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RESUMO

A maléria é uma doenca causada pelo protozoario do género Plasmodium, sendo responsavel
por elevada taxa de morbidade (além dos casos de mortalidade principalmente entre criangas),
gerando sério impacto sobre o desenvolvimento socioecondmico de regides endémicas. No
Brasil, a principal espécie causadora de malaria é o Plasmodium vivax. Estudos envolvendo a
resposta imunolégica de pacientes infectados por P. vivax podem revelar aspectos importantes
para o entendimento da patogénese da doenca e oferecer subsidios para o desenvolvimento de
vacinas, bem como de drogas mais efetivas para tratamento. Com o objetivo de analisar a
imunomodulacao durante infeccdo por P. vivax, no presente estudo, os seguintes aspectos foram
investigados: (i) verificar a ocorréncia de apoptose em células T CD4" e as vias de sinalizacdo
envolvidas; (ii) determinar o perfil fenotipico de linfécitos T CD8" e o possivel papel dessas
c¢lulas na modulagdo da resposta imune; (iii) verificar a contribui¢ao de células Tyd como fonte
de IL-17; (iv) caracterizar a rede de citocinas/quimiocinas plasmaticas durante a fase aguda e
pos-tratamento na malaria P. vivax. No estudo de apoptose, observou-se que individuos
infectados por P. vivax apresentavam maior percentual de linfécitos T CD4" tanto em inicio de
apoptose quanto em apoptose tardia. Em relacdo as vias de sinalizacdo de apoptose, foram
observados aumento na expressao génica de TNFRSF1B e Bid, e reducdo de Bcl-2em células
T CD4" dos individuos infectados, sugerindo que a morte celular ocorre por via extrinseca, com
posterior ativacdo da via intrinseca. A avaliacdo dos linfocitos T CD8" demonstrou que
individuos infectados por P. vivax apresentavam nimeros reduzidos de linfécitos T CD8" naive
e de memoria e reducdo no nimero de células T CD8" de memdria central. Em relacdo a
producdo de citocinas, o niamero de células T CD8" naive expressando IFN-y, TNF-a e IL-10
estava reduzido durante a infec¢do, enquanto que o nimero de células de memoria expressando
TNF-o e IL-10 estava aumentado. Correlagfes positivas entre o nimero de células expressando
IFN-y ou TNF-a e 0 nimero de células expressando IL-10 foram observadas nos individuos
infectados independentemente da subpopulacdo de células CD8*, sugerindo um perfil
imunomodulador. Em relagdo as células Tyd, foi observado uma reducgdo dessas células durante
0 estagio sanguineo da maléria P. vivax. Além disso, durante a infeccdo também foi observada
reducéo da subpopulacdo TCRy5"CD27* bem como das células Ty Thl-like. Outro achado
importante foi a auséncia de linfécitos Tyd Th17-like tanto no grupo infectado quanto no grupo
controle, demonstrando que essas células ndo constituem fonte principal de IL-17 durante a
infeccdo. O estudo referente ao perfil de citocinas/quimiocinas demonstrou niveis mais
elevados de mediadores inflamatorios, como IL-6, IL-17, CCL2 e CXCL10, bem como de anti-
inflamatorios/imunomoduladores, como IL-10 e TGF-B nos individuos infectados por P. vivax.
Além disso, niveis reduzidos da citocina inflamatoria IFN-y foram observados nos individuos
infectados. Niveis de IL-6, IL-10, CCL2, CXCL10 e IFN-y foram restabelecidos ap0s o
tratamento antimalarico. Pacientes com alta parasitemia, bem como de individuos com mais de
5 episodios prévios de maléria, apresentaram niveis plasmaticos elevados de IL-10. Em relacao
aanalise da rede de correlagdo dos 11 mediadores avaliados, identificou-se uma forte correlacdo
positiva entre IL-6 e CCL2, independente da parasitemia e numero de infec¢Oes prévias. Além
disso, pacientes com baixa parasitemia mostraram associa¢do do eixo IL-6/CCL2 com IFN-y,
enquanto que associacdo desse eixo com IL-10 foi observada em pacientes com alta
parasitemia. As diferentes abordagens utilizadas evidenciam que durante infec¢do sintomatica
por P. vivax ha reducéo significativa de células T CD4", T CD8" e Ty3, bem como modulagéo
da resposta pro-inflamatoria.

Palavras-chave: malaria, Plasmodium vivax, resposta imune
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ABSTRACT

Malaria is a disease caused by a protozoa of the genus Plasmodium, accounting for high
morbidity rate (besides the cases of mortality especially among children), resulting in serious
impact on the socioeconomic development in endemic regions. In Brazil, the main species
causing malaria is Plasmodium vivax. Studies involving immune response of patients infected
with P. vivax can reveal important aspects for understanding the pathogenesis of disease and
provide insight to the development of vaccines and more effective drugs for treatment. Aiming
to analyze the immune modulation during P. vivax infection in the present study, the following
aspects were investigated: (i) verify the occurrence of apoptosis in CD4" T cells and the
signaling pathways involved; (ii) determine the phenotypic profile of CD8" T lymphocytes and
the possible role of these cells in modulating the immune response; (iii) verify the contribution
of vd T cells as the cellular source of IL-17; (iv) characterize the network of plasma
cytokines/chemokines during the acute phase and after-treatment in P. vivax malaria to identify
potential biomarkers of active disease. In the study of apoptosis, it was observed that individuals
infected with P. vivax showed a higher percentage of CD4" T lymphocytes in both early
apoptosis and late apoptosis. Regarding to apoptosis signaling pathways it was observed an
increase in TNFRSF1B and Bid gene expression and reduction in Bcl-2 in CD4* T cells from
infected individuals, suggesting that cell death occurs by extrinsic pathway, with subsequent
activation of the intrinsic pathway. The evaluation of CD8" T lymphocytes demonstrated that
individuals infected with P. vivax showed reduced numbers of naive and memory CD8* T
lymphocytes and reduction in the number of central memory CD8" T cells. Concerning to
cytokine expression, the number of naive CD8" T cells expressing IFN-y, TNF-o and 1L-10
was reduced during infection, whereas the number of memory cells expressing TNF-o and 1L-
10 was increased. Positive correlations between the number of cells expressing IFN-y or TNF-
a, and the number of cells expressing IL-10 were observed in infected individuals regardless
the CD8" subpopulation, suggesting an immunomodulatory profile. Regarding to yd T cells it
was observed a reduction of these cells during blood-stage of vivax malaria. Furthermore,
during infection it was also observed a reduction in TCRy3*CD27" subset as well as Thl-like
vd T cells. Another important finding was the absence of Th17-like yd T lymphocytes in both
groups, demonstrating that these cells do not constitute major source of 1L-17 during infection.
The study of the cytokine/chemokine profiles in P. vivax patients showed higher levels of
inflammatory mediators such as IL-6, IL-17, CCL2 and CXCL10, as well as anti-
inflammatory/immunomodulators mediators, such as IL-10 and TGF-B. Furthermore, reduced
levels of the inflammatory cytokine IFN-y were observed in infected individuals. The IL-6, IL-
10, CCL2, CXCL10 and IFN-y levels were restored after antimalarial treatment. Patients with
high parasitaemia, as well as, individuals with more than 5 previous malaria episodes, exhibited
elevated plasma levels of IL-10. Concerning the analysis of 11-mediators correlation network,
a strong positive correlation between IL-6 and CCL2 was revealed, regardless of parasitaemia
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and number of previous infections. In addition, patients with low parasitaemia showed an
association of IL-6/CCL2 axis with IFN-y, whereas the association of this axis with IL-10 was
observed in patients with high parasitaemia. The different approaches used evidence the
occurrence of significant reduction of CD4*, CD8" and 8T cells, as well as, modulation of the
pro-inflammatory response during P. vivax infection.

