos de célula B em proteinas
candidatas vacinais de P. vivax.

Deste modo, a fim de confirmar a primeira hipétese, avaliamos a resposta
imune naturalmente adquirida contra a PvCelTOS em uma populagdo formada por
528 individuos da Amazobnia brasileira, naturalmente expostos a malaria.
Primeiramente, verificamos que cerca de 18% da populacdo estudada apresentou
anticorpos especificos contra a PvCelTOS, confirmando, pela primeira vez, a
imunogenicidade naturalmente induzida por esta proteina em individuos da
Amazoénia brasileira. Interessantemente, a frequéncia de respondedores observada
em nosso estudo foi similar a observada na Tailandia por Longley e seus
colaboradores (Longley et al. 2016), sugerindo um padrdo de resposta similar em
populacdes geneticamente distintas. Cabe ressaltar que a baixa reatividade é um
achado comum em estudos que avaliam resposta naturalmente adquirida contra
antigenos de fase pré-eritrocitica e pode ser justificada pelo curto periodo de contato

do esporozoita com o sistema imune (Oliveira-Ferreira et al. 2004a; Storti-Melo et al.
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2012; Yildiz Zeyrek et al. 2011). Em contraponto, apesar da baixa frequéncia de
respondedores, observamos a prevaléncia de anticorpos do isotipo IgG1, um achado
relevante, visto que anticorpos citofilicos (IgG1 e 1gG3) sdo frequentemente
prevalentes em amostras de individuos imunes de areas de alta-transmissao
(Bouharoun-Tayouné& Druilhe 1992; Chelimo et al. 2005; John et al. 2005; Stanisic et
al. 2009) e costumeiramente associados a imunidade protetora (Aribot et al. 1996;
Metzger et al. 2003; Nebie et al. 2008).

Ainda avaliando o potencial vacinal desta proteina, buscamos por associacdes
entre parametros epidemiologicos de protecdo, susceptibilidade ou exposicdo da
populacdo e a resposta humoral contra PvCelTOS. Neste ponto do trabalho,
constatamos que o0s niveis de IgG se mostraram diretamente relacionados ao
namero de infec¢cdes anteriores de malaria, sugerindo um efeito cumulativo de
anticorpos com novas infec¢des, e inversamente correlacionados com o tempo
desde o ultimo episddio de malaria, indicando um efeito protetor dos anticorpos anti-
PvCelTOS. Em contraponto, ao analisarmos os indices de reatividade das
subclasses, notamos que os niveis de IgG3 se mostraram diretamente associados
ao numero de episodios recentes de malaria, e inversamente associado com o
tempo decorrido desde a ultima maléria, sugerindo que infeccbes recentes possam
induzir maiores niveis de IgG3.

Além disso, considerando que trabalhos anteriores demonstraram associacfes
entre altos niveis de anticorpos contra antigenos pré-eritrociticos e risco reduzido de
maléria clinica em criangas (John et al. 2008) e também com a diminui¢éo do risco
de infeccdo em adultos (John et al. 2005), resolvemos agrupar os individuos
respondedores para PvCelTOS, em alto-respondedores (indice de reatividade > 2) e
baixo-respondedores ( 1> indice de reatividade <2), a fim de evidenciar diferencas
nos perfis epidemiol6gicos que pudessem justificar a ampla magnitude de resposta
observada e indicar um eventual papel protetor do alto nivel de anticorpos contra
PvCelTOS. Nesse sentido, nossa primeira constatacdo foi que individuos baixo-
respondedores e ndo respondedores apresentavam perfis epidemiolégico
extremamente similares, fato que nos levou a cogitar uma eventual restricdo
genética na resposta para PvCelTOS. Sobre este tema, trabalhos anteriores
demonstraram associagdo entre diferentes alelos de HLA-II e auséncia de resposta
humoral contra alvos de estagio pré-eritrocitico de P. vivax (Oliveira-Ferreira et al.

2004a; Storti-Melo et al. 2012). Contudo, nosso desenho experimental ndo nos
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permite determinar se ha alguma influéncia de diferentes alelos de HLA na resposta
ou auséncia de resposta a PvCelTOS.

Independente dos fatores determinantes na habilidade de desenvolver resposta
humoral contra PvCelTOS, quando comparados a nao respondedores ou a baixo
respondedores, os individuos com altos niveis de anticorpos anti-PvCelTOS
apresentaram maior numero de episodios anteriores de malaria e maior frequéncia
de episddios recentes da doenca. Esses dados sao contrarios a hipotese de que a
proteina PvCelTOS seja uma boa candidata vacinal, uma vez que, embora
naturalmente imunogénica, ndo observamos nenhuma associacdo marcante entre
esta resposta e protecdo. Em contraponto, um trabalho recente de nosso grupo
evidenciou que a PvCelTOS é altamente conservada entre cepas de diferentes
regides geograficas (Bitencourt Chaves et al. 2017), indicando um baixo
polimorfismo da proteina, que pode ser considerado um fator positivo para indica-la
como um candidato vacinal, contudo, a baixa reatividade observada em diferentes
populacées também pode indicar o efeito de uma baixa pressdo seletiva sobre a
mesma. Infelizmente, esse primeiro conjunto de dados néo foi suficiente para definir
a PvCelTOS como uma boa candidata vacinal, nem a descartar deste papel.
Acreditamos que somente a identificacdo de suas regides imunogénicas, combinada
a estratégias de imunizacdo de modelos animais e o uso de parasitos quimeéricos em
ensaios de desafio poderdo determinar de fato o papel dos anticorpos anti-
PvCelTOS na imunidade.

Desse modo, demos sequéncia ao estudo buscando avaliar nossa segunda
hipétese: “E possivel identificar in silico epitopos de célula B de proteinas candidatas
vacinais de P. vivax”. Para tal, utilizando 2 algoritmos de bioinformética (BepiPred e
EMINI surface accessibility), identificamos in silico 4 sequéncias de aminoacidos
como epitopos lineares de célula B, hipoteticamente expressos na superficie da
PvCelTOS (PvCelTOSken13, PvCelTOSg3s.rs7, PvCelTOS|136-e143 € PvCelTOSk166-
s101). Paralelamente, por peptide array, testamos as 94 amostras respondedoras
para PvCelTOS contra 32 peptideos lineares sintéticos, formados por 15
aminoacidos, com sobreposicdo de 9 aminoacidos, que representavam toda
sequéncia da proteina. Deste modo, realizamos o0 mapeamento de epitopos da
PvCelTOS, identificando ao todo 10 peptideos (N13-L27; S19-V33; E73-187; L79-
K93; S97-Al111; P127-V141; 1133-G147; P139-V153; L181-L195; E182-D196) que
foram reconhecidos por mais de 20% dos respondedores para proteina
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recombinante. Com base nesses resultados, os peptideos reconhecidos que
apresentavam sobreposicdo de aminodcidos foram agrupados em 5 regides
imunogénicas (PvCelTOSy13v33; PvCelTOSEg73.ke3; PVCelTOSsg7.4111; PvCelTOSp127.
vis3 and PvCelTOS|181-0196) Nas quais epitopos de célula B estariam inseridos.
Assim, pela combinag&o da andlise in silico e 0 mapeamento de epitopos de célula B
da PvCelTOS, foi possivel verificar que 50% das sequéncias preditas como epitopos
lineares de célula B, se encontravam em regides imunogénicas, validando a
metodologia de predicdo. Adicionalmente, as duas regifes imunogénicas que
apresentaram maiores frequéncias de reconhecimento possuiam epitopos preditos
em seu interior, sendo o peptideo 1133-G147, identificado como imunodominante na
PvCelTOS e reconhecido por mais de 90% dos respondedores para proteina
recombinante, o Unico peptideo a conter inteiramente a sequéncia de um epitopo
predito (PvCelTOS|136.e143). Nesse contexto, utilizando o peptide-array foi possivel
confirmar nossa hipétese secundaria e validar o uso de ferramentas de predicédo
para identificacdo ou caracterizacdo de epitopos alvo dentro de proteinas candidatas
de P. vivax. Como perspectiva para este trabalho, sendo a PvCelTOS uma proteina
de fase pré-eritrocitica, presente em esporozoitas e essencial ao seu processo de
travessia entre os hepatécitos, pretendemos identificar epitopos de célula TCD4 e
TCD8 nesta proteina e verificar a resposta celular induzida por eles em PBMC de

individuos naturalmente expostos a malaria.