Keywords: malaria, Plasmodium vivax, immune response
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1 INTRODUCAO E REVISAO DA LITERATURA

1.1 Maléria

A maléria é uma doenca infecciosa causada pelo protozoario do género Plasmodium,
que é transmitido ao hospedeiro humano pela picada do mosquito fémea infectado pertencente
ao género Anopheles. Cinco espécies podem causar maldria humana: Plasmodium falciparum,
Plasmodium vivax, Plasmodium malariae, Plasmodium ovale e Plasmodium knowlesi
(SABATANI et al., 2010). A espécie P. falciparum é responsavel pela forma mais grave da
doenca, sendo predominante no continente africano, enquanto que a espécie P. vivax é menos
grave, porem mais amplamente espalhada no mundo (WHO, 2014). No Brasil, predominam as
espeécies P. vivax (84%) e P. falciparum (16%) (WHO, 2015). A regido amaz6nica (composta
pelos estados Acre, Amazonas, Amapa, Maranhdo, Mato Grosso, Para, Ronddnia, Roraima e
Tocantins), abrangendo 807 municipios, é endémica para a doenca (BRASIL, MINISTERIO
DA SAUDE, 2013). Infecgdo por P. malariae e P. ovale é rara, conforme apontam os dados
epidemioldgicos apresentados pelo Ministério da Saude (SIVEP-Malaria, 2014).

A maléria constitui um sério problema de satde publica em paises do sudeste da Asia,
Asia Central, Africa subsaariana e América Latina. Estimativas feitas pela Organizacio
Mundial de Satude (OMS) apontam a ocorréncia 214 milhdes de casos de malaria no mundo em
2015, causando 438 mil mortes, representando uma queda de 18% e 48%, respectivamente, em
relacdo a 2000. No Brasil, foram registrados 142.801 casos da doenca na regido amazonica em
2015, uma gqueda de cerca de 77% em relacdo a 2000, quando foram registrados 613.241 casos
(SIVEP — Malaria, 2015).

Apesar de todas as agdes governamentais implementadas nos anos de 1960/1970,
direcionadas para eliminacdo do mosquito transmissor usando o inseticida DDT (dicloro-
difenil-tricloroetano) nas habita¢des, em conjunto com tratamento dos casos com cloroquina, a
malaria continua sendo um sério problema de saude na regido amazonica.

A migracdo massiva de pessoas para a regido amazonica e formagéo de assentamentos
desorganizados, patrocinados pelo governo e visando a colonizagéo dessa regido nos anos de
1970/1980, concorreram para 0 aumento do numero de casos de malaria, que saltou de 52 mil
casos em 1970 para 578 mil casos em 1989, conforme apontam Oliveira-Ferreira e
colaboradores (2010).

Diante do numero alarmante de casos e também por orientacdo da OMS, um Plano

Nacional de Controle da Malaria foi instituido, resultando numa significativa reducéo de casos
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de maléria P. falciparum, mas que, paradoxalmente, aumentou os casos de malaria vivax. Em
1999, a ocorréncia de maléria vivax atingiu o pico de 637 mil casos, 0 maior nimero ja
registrado no Brasil (OLIVEIRA-FERREIRA et al., 2010). A reducdo do numero de casos de
maldria P. falciparum ocorreu em funcéo do rapido diagndstico e tratamento dos individuos
infectados, o que impediu o parecimento de gametdcitos (ap6s o 8° dia de sintomatologia) e a
transmissdao da maléria P. falciparum. Ja para o P. vivax, o aparecimento de gametdcitos na
corrente sanguinea ocorre a partir do 3° dia de infeccdo, possibilitando a transmissdo para o
inseto vetor antes mesmo do individuo apresentar sintomatologia, contribuindo para a
disseminacéo da malaria P. vivax (BOUSEMA; DRAKELEY, 2011).

O Plano de Intensificacdo das A¢des de Controle da Malaria, instituido desde ento,
levou ao controle da doencga, porém entre 2003-2005 verificou-se o recrudescimento do nimero
de casos em algumas localidades da Amazonia, atribuido a possiveis fatores como:
desflorestamentos visando a transformacdo das areas para atividades agropecuérias, mudancas
climéticas e ocupacdo humana desordenada das periferias das grandes cidades (OLIVEIRA-
FERREIRA et al., 2010).

Iniciativas globais de combate a malaria, orientadas pela OMS, tendo como eixos
principais prevencdo, diagnostico réapido, e tratamento adequado baseado em derivados de
artemisina, tém proporcionado significativa redugcdo do nimero de casos.

Constituem medidas preventivas recomendadas: uso de mosquiteiros impregnados com
inseticida, pulverizacdo residual do interior das moradias com inseticida, uso de telas nas portas
e janelas, uso de roupas que protejam as pernas e bracos, drenagem de criadouros do vetor,
melhoria da moradia e das condicfes de trabalho, além do uso racional da terra (BRASIL -
MINISTERIO DA SAUDE, 2005). Quanto ao diagndstico rapido, sem ddvida, este foi um
importante fator que levou a reducdo dos casos de malaria falciparum, conforme ja discutido,
contribuindo para a diminuigdo da taxa de mortalidade devido a doenca.

Entretanto, essas medidas correm o risco de tornarem menos efetivas, visto que em cinco
paises da regido sudeste da Asia (Camboja, Republica Democratica Popular do Laos, Mianmar
e Vietnd) foi detectada resisténcia a artemisina em malaria P. falciparum. Resisténcia a
artemisina em malaria P. vivax também foi detectada em 10 paises e sendo assim, atualmente
séo recomendadas terapias de combinagdo baseada em derivados de artemisina (pironaridina
artesunato (Pyramax®); atovaquona + cloridrato de proguanil (Malarone®) + primaquina).
Além disso, ha relatos de resisténcia do mosquito a uma ou mais classes de inseticidas em
diversos paises (WHO, 2014).
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Por se tratar de uma doenca de origem complexa, em que multiplos fatores se entrelagam
e concorrem para sua ocorréncia, a erradicacdo da maléria ainda parece estar longe de ser
alcancada. De fato, o clima tropical e subtropical favoravel a proliferacdo do mosquito vetor
(no Brasil, as principais espécies de Anopheles envolvidas na transmissao da maléaria sdo: An.
darlingi, An. albitarsis e An. aquasalis), as intervencbes humanas nos ecossistemas
(desmatamentos, ocupacdo desordenada do territdrio, etc.) e as condi¢Bes socioecondmicas
desfavoraveis (condicGes de vida precarias, processos migratorios) aumentam a probabilidade
de contato entre vetor e hospedeiro humano, provocando maior numero de casos. Conforme
dados da OMS (2014), dentre os paises endémicos para maldria, aqueles economicamente mais
pobres, com infraestrutura de sistemas de saude mais precarios, sdo mais afetados pela doenga.

Na regido das Américas, cerca de 120 milhGes de pessoas em 21 paises endémicos para
maldria estdo em risco de contaminar-se, apesar de 13 deles ja terem alcangado o Objetivo de
Desenvolvimento do Milénio, de reduzir em 75% o numero de casos até 2015,
comparativamente aos nimeros de 2000. Para o Brasil, as projecdes indicam que o pais
conseguira atingir esse objetivo (WHO, 2014).

A maléria é uma doenca que afeta milhGes de pessoas em todo o mundo. A elevada taxa
de morbidade, além dos casos de mortalidade, principalmente de criangas abaixo de cinco anos
de idade, que compromete a vida social e a capacidade produtiva dos individuos acometidos
pela doenga, gera sérios impactos sobre o desenvolvimento socioecondmico de regides
endémicas.

Dentre os fatores inerentes a interacdo parasito-hospedeiro humano, que podem levar a
diferentes niveis de gravidade da doenca (assintomatico, sintomatico ndo-complicado e
sintomatico grave), ha aqueles relacionados ao parasito e outros que sao préprios do hospedeiro
(STRUIK; RILEY, 2004). A espécie de parasito, seu potencial antigénico e capacidade de
inducdo de resposta imune constituem aspectos relevantes relacionados ao parasito. Por outro
lado, fatores relacionados ao hospedeiro, tais como idade, coinfec¢do, nimero de infeccdes e
caracteristicas genéticas, sdo determinantes que também podem influenciar o resultado da
doenca (STRUIK; RILEY, 2004; ANSTEY et al., 2009; ANDRADE; BARRAL NETO, 2011).
Na Figura 1 sdo enumerados os principais fatores que favorecem a ocorréncia de malaria e a
Figura 2 ilustra as interagOes entre estes fatores.