Com a conclusao do trabalho anterior, iniciamos uma nova etapa em nosso
estudo, que envolveu a aplicacdo de abordagens de bioinformatica para identificar
epitopos de célula B na PvMSP9, uma reconhecida candidata vacinal de estagio
eritrocitico de P. vivax. Nesta etapa, duas novas hipoteses foram levantadas: (I) E
possivel identificar in silico um epitopo imunodominante na PvMSP9 e (ii) valida-lo
como epitopo de célula B naturalmente imunogénico na proteina. Para testar nossa
primeira hipétese, utilizando a combinagédo de 3 diferentes algoritmos de predicéo
(BepiPred, IUPRED e Anchor), foi possivel identificar 9 sequéncias de diferentes
tamanhos como epitopos lineares de célula B na PvMSP9. Interessantemente,
apenas a maior das sequéncias, formada por 104 aminoacidos (PVMSP9g774.-1s77) S€
encontrava inteiramente inserida na regido descrita como mais imunogénica da
PVMSP9, seus dois blocos de repeticdo na regido C-terminal (Lima-Junior et al.
2008; Lima et al. 2010). Guiados por esta informacao, resolvemos explorar este

longo fragmento e identificamos que o mesmo era formado por 3 diferentes
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sequéncias, sendo a segunda destas formada por 14 aminoacidos que se repetiam
em tandem (E795-A808; E809-A822; E823-A836; E837-A850; E851-A864). Assim,
considerando que a sequéncia EAAPENAEPVHENA se repete cinco vezes
ininterruptas em tandem, corresponde a 29% da regido mais imunogénica da
PVMSP9 e apresentou o segundo maior score de predicdo como epitopo linear de
célula B (BepiPred), associado a altas probabilidades de estar inserida em uma
regido desordenada (IJUPRED) da proteina e servir como sitio de interacdo entre
proteinas (Anchor), n6s assumimos que esta sequéncia, denominada PVMSP9g7gs.
Asos, poderia ser considerada um potencial epitopo de célula B.

Recentemente, Bueno e seus colaboradores adotaram uma estratégia similar
para mapear e validar um epitopo linear de célula B altamente imunogénico na
candidata vacinal PvAMA-1 (Bueno et al. 2011). Embasados neste estudo, nos
demos sequéncia ao teste de nossa hipotese, buscando validar o epitopo predito
PVMSP9e795.a808 COMO um epitopo imunodominante na PvMSP9. Para tal, utilizamos
amostras de 316 individuos residentes na Amazénia brasileira, que, sabidamente,
apresentavam anticorpos especificos para proteina recombinante PvMSP9-RIRII,
que representa os dois blocos de repeticdo da PvMSP9. Assim, inicialmente
confirmamos que o epitopo PVMSP9e795.a808 € naturalmente imunogénico em
populacfes expostas a malaria, visto que 56% da populac¢édo analisada apresentava
anticorpos especificos para o peptideo sintético representando a sequéncia. Mais do
gue isso, baseados no estudo de Bueno e colaboradores, através do ensaio de
ELISA de absorcdo, confirmamos que o0s anticorpos anti-PVMSP9g795.a808
correspondiam a cerca de 30% dos anticorpos anti-PvMSP9-RIRII, sugerindo entéo,
gue este seja de fato um epitopo imunodominante situado no primeiro bloco de
repeticbes da proteina. Interessantemente, a resposta especifica contra o epitopo
era formada prevalentemente por anticorpos do subtipo 1gGl, uma subclasse
citofilica, estando seus niveis diretamente associados ao tempo decorrido desde o
altimo episodio de maléaria. Deste modo, confirmamos nossas hipéteses, ndo apenas
validando o epitopo PVMSP9g795.a808 COMO um linear de célula B na PYMSP9, mas

dando suporte ao potencial desta sequéncia em constru¢cdes vacinais.