Levando em consideracdo a complexa rede de interacbes que culmina em diferentes
niveis de gravidade da infecgdo causada pelo parasito da malaria humana e a inexisténcia de

vacina efetiva para protecdo de longo prazo contra a doenca, estudos da resposta imunologica
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de individuos infectados podem revelar aspectos importantes para o entendimento da
patogénese e oferecer subsidios para o desenvolvimento de vacinas eficazes, assim como para

o desenvolvimento de drogas e abordagens terapéuticas mais efetivas.

Figura 1: Fatores que propiciam a ocorréncia de maléaria humana
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Figura 2: Interacgéo de fatores que contribuem para a ocorréncia de malaria humana
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1.2 Ciclo do parasito
O ciclo de vida do Plasmodium é complexo e envolve 0 mosquito vetor e o hospedeiro

humano. Durante uma picada, o mosquito Anopheles fémea infectado injeta esporozoitos na
pele do hospedeiro humano, alguns deles atingem a corrente sanguinea e outros 0s vasos
linfaticos (HAFALLA et al.,, 2011). Aqueles que atingem a corrente sanguinea sdo
transportados até o figado, onde sdo capazes de atravessar diversos hepatdcitos até invadir um
em definitivo (MOTA et al. 2001).

Dentro dos hepatocitos ocorre a replicacdo mitotica assexual, originando esquizontes
exo-eritrociticos num prazo de 5-7 dias, um processo que € assintomatico. Posteriormente, 0
hepatocito infectado libera vesiculas, denominadas merossomos, no interior dos vasos
sanguineos (STURM et al., 2006). Esses merossomos repletos de merozoitos se rompem
liberando milhares de merozoitos para a corrente sanguinea que, por sua vez, invadem
eritrocitos, onde se multiplicam por replicacdo mitética assexual dando origem a esquizontes
eritrociticos contendo mais de 20 merozoitos. Apds ruptura dos esquizontes, merozoitos podem
invadir novos eritrdcitos, onde se replicam e formam novos esquizontes, resultando num padréo
ciclico sincrono de infeccao de estagio sanguineo (STRUIK; RILEY, 2004).

A ruptura de esquizontes é associada a sintomas clinicos, tais como febre, calafrios, dor
de cabeca, dor nas articulacfes, que podem ser resultantes da resposta imune induzida pela
infeccdo. Além disso, anemia, trombocitopenia, sindrome respiratéria aguda e coma (maléria
cerebral) sdo complicagbes que caracterizam um quadro mais grave da doenca (STRUIK;
RILEY, 2004; ANSTEY et al., 2009; STANISIC et al., 2013).

Alguns merozoitos eritrociticos se diferenciam em gametdcitos macho e fémea, que
podem ser captados pelo mosquito durante a picada, transformando-se em gametas
extracelulares. No tubo digestivo do mosquito, ocorre a fusdo dos gametas macho e fémea,
formacdo do zigoto mdvel (oocineto), penetracdo na parede do aparelho digestivo e formacao
de oocistos. Por divisdo meiotica do oocisto, ocorre a formacdo de esporozoitos haploides
infectantes que migram para as glandulas salivares do mosquito, dando continuidade ao ciclo
(STRUIK; RILEY, 2004; STANISIC et al., 2013).

1.3 Subpopulagdes de células T

As células T CD4" sdo essenciais para a protecdo do hospedeiro contra indmeros
patogenos, entretanto sdo também responsaveis pela mediacdo de doencas autoimunes.

Ao entrar em contato com antigenos derivados de patogenos, células T CD4" naive

podem se diferenciar em subpopulacdes de celulas T auxiliares (Th), que secretam distintas
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séries de citocinas. Estas subpopulagdes de células T CD4" diferenciadas atuam em conjunto
com as células T CD8" citotoxicas e linfocitos B na defesa do hospedeiro. Porém, essas mesmas
células podem, em determinadas circunstancias, serem responsaveis pela patogénese da
autoimunidade, asma, alergia e possivelmente cancer, exercendo papéis criticos ainda nédo
completamente elucidados (O’SHEA et al., 2010).

As células Thl expressam o fator de transcri¢do T-bet, produzem principalmente IFN-y
e IL-2, e estdo envolvidas na protecdo do organismo contra patdgenos intracelulares. A
diferenciacéo destas células é induzida pela IL-12 e IFN-y, que sdo produzidos principalmente
pelas células dendriticas. Por outro lado, as células Th2 expressam o fator de transcri¢do
GATA-3 e produzem as citocinas IL-4, IL-5 e IL-13, conferindo protecdo contra patégenos
extracelulares, incluindo helmintos. A diferenciacdo das células Th2 € induzida pela IL-4
(O’SHEA et al., 2010; AWASTHI; KUCHROO, 2009).

A contrarregulacdo da resposta imune é realizada pelas células T reguladoras (Treg),
produtoras de IL-10, e requerem TGF-B para sua diferenciacdo via expressdo do fator de
transcricdo Foxp3. Além de controlar a resposta imune, a IL-10 limita, a0 mesmo tempo,
possiveis danos teciduais que podem resultar do efeito colateral de exuberante resposta de
células T efetoras (BELKAID; TARBELL, 2009).

Dois tipos principais de subpopulagdes de células Treg foram identificados: i) células
Treg Foxp3™, que se desenvolvem no timo e ocorrem naturalmente (nTreg); ii) células Treg
induziveis (iTreg), que se desenvolvem na periferia a partir de células T CD4* naive, apos
exposicdo a citocinas reguladoras, drogas imunossupressoras ou células apresentadoras de
antigeno (BELKAID; TARBELL, 2009).

Em sintese, durante infeccdes crbnicas, as células Treg sdo extremamente importantes
para monitorar a resposta imune do hospedeiro e evitar injaria tecidual prejudicial ao
organismo. Um desbalanco de regulacdo pode resultar em patologia imunomediada.

O paradigma de polarizacdo Th1/Th2 no processo de diferenciacdo das células T CD4",
proposto ha aproximadamente 25 anos por Mosmann e Coffman (1989), tem sido repensado
mediante a identificacdo de novas subpopulacdes de células Th, em especial as células Th17
(O’SHEA et al., 2010; AWASTHI; KUCHROO, 2009).

A diferenciacdo das células Th17 a partir de células T CD4" naive é induzida pela acéo
concomitante de TGF-B e IL-6, e possivelmente, IL-18. A IL-23 é necesséria para a
amplificagdo (células T de memoria) e estabilizacdo de fenotipo Th17 das células efetoras, as
quais passam a produzir principalmente IL-17, IL-21 e IL-22 (ROMAGNANI, 2008;
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AWASTHI; KUCHROO, 2009; ONISHI; GAFFEN, 2010). A IL-17 é a principal citocina
produzida, sua familia é composta por seis membros (IL-17A a IL-17F) e, geralmente, a IL-
17A é referida apenas como IL-17.

Cabe destacar, porém, que a IL-17A e IL-17F ndo sdo exclusivamente produzidas pelas
células Thl7. Vérios tipos celulares da imunidade inata, tais como macrofagos, células
dendriticas (DCs), células Natural Killer (NK), células T Natural Killer (NKT) e células Tyd
também secretam essas citocinas (ONISHI; GAFFEN, 2010).

1.3.1 Linfdcitos Tyd

Linfocitos T apresentam em sua superficie um receptor denominado de TCR (receptor
de célula T). Este receptor € composto por duas moléculas, formando um heterodimero,
classificados como aff ou yd. A maioria dos linfocitos T presentes no sangue periférico dos
individuos (90%) possui cadeia ofy, enquanto que a cadeia yd esta presente em
aproximadamente 6-8% dos linfécitos T (WORKU et al., 1997).

O repertorio dos linfocitos T yd é bem limitado, existindo seis variacGes da cadeia y
(Vv1, 3, 4,5,8¢e9) e trés variacdes da cadeia 6 (Vo1, 2 e 3). Em humanos, os linfécitos Tyd
presentes no sangue periférico sdo principalmente do tipo Vy9/V&2, representando 75% das
ceélulas Tyd circulantes (DIELI et al., 2001). Outra caracteristica fenotipica marcante dos
linfocitos Tyd é a auséncia de CD4 e CD8 (CIOFANI et al., 2010).

Linfocitos T naive tornam-se ativados mediante o reconhecimento de um antigeno
apresentado por uma célula apresentadora de antigenos (APC). Esse reconhecimento é
realizado através da interacdo do MHC (complexo principal de histocompatibilidade) presente
na APC e o0 TCR presente no linfocito T. Posteriormente, ocorre o reconhecimento do segundo
sinal através de moléculas co-estimuladoras (CD28 e CD80/CD86).

Células Tyd possuem caracteristicas proprias que as diferenciam dos demais linfocitos.
Este tipo de linfocito é capaz de reconhecer ligantes de origem ndo peptidica em seu TCR
independente de MHC. Além disso, essa subpopulacao celular é capaz de detectar moléculas
indutoras de estresse por via dependente ou ndo de TCR (BONNEVILLE et al., 2010). Por
outro lado, estudos ja demonstraram que células V61 séo capazes de reconhecer a proteina
CDl1c. Esta proteina faz parte de uma importante familia composta por quatro membros (CD1a-
d), que possui estrutura similar ao MHC de classe |, e representa uma terceira classe de
moléculas especializadas na apresentacdo antigenos, compostos por lipidios e glicolipidios

(DIELI et al., 2001; BONNEVILLE et al., 2010).
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Alguns estudiosos consideram as células Tyd como sendo célula de imunidade inata,
visto que elas se apresentam como primeira linha de defesa contra infec¢Ges por patdgenos e,
além disso, possuem caracteristicas semelhantes aquelas apresentadas por células do sistema
imune inato (INOUE et al., 2012; BONNEVILLE et al., 2010). Células Tyd possuem diferentes
funcOes efetoras que vao desde a produgéo de citocinas (IFN-y, TNF-a, IL-17, IL-4, IL-5, IL-
13, TGF-B e IL-10) e moléculas efetoras (perforina e granzima), até a participacdo em morte
celular pela inducéo de receptores como CD95 e TRAILR (BONNEVILLE et al., 2010).

Células Tyd podem apresentar polaridade assim como os linfécitos T CD4*. A interacao
do TCR e/ou CD27 das células Tyd torna-as semelhante aos linfécitos Thl. Por outro lado, a
auséncia dessa interacdo leva ao desenvolvimento de células Tyd com perfil de Th17, com
ativacdo de ROR-yt (BONNEVILLE et al., 2010; RIBOT et al., 2009).

Em relacéo & infeccdo por Plasmodium, estudos realizados tanto com humanos quanto
em modelos experimentais (camundongos) demonstraram um aumento significativo na
populacédo de linfocitos Tyd (DIELI et al., 2001; LANGHORNE, 1996; WORKU et al., 1997;
INOUE et al., 2012; L1 et al., 2012).

Durante a fase aguda da maléria, o percentual de células Tyd pode atingir de 30-40% do
total de linfécitos T circulantes no sangue periférico (DIELI et al., 2001; LANGHORNE, 1996)
e essa populacdo pode persistir por um periodo de 3-4 meses apos a reducdo da parasitemia
(LANGHORNE, 1996).

Estudo recente realizado com individuos chineses infectados por Plasmodium vivax,
demonstrou um aumento do percentual de células Tyd (V52) em individuos na fase aguda da
malaria quando comparados com individuos nao infectados (JANGPATARAPONGSA et al.,
2012). Por outro lado, Worku e colaboradores (1997) ndo observaram diferenca no percentual
de celulas Tyd em individuos infectados por Plasmodium vivax, mas verificaram aumento no
percentual de células Tyd expressando CD25, e também de células Tyd expressando HLA-DR,
guando comparados com individuos ndo infectados.

A expansdo e a ativacao de células Tyd também foram observadas no sangue periférico
de individuos ndo infectados quando estimulados in vitro com extrato bruto de Plasmodium
falciparum (DIELI et al., 2001). Outros estudos in vitro demonstraram que a expansdo das
células Ty3, na malaria, é dependente da presenca de células T CD4" (INOUE et al., 2012;
DIELI et al., 2001).
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Na malaria, essa subpopulacéo celular pode produzir IFN-y, GM-CSF (fator estimulante
de coldnia mondcito-granulécito), TNF-a e pequenas quantidades de IL-2, IL-4, IL-5, IL-10 e
TGF-B apos ativacdo (LANGHORNE, 1996).

1.3.2 Linfdcitos T CD8+

Linfécitos T CD8" sdo importantes células mediadoras da imunidade adaptativa e atuam
contra patégenos virais e bacterianos, bem como protozoarios. A ativacédo de linfécitos T CD8*
ocorre por meio da interacdo entre TCR presente na superficie destas células e MHC de classe
I, presente na superficie de uma célula apresentadora de antigenos (HARTY et al., 2000). Dessa
forma, os linfocitos T CD8" sdo ativados em resposta a patdgenos intracelulares.

Considerando que o TCR dos linfocitos T CD8" interage com 0 MHC de classe | e, que
todas as células nucleadas expressam MHC de classe 1, os linfécitos T CD8* podem responder
contra patdgenos intracelulares na maioria dos tecidos e controlar diversas infeccdes (HARTY
et al., 2000).

Apobs o reconhecimento de um antigeno, os linfécitos T CD8* tornam-se antigeno-
especificos e sofrem expanséo clonal, resultando numa subpopulacéo de linfécitos T citotdxicos
efetores (CTLs) (WILLIAMS et al., 2006). Ao serem ativados, os CTLs sdo capazes de induzir
a lise da célula infectada através de dois mecanismos: i) pela acdo de granulos contendo
perforina que, ao ser liberada pelo CTL, ira formar poros na membrana da célula alvo; ii) pela
expressdo de FasL (CD95L), que pode interagir com a molécula Fas (CD95) e induzir apoptose
da célula alvo (HARTY et al., 2000).

Os CTLs também séo capazes de produzir citocinas como IFN-y e TNF-a, e quimiocinas
gue auxiliam no recrutamento de células efetoras como macrofagos e neutrofilos. Além disso,
as citocinas produzidas por CTLs podem interferir diretamente na expressao génica do
patdgeno, bem como restringir sua replicacéo intracelular (HARTY et al., 2000).

Ap0s a resolucdo da infeccdo, a maior parte das CTLs efetoras morrem, restando apenas
algumas células de memoria de longa duragdo. Normalmente, a populagdo de memoria
representa 5-10% da populacéo efetora (WILLIAMS et al., 2006).

De acordo com Sallusto e colaboradores (2004), os linfécitos de memoria podem ser
divididos em duas populag6es: linfécitos T de memoria central (Tcwm) e linfécitos T de memoria
efetora (Tem). Os linfécitos Tem migram para o local da inflamag&o e, imediatamente executam

sua acdo efetora. Ja os linfocitos Tcm sdo encontrados em 6rgdos linféides secundarios e tém
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pouca ou nenhuma acgdo efetora, mas rapidamente proliferam e se diferenciam em células
efetoras em resposta a estimulacao antigénica (SALLUSTO et al., 2004).

Em humanos, os linfocitos Tcm expressam os receptores CD45R0O, CCR7 e CD62L,
sendo os dois ultimos caracteristicos de células naive, conferindo-lhes a capacidade de
extravasamento pelas vénulas endoteliais e migracdo para orgdos linféides secundarios. J& 0s
linfcitos Tem perdem os receptores CCR7 e CD62L e passam a expressar receptores de
quimiocinas e moléculas de adesdo, que permitem a migracdo até o local da inflamacao
(SALLUSTO, 2004).

Em relac&o a infec¢do por Plasmodium, a maioria dos estudos envolvendo linfocitos T
CD8" ¢ relacionada a fase pré-eritrocitica da malaria. Os linfocitos T CD8" sdo capazes de
eliminar hepatdcitos infectados por acdo direta (a¢do da perforina) ou indireta (acdo de IFN-
v/TNF-a) (HAFALLA, 2011; RILEY; STEWART, 2013).