Por fim, com a conclusdo desta etapa, demos inicio a etapa final de nosso
estudo, buscando confirmar a hipotese de que “o epitopo PVMSP9g795.808 €
imunogénico em modelos animais em constru¢cdes peptidicas sintéticas”. Para

validar esta hipotese e considerando que o epitopo validado se repete cinco vezes
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em tandem na PvMSP9, peptideos lineares foram sintetizados tendo como base 3
epitopos: duas repeticbes da sequéncia EAAPENAEPVHENA [peptideo RII:
PVMSP9 e795-a808)2]; @ sequéncia ASIDSMIDEIDFYEK (Peptideo pL), um epitopo T-
helper promiscuo presente na regido N-terminal da PvMSP9, naturalmente
imunogénico em populacdes expostas a malaria (Lima-Junior et al. 2010) e a
sequéncia QYIKANSKFIGITE (peptideo TT), um epitopo T-helper da toxina tetanica,
ja bem caracterizado por sua capacidade de potencializar a resposta humoral em
camundongos (Jang et al. 2012; Kaumaya et al. 1993; Panina-Bordignon et al.
1989). Todos os peptideos foram sintetizados em sua forma simples (RIl, pL e TT) e
na forma conjugada, com um epitopo T-helper fusionado ao epitopo PvMSP9 g7gs.
agog2 (PLRII e TTRII), formulados em adjuvante Montanide ISA-51 e utilizados na
imunizacdo de camundongos BALB/c, a fim de avaliar a resposta imune humoral e
celular induzida pelas diferentes construcbes, bem como o perfil fenotipico de
subpopulacdes de memaria nos esplendcitos ao final das imunizacgdes.

Desse modo, nosso primeiro resultado nesta etapa ja validava nossa hipétese,
visto que todas as construcdes vacinais contendo o epitopo PVMSP9&795.a808)2 S€
mostraram capazes de induzir anticorpos especificos contra o peptideo RIl. Mais do
gue isso, conforme observado em estudos anteriores de Caro-Aguilar, a insercao de
epitopos T-helper nas construcdes foi capaz de potencializar a resposta humoral,
induzindo mais rapidamente, maiores niveis de anticorpos que o epitopo de célula B
isolado (Caro-Aguilar et al. 2005; Caro-Aguilar et al. 2002). No entanto, embora 0s
niveis de anticorpos obtidos pelas constru¢cdes conjugadas sejam comparaveis a
estudos similares, estes se mostraram aquém daqueles obtidos pela imunizagéo
com proteinas recombinantes (Oliveira-Ferreira et al. 2004b), reforcando a ideia de
peptideos sintéticos sejam uma plataforma vacinal pouco imunogénica, e
evidenciando a necessidade de se buscarem novas ferramentas a fim de ampliar
esta imunogenicidade. Apesar desta discrepancia no nivel de anticorpos induzidos
por peptideos sintéticos e proteinas recombinantes, cabe ressaltar que,
considerando uma cinética de imunizagfes similar, com o0 mesmo adjuvante, ambas
as plataformas vacinais induziram tanto perfis similares de imunogenicidade, com
soroconversao apds o primeiro booster vacinal e manutencdo dos niveis de
anticorpos até o final da cinética experimental, quanto um mesmo padrdao de
subclasses, caracterizado pela auséncia de 1gG3 a similar prevaléncia de IgG1,

IgG2a e 1gG2b (Oliveira-Ferreira et al. 2004b). As semelhancas observadas entre os
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dois estudos sugerem uma importante participacdo do adjuvante na determinacéo
do perfil de subclasses e inducao de anticorpos.

Acerca do papel protetor dos anticorpos induzidos, nosso desenho
experimental foi limitado pela falta de um desafio vacinal. Apesar disso, 0s
anticorpos  anti-PvMSP9&r9s.a808)2 S€ Mmostraram capazes de reconhecer
especificamente a proteina recombinante PvMSP9-RIRIlI e, mais do que isso,
capazes de reconhecer a proteina nativa do parasito em ensaios de
imunofluorescéncia. Deste modo, considerando que o epitopo PVMSP9&795.a808) €
um epitopo imunodominante na regido mais imunogénica da proteina e que
anticorpos anti-PvMSP9 j& se mostraram capazes de inibir a invasdo de hemécias
pelos merozoitas in vitro (Barnwell et al. 1999), acreditamos que a sequéncia
PVMSP9 e795-a808)2 POSsa ser um bom candidato vacinal. Contudo, consideramos que
0 uso de parasitos quiméricos, expressando a PvMSP9, seja a melhor maneira de
comprovar inquestionavelmente o papel protetor destes anticorpos.

Por outro lado, ao avaliarmos a resposta celular induzida pelas diferentes
construcbes peptidicas, constatamos que apenas o peptideo TTRIl foi capaz de
induzir um numero significativo de células secretoras de IFN-y, comparavel ao
induzido por proteinas recombinantes (Oliveira-Ferreira et al. 2004b). Cabe ressaltar
que este foi o primeiro trabalho avaliando a imunogenicidade do epitopo pL em
modelos animais. Curiosamente, embora este epitopo seja caracterizado como um
epitopo T-helper promiscuo em seres humanos e que quando fusionado ao epitopo
PVMSP9 g795.a808)2 tenha induzido uma potencializagdo da resposta humoral contra
este epitopo, ao que parece o epitopo pL ndo se mostrou capaz de estimular um
aumento especifico no niumero de células produtoras de IFN-y. Este dado n&do chega
a ser uma surpresa, visto que a andlise in silico de sua sequéncia sugeria que esta
nao seria facilmente reconhecida por MHC-II de camundongos BALB/c (H2-IA% e H2-
IEY).

Por fim, ainda buscando caracterizar a resposta imune induzida pelo epitopo
PVMSP9 e795-a808)2 €M peptideos sintéticos, analisamos o perfil de subpopulacdes de
memoria no bago dos animais imunizados, 21 dias apdés a ultima imunizagéo.
Contudo, nao foi possivel observar nenhuma alteracdo marcante na frequéncia de
células encontradas, fato que pode ser atribuido ao longo periodo decorrido entre a
imunizacdo e a analise. Reinhardt e seus colaboradores observaram que a
frequéncia de células de memoaria induzidas por peptideos de ovalbumina no bago

tem seu pico cerca de 3 dias ap0s a injecdo do antigeno, mas retorna a niveis
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basais em torno de 20 dias (Reinhardt et al. 2001). Deste modo, acreditamos que as
células de memoria induzidas pelos peptideos sintéticos ja& deveriam ter migrado
guando observamos, estando alojadas na medula, linfonodos ou mesmo circulantes
na corrente sanguinea. Embasados por isso, em estudos futuros pretendemos
realizar uma alteracdo no desenho experimental, observando perfis fenotipicos no
baco 3 dias apds a ultima imunizagéo.

Concluindo, nosso estudo reforca o uso da vacinologia reversa como uma
alternativa viavel para identificar e explorar candidatos vacinais contra o P. vivax,
caracterizando seus epitopos e permitindo a elaboracdo de novas e melhores
construcBes vacinais, baseadas em multi-epitopos. Além disso, destacamos a
importancia do desenvolvimento de parasitos transgénicos como modelos para
melhor avaliar o potencial de novas constru¢cdes vacinais, acreditando que em
conjunto estas abordagens possam representar um marco no desenvolvimento no
de vacinas contra a espécie plasmodial mais dispersa no mundo e hoje vista como a

mais dificil de se eliminar.
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PERSPECTIVAS

¢ Identificar in silico e validar experimentalmente epitopos de célula T-CD4 e T-CD8
na PvCelTOS;

e Sintetizar constru¢cdes vacinais contendo epitopos de célula T e B validados na
PvCelTOS e avaliar seu potencial antigénico e imunogénico em modelos animais;

e Desenvolver esporozoitas quiméricos, expressando a PvCelTOS, a fim de avaliar
o papel protetor de vacinas baseadas em epitopos da PvCelTOS;

e Desenvolver merozoitas quiméricos expressando a PvMSP9, para avaliar o papel
protetor dos anticorpos anti-PVMSP9 g795.a808)2;

e Desenvolver constru¢cbes vacinais multi-epitopos e multi-estagio, contendo
epitopos de fase pré-eritrocitica, eritrocitica e sexuada, para ensaios de

imunizacdo em modelos animais.
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CONCLUSOES

A combinacdo de diferentes algoritmos de predicdo se mostrou uma estratégia
para identificacdo de epitopos imunogénicos;

A PvCelTOS é naturalmente imunogénica em habitantes da Amazonia brasileira,
com prevaléncia de anticorpos 1gG1;

5 regides imunogénicas foram identificadas, em diferentes niveis, na PvCelTOS;
Todas as regides imunogénicas se mostraram expostas e acessiveis em solugao;
O peptideo PvCelTOSa133.r147 fOi 0 epitopo imunodominante;

A sequéncia predita EAAPENAEPVHENA (PVMSP9g795.a808) pode ser
considerada uma potencial candidata vacinal, uma vez que foi validada como
naturalmente imunogénica em individuos expostos a malaria e se mostrou
imunogénica em modelos animais;

Anticorpos especificos contra PvMSP9g795-as08)2 foram capazes de reconhecer a
proteina recombinante PvMSP9-RIRII e a proteina nativa no parasito;

Epitopos T-helper conjugados em peptideos sintéticos se mostraram capazes de

potencializar a resposta humoral contra epitopos de célula B.
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ANEXOS: ARTIGOS EM COAUTORIA.