Na fase eritrocitica da malaria, os parasitos invadem eritrocitos onde entdo se
multiplicam. Por serem células anucleadas, os eritrocitos ndo expressam MHC e sendo assim,
acreditava-se que linfdcitos T CD8" ndo teriam acgdo durante essa fase (STRUIK; RILEY, 2004;
HISAEDA, 2005). Entretanto, estudos recentes realizados em modelo murino sugerem que
linfocitos T CD8* possuem acdo durante a fase sanguinea da maléria (IMAI et al., 2010;
HORNE-DEBETS, 2013). Imai e colaboradores (2010) retiraram linfécitos T CD8" de animais
previamente infectados com P. yoelli e transferiram essas células para camundongos nao-
infectados. Os camundongos receptores foram entdo transfectados com eritrdcitos parasitados
e observou-se que estes animais eram capazes de controlar a parasitemia, demonstrando a

importancia dos linfocitos T CD8" na fase sanguinea da malaria.

1.4 Resposta imune na Maléria

A maléria é uma doencacausada pelo parasito Plasmodium, que possui um ciclo multi-
estagio extremamente complexo no hospedeiro humano, dificultando o desenvolvimento de
imunidade protetiva efetiva e de longo prazo. Nos diferentes estagios do Plasmodium, ocorre
ativacdo do sistema imune do hospedeiro humano que, de modo geral, é capaz de induzir
protecdo parcial, mas ndo imunidade estéril ao patégeno.

Durante repasto sanguineo do mosquito fémea, esporozoitos sdo injetados na pele do
hospedeiro e sdo capazes de atingir os vasos sanguineos ou linfaticos. Entretanto, estudos
experimentais demonstraram que aproximadamente 60% dos parasitos permanecem no local da

picada (MENARD et al., 2013). Em torno de 15% dos parasitos conseguem invadir 0s vasos
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linfaticos (MENARD et al., 2013) e sdo drenados para linfonodos, onde s&o reconhecidos por
DCs, ativando (priming) células T e B ndive ou reativando células de meméria (RILEY;
STEWART, 2013). Ja os parasitos que invadem o0s vasos sanguineos (~25%) conseguem
alcancar o figado, onde atravessam os capilares sinusoides e penetram nos hepatocitos. Essa
penetracao é mediada pela interacdo entre a proteina CSP do circunesporozoito e proteoglicanas
de heparan sulfato (HSPGs) presente na superficie dos hepatécitos (HAFFALA et al., 2011,
MENARD et al., 2013). Anticorpos anti-esporozoito sdo produzidos, porém sio necessarios
elevados titulos para imobilizar todos os esporozoitos, que rapidamente (algumas horas)
invadem hepat6citos (STANISIC et al., 2013).

A invasdo dos hepatdcitos pelos esporozoitos leva a formacdo de um vacuolo
parasitéforo, onde ocorre a conversdo de esporozoito para merozoito (estagio pré-eritrocitico).
Estes, por sua vez, multiplicam-se por esquizogonia gerando milhares de merozoitos.
Entretanto, durante a migracdo dos esporozoitos pelos hepatécitos, até a formacdo do vacuolo
parasitoforo, ocorre a liberacdo de componentes citosélicos das células do hospedeiro, que séo
reconhecidos por receptores da imunidade inata (TLRs), contribuindo para a ativacdo da via
NFkB e levando a producédo de 6xido nitrico (NO) e eliminacéo do parasito (HAFFALA et al.,
2011). Além disso, células da imunidade adaptativa como os linfécitos T CD8", que foram
ativadas nos linfonodos, sdo capazes de reconhecer antigenos apresentados por hepatécitos (via
MHC de classe I) e eliminar os parasitos por acéo direta (perforina) ou indireta (producdo de
IFN-y) (HAFFALA et al., 2011; STANISIC et al., 2013). Entretanto, imunidade pré-eritrocitica
mostra-se incompleta, ja que individuos vivendo em &rea endémica sdo continuamente
reinfectados e desenvolvem novas infec¢es (STANISIC et al., 2013).

Apbs liberacdo dos merossomos e seu rompimento dentro dos vasos sanguineos, 0s
merozoitos liberados sdo capazes de invadir eritrocitos. Os eritrocitos parasitados séo
reconhecidos por DCs através de receptores de reconhecimento padrdo (PRR) (RILEY;
STEWART, 2013; STANISIC et al., 2013). A sinalizacdo via esses receptores leva a secrecéo
de citocinas inflamatorias, responsaveis pela diferenciacéo de linfécitos Thl (IL-12) e também
aquelas que contribuem para a patogénese da doencga (IL-1, IL-6 e TNF-a.). A apresentacdo de
antigenos peptidicos ocorre via MHC, levando a ativacdo de linfocitos T e, de antigenos
lipidicos (via CD1) que ativam células NKT. Uma vez ativadas, essas células passam a secretar
a citocina inflamatoria IFN-y, responsavel por induzir macréfagos esplénicos a fagocitar
eritrocitos infectados opsonizados e eliminar os parasitos através da produgdo de NO (RILEY;
STEWART, 2013).
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A producdo de anticorpos por linfocitos B é dependente da acdo dos linfocitos Thl
(RILEY; STEWART, 2013; STANISIC et al., 2013). Producéo de anticorpos anti-merozoitos
capazes de aglutinar e opsonizar o parasito, inibindo a invaséao de eritrdcitos, constitui também
um importante mecanismo de imunidade protetiva, porém a inducdo e manutencéo de resposta
de célula B de memoria de longo prazo ainda é um desafio. Uma vez ativados, macrofagos
também passam a secretar citocinas inflamatorias como IL-1, IL-6 e TNF-o. Essa resposta
inflamatoria € responsavel pela inducdo de moléculas de adesdo no endotélio, que contribuem
para o sequestro de eritrocitos infectados. Porém, a resposta inflamatéria é controlada por
citocinas moduladoras (IL-10 e TGF-B) produzidas tanto por Tregs quanto pelos macr6fagos
ativados (RILEY; STEWART, 2013).

Embora muitos dos aspectos da resposta imune ao parasito da malaria sejam conhecidos,
ainda hé lacunas que desafiam o desenvolvimento de uma vacina segura e efetiva que possa
conferir protecdo de longo prazo. A diversidade genética e polimorfismos de genes
codificadores de antigenos imunodominantes nas populacdes de parasitos, associados ao
complexo ciclo multi-estdgio (com replicacdo intracelular que protege o parasito de
reconhecimento imune) constituem possiveis estratégias de evasdo imune que conferem
vantagens ao parasito (RILEY; STEWART, 2013).

Células da imunidade inata, tais como NK e Tyd, parecem exercer importante papel na
producdo inicial de IFN-y. Individuos que ndo conseguem montar uma resposta inicial rapida
(em 24 horas) e forte de IFN-y pelas células NK apresentam reduzida producdo tardia desta
citocina por células Tyd ou Tap (ARTAVANIS-TSAKONAS et al., 2003).

Os efeitos benéficos do IFN-y na resolucdo da infeccdo malérica, entretanto, podem
levar a excessiva ativacdo da cascata inflamatéria, com producdo de TNF-a, IL-6 e IL-1,
citocinas estas associadas com malaria P. falciparum grave (ARTAVANIS-TSAKONAS et al.,
2003). Portanto, o IFN-y pode mediar tanto protecdo quanto imunopatologia.

Estudos em modelos experimentais e também em humanos demonstram que altos niveis
plasmaticos de IFN-y estdo associados com malaria P. falciparum grave, sendo que niveis mais
baixos desta citocina sdo vistos em pacientes assintomaticos (ARTAVANIS-TSAKONAS et
al., 2003). Um estudo comparativo entre individuos infectados por P. falciparum e P. vivax
demonstrou que o IFN-y plasmatico estava elevado, com niveis similares na malaria sintomatica
causada por ambas as espécies de parasito, enquanto que individuos assintomaticos para
infeccdo P. vivax apresentaram niveis desta citocina semelhante aos de individuos néo-

infectados. Por outro lado, individuos infectados por P. vivax mostraram niveis muito mais
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elevados de IL-10, sugerindo a ocorréncia de imunomodulagdo da resposta inflamatoria
(GONCALVES et al., 2012).