4.1 Artigo 1 — Correlagdo de APRIL com producéo de citocinas inflamatoérias

durante a maléria aguda na Amazonia brasileira.
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Introduction

Malaria is one of the most important human parasitic diseases.
Nearly half the world’s population is at risk of contracting

Abstract

Introduction: A proliferation-inducing ligand (APRIL) and B cell activation factor
(BAFF) are known to play a significant role in the pathogenesis of several diseases,
including BAFF in malaria. The aim of this study was to investigate whether APRIL
and BAFF plasma concentrations could be part of inflammatory responses associated
with P. vivax and P. falciparum malaria in patients from the Brazilian Amazon.
Methods: Blood samples were obtained from P. vivax and P. falciparum malaria
patients (n=52) resident in Porto Velho before and 15 days after the beginning of
treatment and from uninfected individuals (n = 12). We investigated APRIL and
BAFF circulating levels and their association with parasitaemia, WBC counts, and
cytokine/chemokine plasma levels. The expression levels of transmembrane
activator and calcium-modulating cyclophilin ligand interactor (TACI) on PBMC
from a subset of 5 P. vivax-infected patients were analyzed by flow cytometry.
Results: APRIL plasma levels were transiently increased during acute P. vivax and
P. falciparum infections whereas BAFF levels were only increased during acute P.
falciparum malaria. Although P. vivax and P. falciparum malaria patients have
similar cytokine profiles during infection, in P. vivax acute phase malaria, APRIL
but not BAFF levels correlated positively with IL-1, IL-2, IL-4, IL-6, and IL-13
levels. We did not find any association between P. vivax parasitaemia and APRIL
levels, while an inverse correlation was found between P. falciparum parasitaemia
and APRIL levels. The percentage of TACI positive CD4+ and CD8+ T cells were
increased in the acute phase P. vivax malaria.

Conclusion: These findings suggest that the APRIL and BAFF inductions reflect
different host strategies for controlling infection with each malaria species.

malaria, with an estimate global annual incidence of about 212
million clinical cases and almost 429,000 deaths [1]. Among
the five Plasmodium species that infect humans, P. falciparum
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4.2 Artigo 2 — Associacdo do gendtipo IL-10A com baixos niveis circulantes
de IL-10 em individuos infectados com malaria de area endémica da
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Abstract

Background: Cytokines play an important role in human immune responses to malaria and variation in their
production may influence the course of infection and determine the outcome of the disease. The differential
production of cytokines has been linked to single nucleotide polymorphisms in gene promoter regions, signal
sequences, and gene introns. Although some polymorphisms play significant roles in susceptibility to malaria,
gene polymorphism studies in Brazil are scarce.

Methods: A population of 267 individuals from Brazilian Amazon exposed to malaria was genotyped for five single
nucleotide polymorphisms (SNPs), IFNG + 874 T/A, IL10A-1082G/A, IL10A-592A/C, IL10A-819 T/C and NOS2A-954G/C.
Specific DNA fragments were amplified by polymerase chain reaction, allowing the detection of the polymorphism
genotypes. The polymorphisms IL10A-592A/C and IL10A-819 T/C were estimated by a single analysis due to the
complete linkage disequilibrium between the two SNPs with D'=0.99. Plasma was used to measure the levels of
IFN-y and IL-10 cytokines by Luminex and nitrogen radicals by Griess reaction.

Results: No differences were observed in genotype and allelic frequency of IFNG + 874 T/A and NOS2A-954G/C
between positive and negative subjects for malaria infection. Interesting, the genotype NOS2A-954C/C was not
identified in the study population. Significant differences were found in IL10A-592A/C and IL10A-819 T/C genotypes
distribution, carriers of ILT0A -592A/-819 T alleles (genotypes AA/TT + AC/TC) were more frequent among subjects
with malaria than in negative subjects that presented a higher frequency of the variant C allele (p < 0.0001). The
presence of the allele C was associated with low producer of IL-10 and low parasitaemia. In addition, the GTA
haplotypes formed from combinations of investigated polymorphisms in ILT0A were significantly associated

with malaria (+) and the CCA haplotype with malaria (-) groups. The IL10A-1082G/A polymorphism showed high
frequency of heterozygous AG genotype in the population, but it was not possible to infer any association of the
polymorphism because their distribution was not in Hardy Weinberg equilibrium.