Atuando sinergicamente com IFN-y, TNF-a induz a producdo de NO e outros radicais
livres que provocam a morte do parasito da malaria. Na malaria cerebral, a LT-a (linfotoxina-
o) parece ser a responsavel pela indugcdo da patologia, ja que elevadas concentracdes desta
citocina em camundongos levaram ao desenvolvimento da doenca, enquanto que camundongos
deficientes de LT-o. mostraram-se resistentes, embora tenham sucumbido devido &
hiperparasitemia e anemia grave (ENGWERDA et al., 2002).

Quanto a participacdo das citocinas reguladoras TGF- e IL-10 na maléaria, a ativacao
precoce das células T produtoras destas citocinas na fase inicial da infeccdo pode inibir a
resposta inflamatdria necessaria para remocao de eritrécitos parasitados, aumentando o risco de
elevada parasitemia e patologia grave. Por outro lado, a ativacdo relativamente tardia dessas
células pode permitir o controle da parasitemia e, a0 mesmo tempo, evitar o inicio da
imunopatologia. Nesse contexto, destaca-se o importante papel das citocinas moduladoras de
resposta inflamatéria induzida pela infeccdo que, se descontrolada, pode levar a patologia
causada pela exarcebada resposta imflamatoria (FINNEY et al., 2010; ARTAVANIS-
TSAKONAS et al., 2003).

A IL-10 pode ser produzida por células miel6ides e linfoides, tais como celulas T
CD4*CD25Foxp3* reguladoras naturais (nTreg), células T reguladoras induzidas (iTreg),
células T produtoras de IL-10 (Trl), bem como mondcitos (COUPER, et al., 2008).

Estudos experimentais e mesmo clinicos sugerem que células T CD4*CD25" produtoras
de IL-10 desempenham um importante papel no resultado da infec¢do por Plasmodium, ao
controlar os efeitos das citocinas Thl (IFN-y e TNF-a). Possivelmente, as manifestagdes
clinicas na malaria grave representam efeitos colaterais da exuberante resposta inflamatoria
dirigida para eliminar o parasito (RILEY et al., 2006). Portanto, o balango de citocinas pro- e
anti-inflamatorias é de grande importancia para a resolu¢do bem sucedida da infeccao.

Devido ao papel controverso das células T reguladoras na malaria que, embora proteja
0 hospedeiro de patologia imunomediada também favorece a persisténcia do parasito, trés
artigos de revisdo foram publicados no mesmo ano, com titulos sugestivos atribuidos as células
T reguladoras: “herdis ou vilas” (SCHOLZEN et al., 2010), “amigas ou inimigas” (FINNEY et
al., 2010) e “aliada do hospedeiro ou do parasito” (HANSEN; SCHOLFIELD, 2010).

Em resumo, diversos estudos sugerem que a resolugdo bem-sucedida da infecgéo na

maldria depende da capacidade do hospedeiro em induzir sequencialmente niveis adequados de
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citocinas pro-inflamatéria e reguladora nos estagios chaves da infeccdo. Dessa forma, o
delicado e coordenado balango entre respostas inflamatdrias e anti-inflamatdrias parece ser o
fator determinante no resultado da doenca (FINNEY, et al., 2010; ARTAVANIS-TSAKONAS,
et al., 2003; HANSEN; SCHOFIELD, 2010).

1.4.1 Perfil de citocinas/quimiocinas na infec¢éo por Plasmodium vivax

Embora a maléria causada por P. vivax seja considerada menos grave do que a
decorrente de infeccdo por P. falciparum, recentes evidéncias sugerem que o nivel de gravidade
tenha sido subestimado. Além disso, deve-se considerar as complicacdes causadas por
comorbidades que resultam em maior gravidade do quadro clinico devido ao P. vivax
(LACERDA etal., 2012).

Atualmente, tem-se verificado um crescente interesse em pesquisas relacionadas a
malaria P. vivax em seus diversos aspectos: epidemiologia, caracterizagdo clinica dos pacientes,
resisténcia a drogas, vacinas e patogénese da doenca (LACERDA et al., 2012). O entendimento
da patogénese da maléaria P. vivax, sobretudo da imunopatogénese, podera trazer aportes
importantes, oferecendo subsidios para pesquisa de vacinas, assim como de novos alvos para
drogas imunoterapéuticas.

Da mesma forma que na maléaria P. falciparum, o resultado da infeccdo na maléria P.
vivax parece depender do repertério de citocinas induzidas durante a fase aguda da doenca.
Fatores do parasito como também do hospedeiro podem influenciar a complexa rede de
citocinas que sdo ativadas ou suprimidas durante a infeccdo. Sendo assim, variacBes na
manifestacdo clinica da doenca e nivel de gravidade podem estar associadas ao balanco final
entre citocinas pro-inflamatérias e reguladoras. Nessa perspectiva, inimeros estudos de
associacdo entre perfil de citocinas e parametros clinicos alterados, tais como anemia,
trombocitopenia, enzimas hepaticas, além do grau de parasitemia, tém sido realizados
(PERKINS et al., 2011; ANDRADE; BARRAL-NETO, 2011; ANSTEY et al., 2009).

Em relagdo a resposta imune de individuos naturalmente infectados por P. vivax, ha
poucos estudos. Ainda que existam alguns dados contraditérios, parece haver um consenso em
relacdo a citocina IL-10, cujo nivel plasmatico mostra-se elevado na forma sintomatica da
malaria P. vivax, em comparagdo com os de individuos néo infectados (ZEYREK et al., 2006;
FERNANDES et al., 2008; JAIN et al., 2010; ANDRADE et al., 2010; GONCALVES et al.,
2010; MEDINA et al., 2011; GONCALVES et al., 2012; MENDONCA et al., 2013; COSTA
etal., 2014; RODRIGUES-DA-SILVA et al., 2014.).

30



Entretanto, uma questdo em aberto refere-se a fonte celular da 1L-10 e TGF-B. Embora
células T CD4"CD25"Foxp3* (nTreg) sejam importantes fontes produtoras de IL-10, estudos
recentes tém ressaltado o papel potencial de outros tipos celulares produtores de IL-10 e TGF-
B: células Trl (CD4*CD25Foxp3’) produtoras de IL-10, células Th3 (produtoras de TGF-B) e
células Thl coexpressando IFN-y/IL-10 (FINNEY, et al., 2010).

Quanto a expanséo de células T CD4*CD25Foxp3*, Gongalves e colaboradores (2010)
ndo observaram aumento no ndmero dessas celulas em pacientes com malaria P. vivax
sintomatica, embora dois outros estudos tenham demonstrado significativa expansdo em
pacientes com esta forma clinica da doenca (BUENO et al., 2010; JANGPATARAPONGSA et
al., 2008). Além disso, em pacientes sintomaticos infectados por P. vivax, foi também
observada correlacdo positiva entre o nimero de células T CD4*CD25'Foxp3* (GITR" e
CTLA-4%) e o grau de parasitemia (BUENO et al., 2010). Correlacdo positiva entre niveis
plasmaéticos de IL-10 (MEDINA et al, 2011) ou expressao de 1L-10 pelas Treg (BUENO et al.,
2010) com o grau de parasitemia também foram observados.

Uma questdo ainda ndo esclarecida é se o indice de parasitemia é determinante no
desencadeamento de substancial producdo de I1L-10 ou, contrariamente, os elevados niveis de
IL-10 é que propiciariam a multiplicacdo do parasito (GONGCALVES et al., 2010). Em outras
palavras, 0s mecanismos envolvidos na producdo de IL-10 seriam favoraveis ao hospedeiro,
impedindo a ocorréncia de imunopatologia ou, alternativamente, favoreceria o escape e
sobrevivéncia do parasito (BUENO et al., 2010).

Estudos comparando o perfil de citocinas inflamatorias durante infec¢do aguda por P.
vivax mostram resultados contraditérios. Embora niveis plasmaticos elevados de IFN-y e TNF-
a tenham sido observados em pacientes com maléria P. vivax, quando comparados com
individuos ndo infectados (FERNANDES et al., 2008; JAIN et al., 2010; ANDRADE et al.,
2010; GONGCALVES et al., 2012; MENDONCA et al., 2013; RODRIGUES-DA-SILVA et al.,
2014), existem relatos na literatura demonstrando niveis reduzidos ou inalterados tanto de IFN-
v (GONCALVES et al., 2010; COX-SINGH et al., 2011) quanto de TNF-o. (COSTA et al.,
2014) durante a infeccéo.

Correlagdes interessantes também tém sido observadas em relacdo ao TNF-a nos casos
de malaria. Embora protetivo ao atuar contra o parasito, quando em niveis muito elevados pode
levar a maior gravidade da doenca e mesmo morte do hospedeiro (LANGHORNE et al., 2008).
De fato, Mendonca e colaboradores (2013) observaram que pacientes com malaria P. vivax

sintomética ou grave apresentam elevados niveis plasmaticos de TNF-o. em comparagéo aqueles
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assintométicos ou ndo infectados. Resultado semelhante foi encontrado por Gongalves e
colaboradores (2012) entre pacientes sintomaticos e assintomaticos infectados por P. vivax.

Em relacdo a IL-6, diversos estudos ja demonstraram niveis plasmaticos aumentados
durante a infeccédo por P. vivax (ZEYREK et al., 2006; MENDONCA et al., 2013; COSTA et
al., 2014; RODRIGUES-DA-SILVA et al., 2014.). Além disso, houve forte associacao entre
producdo de IL-6 e IL-10 e elevada carga parasitaria (COSTA et al., 2014).

Os relatos referentes a I1L-12 sdo controversos, uma vez que ndo ha consenso na cadeia
da citocina (p40 ou p70) que foi marcada ou, até mesmo ndo ha mencao a cadeia utilizada.

Outra citocina importante na maléria, que pode estar envolvida na resposta imune inata
e adaptativa, é a IL-17. Entretanto, praticamente ndo ha relatos na literatura de estudos clinicos
envolvendo esta citocina. Num estudo de malaria P. vivax sintomatica ndo complicada, foi
observada expanséo significativa de células T CD4" produtoras de IL-17, que se correlacionou
positivamente com o nimero de células T CD4" produtoras de IFN-y, IL-10 e TGF- (BUENO
etal., 2012). Em relagdo aos niveis plasmaticos de IL-17, enquanto Cox-Singh e colaboradores
(2011) ndo detectaram esta citocina em amostras de individuos infectados, Rodrigues-da-Silva
e colaboradores (2014) encontraram niveis elevados de IL-17 durante a infeccdo por P. vivax e
P. falciparum. Ainda resta esclarecer se esta producdo aumentada de IL-17 se origina da
subpopulacdo Th17, Th17IL-17"IFNy* ou se de TreglL-10"IL-17".

Até o presente momento, ndo existem relatos sobre o papel da IL-27 na infeccdo pelo
P. vivax. Entretanto, ja foi demonstrado que em crianc¢as infectadas com P. falciparum, as
concentracdes plasmaticas de IL-27 estavam significativamente mais baixas do que em néo
infectadas (AYIMBA et al., 2011).

A 1L-27 é uma citocina pleiotréfica, secretada por APCs ativadas por antigenos
(AWASTHI et al., 2007), promovendo a expansao de células T naive e também induzindo o
fator de transcricdo T-bet que, por sua vez, aumenta a diferenciacdo de células Thl (BATTEN
et al., 2008). Por outro lado, a sinalizacdo da IL-27 é também necessaria para evitar excessiva
ativacdo de células T efetoras e limitar a producdo de citocinas pré-inflamatorias. A 1L-27
suprime a diferenciacéo de células Th17 produtoras de IL-17 (MURUGAIYAN et al., 2009) e
induz a producéo de IL-10 por células Thl e Th2 diferenciadas, um efeito de retroalimentacdo
negativa (imunossupressiva) sobre estas células (BATTEN et al., 2008), como também induz a
producéo de IL-10 por células T produtoras de IL-17 (STUMHOFER et al., 2008).

Em relacdo ao nivel de gravidade da doenca na malaria P. vivax, Andrade e

colaboradores (2010) observaram que os niveis plasmaticos de IFN-y ¢ TNF-o aumentam e de
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IL-10 diminui conforme aumenta a gravidade clinica (assintomético-sintoméatico moderado-
sintomético grave). Entretanto, resultado contrario para 1L-10 foi observado por Gongalves e
colaboradores (2012) entre pacientes assintomaticos e sintomaticos nao-complicados, com
assintomaticos apresentando niveis muito baixos de IL-10. Comparacdo entre pacientes com
malaria P. vivax sem disfuncdo e com disfuncdo hepética (niveis elevados das enzimas
hepaticas Aspartato aminotransferase e Alanina aminotransferase) revelaram niveis mais altos
de IFN-y, TNF-a e também de IL-10 entre aqueles com disfuncao hepética (YEOM et al., 2003).

Estudos comparativos do perfil de citocinas entre pacientes com malaria na fase aguda
e pbs-tratamento (periodo de convalescéncia) sdo ainda escassos e controversos, apesar de sua
importancia para pesquisa de vacinas que visam a resposta imunoldgica como também de
drogas imunoterapéuticas. Pacientes com maléria P. vivax grave apresentaram reducdo
significativa de TNF-a plasmético e da razdo IFN-y/IL-10 no 7° dia pds-tratamento com
medicamento antimalarico, sendo acompanhados de reducdo nos niveis de varios parametros
sanguineos como proteina C reativa, creatinina, alanina aminotransferase e bilirrubina total
(ANDRADE et al., 2010). Outro estudo comparando niveis plasmaticos de citocinas em
pacientes infectados por P. vivax na fase aguda e ap0s tratamento quimioterapico
(cloroquina/primaquina) demonstrou redugéo significativa de 1L-6, IL-8, IL-10 e IL-1p apds o
tratamento (LEORATTI et al., 2012). Contraditoriamente, na fase convalescente da infecgédo
(15° dia) causada por P. vivax, Rodrigues-da-Silva e colaboradores (2014) observaram elevacéo
nos niveis de IL-6, IL-8, IL-17, IFN-y, TNF-a, MIP-1B ¢ G-CSF, sendo mais acentuada nos
pacientes com malaria P. falciparum.

Em relacdo as quimiocinas durante a infeccéo por P. vivax, os relatos da literatura séo
extremamente escassos. J& foi demonstrado aumento de CCL2 (MCP-1) (FERNANDES et al.,
2008) ou niveis inalterados (MENDONCA et al., 2013) durante a malaria P. vivax. Em relacédo
a CCL5 (RANTES), Mendonca e colaboradores (2013) encontraram resultado significativo,
entretanto os dados ndo permitem concluir entre quais grupos (controle endémico,
assintomatico, sintomatico, grave) esta a diferenca. Além disso, estudo referente a infeccao por
P. falciparum demonstrou baixos niveis de CCL5 em criangas com malaria cerebral (OCHIEL
et al., 2005). Jain e colaboradores (2010) observaram niveis mais elevados de CXCL10 (IP-10)
nos individuos infectados por P. vivax em relacdo ao grupo controle. Resultados significativos
também foram observados por Mendonca e colaboradores (2013) em relacédo a esta quimiocina.

Em resumo, estudos relacionados ao perfil de citocinas/quimiocinas plasmaticas durante

a fase aguda e periodo de convalescéncia da maléria ainda requer investigacoes adicionais.
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1.5 Vias de sinalizagéo celular

Células do sistema imune, ao entrarem em contato com um parasito ou antigeno,
desencadeiam em seu interior uma série de alteracBes que culminam na ativacdo de vias de
sinalizacdo intracelulares que irdo controlar a ativacao/inativacdo de determinados genes.

Uma importante via que pode ser ativada nas células do sistema imune é a via da
apoptose. Alguns patdgenos podem induzir a morte de células do sistema imune como
mecanismo de sobrevivéncia. Além disso, células do sistema imune podem sofrer apoptose
apos ativacdo e expansdo celular induzida por determinados estimulos, visando a homeostase

imune e supressdo de autorreatividade.

1.5.1 Via de sinalizagdo intracelular de apoptose

A morte celular programada, também denominada de apoptose, é caracterizada por
alterac6es morfoldgicas e bioguimicas tipicas, como retracdo celular, fragmentacdo do DNA
nuclear e formacdo de vesiculas na membrana. A apoptose é um processo celular altamente
regulado que pode ser ativado por diferentes estimulos.