Conclusion: This study shows that the IL10A-592A/C and IL10A-819 T/C polymorphisms were associated with
malaria and decreased IL-10 levels and low parasite density suggesting that this polymorphism influence IL-10 levels
and may influence in the susceptibility to clinical malaria.
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4.3 Artigo 3 — Coinfeccdo com parasitas intestinais nédo altera o perfil de
citocinas plasmaticas induzido em episédios de malaria aguda em
individuos de &rea endémica do Brasil.

Hindawi Publishing Corporation
Mediators of Inflammation

Volume 2014, Article ID 857245, 12 pages
http://dx.doi.org/10.1155/2014/857245

Research Article

Intestinal Parasites Coinfection Does Not Alter Plasma
Cytokines Profile Elicited in Acute Malaria in Subjects from
Endemic Area of Brazil

Juan Camilo Sanchez-Arcila,' Daiana de Souza Perce-da-Silva,”

Mariana Pinheiro Alves Vasconcelos,” Rodrigo Nunes Rodrigues-da-Silva,"

Virginia Araujo Pereira,' Cesarino Junior Lima Aprigio,*

Cleoni Alves Mendes Lima,’ Bruna de Paula Fonseca e Fonseca,® Dalma Maria Banic,’
Josué da Costa Lima-Junior,' and Joseli Oliveira-Ferreira'

! Laboratério de Imunoparasitologia, Instituto Oswaldo Cruz, Fundagao Oswaldo Cruz, 21040-900 Rio de Janeiro, R], Brazil
2 Laboratério de Simulideos e Oncocercose, Instituto Oswaldo Cruz, Fundagao Oswaldo Cruz, 21040-900 Rio de Janeiro, R], Brazil
3 Instituto de Infectologia Emilio Ribas, 01246-900 Sao Paulo, SP, Brazil
¢ Agencia de Vigilancia em Satide da Secretaria de Estado da Satide (AGEVISA), 78900-000 Porto Velho, RO, Brazil
? Centro Interdepartamental de Biologia Experimental e Biotecnologia, Universidade Federal de Rondonia,
78900-000 Porto Velho, RO, Brazil
® Laboratério de Tecnologia Diagnéstica, Bio-Manguinhos, Fundagdo Oswaldo Cruz, 21040-900 Rio de Janeiro, R}, Brazil

Correspondence should be addressed to Joseli Oliveira-Ferreira; lila@ioc.fiocruz.br
Received 13 June 2014; Accepted 1 September 2014; Published 16 September 2014
Academic Editor: Mauricio Martins Rodrigues

Copyright © 2014 Juan Camilo Sanchez-Arcila et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

In Brazil, malaria is prevalent in the Amazon region and these regions coincide with high prevalence of intestinal parasites
but few studies explore the interaction between malaria and other parasites. Therefore, the present study evaluates changes in
cytokine, chemokine, C-reactive protein, and nitric oxide (NO) concentrations in 264 individuals, comparing plasma from infected
individuals with concurrent malaria and intestinal parasites to individuals with either malaria infection alone and uninfected. In the
studied population 24% of the individuals were infected with Plasmodium and 18% coinfected with intestinal parasites. Protozoan
parasites comprised the bulk of the intestinal parasites infections and subjects infected with intestinal parasites were more likely to
have malaria. The use of principal component analysis and cluster analysis associated increased levels of IL-6, TNF-a, IL-10, and
CRP and low levels of IL-17A predominantly with individuals with malaria alone and coinfected individuals. In contrast, low levels of
almostall inflammatory mediators were associated predominantly with individuals uninfected while increased levels of IL-17A were
associated predominantly with individuals with intestinal parasites only. In conclusion, our data suggest that, in our population, the
infection with intestinal parasites (mainly protozoan) does not modify the pattern of cytokine production in individuals infected
with P, falciparum and P. vivax.

1. Introduction regions of the planet [1]. Although it is well known that

polyparasitism is a common condition in human popula-
The geographic distribution of Plasmodium and intestinal ~ tions, its real impact on the immunopathology of other
parasites are overlapped over the world; therefore malaria  diseases, including malaria, has not been fully explored. In
coinfection with intestinal parasites is common in tropical Brazil, malaria is endemic in the Amazon region and this
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4.4 Artigo 4 — Alteracdes em citocinas e parametros hematol6gicos durante
as fases aguda e de convalescéncia de infec¢cbes por Plasmodium

falciparum e Plasmodium vivax.
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Alterations in cytokines and haematological parameters during
the acute and convalescent phases of Plasmodium falciparum
and Plasmodium vivax infections
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Haematological and cytokine alterations in malaria are a broad and controversial subject in the literature.
However, few studies have simultaneously evaluated various cytokines in a single patient group during the acute
and convalescent phases of infection. The aim of this study was to sequentially characterise alterations in haemato-
logical patters and circulating plasma cytokine and chemokine levels in patients infected with Plasmodium vivax or
Plasmodium falciparum firom a Brazilian endemic area during the acute and convalescent phases of infection. Dur-
ing the acute phase, thrombocytopaenia, eosinopaenia, lymphopaenia and an increased number of band cells were
observed in the majority of the patients. During the convalescent phase, the haematologic parameters returned to
normal. During the acute phase, P. vivax and P. falciparum patients had significantly higher interleukin (IL)-6, IL-8,
IL-17, interferon-y, tumour necrosis factor (I'NF)-a, macrophage inflammatory protein-1f and granulocyte-colony
stimulating factor levels than controls and maintained high levels during the convalescent phase. IL-10was detected
at high concentrations during the acute phase, but returned to normal levels during the convalescent phase. Plasma
1L-10 concentration was positively correlated with parasitaemia in P. vivax and P. falciparum-infected patients.
The same was true for the TNF-a concentration in P. falciparum-infected patients. Finally, the haematological and

cytokine profiles were similar between uncomplicated P.

falciparum and P. vivax infections.

Key words: cytokines - chemokines - platelets - P. falciparum - P. vivax

Malaria remains a major health problem worldwide.
with 300-500 million cases annually and nearly one mil-
lion deaths (Murray et al. 2012). Although Plasmodium
falciparum malaria represents the majority of these cases
and is responsible for almost all of the associated mortal-
ity, Plasmodium vivax malaria has a wider geographic dis-
tribution and is responsible for high morbidity worldwide.
Despite this widespread prevalence, 7. vivax has long been
overshadowed by the burden caused by P. falciparum. In
Brazil. P. vivax accounts for more than 70% of all malaria
cases. The infections are chronic, can produce profound
anaemia, can be incapacitating for days or weeks and have
the added complication of recurrent clinical episodes due
to the developmental reactivation of hypnozoites, the dor-
mant liver stage form (Mendis et al. 2001, Sina 2002).

It is well documented that disease severity depends
strongly on the previous immunological experience of
the host (Schofield & Mueller 2006). Therefore. in arecas
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of high malaria transmission. infants and young children
are more frequently affected. whereas in malaria-endem-
ic areas, where transmission is unstable, adults are the
most commonly affected population (Schofield & Muel-
ler 2006). Although sterile immunity is most likely never
achieved. individuals can develop essentially complete
protection from severe illness and death after continuous
exposure (Langhorne et al. 2008). Clinical malaria in-
fection causes a range of symptoms from asy mptomatic
infection to severe disease complication. Although dif-
ferent theories have been proposed to explain the disease
in humans. malaria pathogenesis remains controversial
(Miller et al. 2002, Weatherall et al. 2002).

Although there is an extensive body of literature
describing variations in haematological parameters
and immune cytokine responses during malaria infec-
tion, their link to disease manifestation is still a subject
of much debate. The subject of haematological changes
is controversial in the malaria field, although anaemia
and thrombocytopaenia are the most prominent altera-
tions during both P. falciparum and P. vivax infections
(Agarwal et al. 1983, Lacerda et al. 2011). Severe malaria
has long been associated with high circulating levels of
inflammatory cytokines such as tumour necrosis fac-
tor (TNF)-o. interleukin (IL)-1 and IL-6. Studies have
demonstrated a link between TNF-a., IL-6. IL-10 and the
severity of the disease in human malaria (Akanmori et
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