Dois mecanismos de morte de células T tém sido propostos: morte celular induzida por
ativacdo (AICD) e morte autdbnoma de célula T ativada (ACAD) (HILDEMAN et al., 2002;
BRENNER et al., 2008). AICD parece ser mais importante para suprimir linfocitos T
cronicamente ativados e potencialmente auto-reativos, sendo mediado principalmente por
receptores de morte (sistemas Fas/FasL e TNFR). Por outro lado, ACAD parece contribuir
principalmente na reducdo do numero de células T durante a fase de contracdo, sendo
independente de sinalizacdo por receptores de morte. ACAD é regulada pela via de morte
intrinseca (mitocondrial) e envolve membros da familia Bcl-2 (HILDEMAN et al., 2002;
BRENNER et al., 2008).

Estimulos externos (TNF-a,, FasL, TRAIL) podem ativar a cascata da apoptose por meio
da ativacdo de receptores de morte presentes na membrana citoplasméatica da célula
(NIKOLETOPOULOQU, 2013). Os receptores de morte mais bem caracterizados séo TNFR1,
Fas (CD95) e TRAIL-R que ativam a via extrinseca da apoptose (FULDA; DEBATIN, 2006).
Apos a interacdo entre o ligante e o receptor ocorre a trimerizacao do receptor e 0 agrupamento
dos dominios de morte do receptor, culminando no recrutamento de FADD (dominio de morte
associado a Fas), uma importante molécula adaptadora responsavel pelo recrutamento da
caspase-8. A ativacdo da caspase-8 ocorre através de auto-clivagem apos sua oligomerizagéo
no complexo de sinalizacdo de inducdo de morte (DISC) (FULDA; DEBATIN, 2006;
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GAVRILESCU; DENKERS, 2003). Apds a ativagdo da caspase-8 ocorre a ativacdo de outras
caspases efetoras envolvidas na cascata de apoptose.

Por outro lado, a apoptose também pode ser ativada por estimulos intrinsecos causados
por estresse oxidativo, provocando alteracbes na membrana mitocondrial e ativando a via
intrinseca (FULDA; DEBATIN, 2006). A ativacdo da via intrinseca inicia pela permeabilizacdo
da membrana mitocondrial externa, que é provocada por proteinas da familia Bcl. Em seguida,
ocorre a liberacdo de fatores pro-apoptdticos (citocromo ¢, Smac/DIABLO, AIF) do espaco
intermembrana da mitocondria para o citoplasma, levando a ativacdo de caspases (FULDA;
DEBATIN, 2006; JENDROSSEK, 2012).

Portanto, a integridade da membrana mitocondrial externa é regulada por interacGes
complexas entre os membros da familia de proteinas Bcl-2. A familia Bcl-2 pode ser
subdividida em trés grupos, de acordo com suas fungdes (JENDROSSEK, 2012;
NIKOLETOPOULOU, 2013). O primeiro grupo é composto por membros como BCL-X{,
BCL-2, BCL-W e MCL-1, que possuem acdo antiapoptética, uma vez que, sdo capazes de
interagir com outros membros da familia Bcl-2 e regular negativamente a liberacao de proteinas
pré-apoptéticas da mitocondria. Ou seja, esses membros da familia Bcl-2 sdo extremamente
importantes para a sobrevivéncia celular. O segundo grupo é formado por membros pro-
apoptéticos como BAX, BAK e BOK, que sdo capazes de formar poros ou se associar com
outras proteinas formadoras de poros na membrana mitocondrial externa. J& o terceiro grupo é
formado por membros que podem interagir tanto com membros anti-apoptéticos quanto
membros pro-apoptoticos e, desta forma, sdo capazes de induzir apoptose
(NIKOLETOPOULOU, 2013).

E importante destacar que em determinadas circunstancias, as duas vias de apoptose
podem ser ativadas. Caso a ativacdo direta de caspase-3 pela caspase-8 seja insuficiente, a
caspase-8 pode ativar a via mitocondrial (intrinseca) através da clivagem de Bid (membro pro-
apoptotico da familia Bcl-2) em tBid, que leva a ativagdo da via intrinseca de apoptose
(JENDROSSEK, 2012).

Além dos membros anti-apoptéticos da familia Bcl-2, a apoptose também pode ser
impedida pela agdo de proteinas inibidoras de apoptose (IAPs), uma vez que elas possuem um
dominio de ligacao/inibicdo de caspases. Essa familia de proteinas & composta por oito
membros (BIRC 1-8), sendo que as BIRCs 1-4, 7 e 8 atuam diretamente sobre as caspases e as
BIRCs 5 e 6 sobre o ciclo celular (SALEEM, 2013).
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Embora alguns estudos tenham associado a ocorréncia de apoptose de linfécitos T com
niveis elevados de sFasL (ligante de Fas solivel) em maléaria humana, o envolvimento do
sistema Fas/FasL néo foi observado em modelo experimental de malaria (XU et al. 2002; SUN
et al., 2012). Nesses estudos experimentais, a apoptose de células T CD4* especificas para
Plasmodium foi associada com IFN-y. De fato, a indugdo de morte de linfocitos T ativados
parece depender de IFN-y (REFAELI et al., 2002).

Num modelo experimental de malaria usando P. berghei, foi verificado que o ort6logo
do fator inibidor de migracdo de macrdfagos produzido pelo parasito (PMIF) induz regulacéo
positiva de T-bet e IFN-y, e regulacdo negativa de IL-7R, CD62L, IL-2 e Bcl-2 em células T
especificas para o parasito. Estas células T CD4" apresentaram maior suscetibilidade a
apoptose, sendo associada com baixa expressdo de Bcl-2, mas ndo com sinalizacdo Fas/FasL.
Importante, os autores verificaram também que pacientes com malaria cerebral P. falciparum
apresentavam niveis mais altos de PMIF no soro em comparagao com pacientes portadores de
malaria ndo-complicada (SUN et al., 2012).

Em resumo, diversos estudos sugerem que subpopulacgdes de linfécitos T (CD4*, CD8*
e Tyd) podem estar envolvidas na resposta imune de malaria, influenciando na expresséo de
citocinas como IFN-y, TNF-a, TGF-f, IL-6, IL-10, IL-12, IL-17 e IL-27, bem como
qguimiocinas (CCL2, CCL5 e CXCL10). Dessa forma, ao investigar essas subpopulaces de
células e também a via de sinalizacdo de apoptose, sera possivel obter informacGes
fundamentais sobre os mecanismos celulares e moleculares do controle da resposta imune na

malaria P. vivax.
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2 JUSTIFICATIVA

A maléria é uma das doengas infecciosas que afeta milhGes de pessoas no mundo, com
regibes altamente endémicas, como é o caso da Africa subsaariana. No Brasil, a regido
amazonica é endémica para a malaria, predominando a infec¢do por P. vivax. Embora seja
considerada a forma mais benigna da doenga, esta concepcao ja estd sendo reformulada em
fungdo do nuimero crescente de casos de maléria P. vivax grave, que pode inclusive levar a
morte. Outro fator relevante é a taxa de morbidade e internacdes de pacientes, fatores que
comprometem a vida social e produtiva dos individuos afetados. Relatos existentes na literatura,
em sua grande maioria se referem a malaria P. falciparum, em detrimento a maléria P. vivax,
revelando certo grau de negligéncia em relacdo a esta Ultima. Nesse contexto, investir em
estudos que possam trazer aportes para melhor entendimento da malaria causada por P. vivax
revela-se de grande importancia. Estudos realizados sugerem a existéncia de resposta
imunomoduladora durante infeccdo de estdgio sanguineo da maléria P. vivax, entretanto
resultados controversos ainda persistem. A reducdo no nimero de células T CD4" observada na
malaria pode constituir um mecanismo importante de imunomodulacdo, assim como a
participacdo de células T CD8* com perfil imunomodulador durante infeccdo de fase sanguinea.
Esses aspectos podem contribuir para a persisténcia do parasito, a0 mesmo tempo em que
impede o desenvolvimento de imunopatologia. Considerando que 0s mecanismos envolvidos
na resposta imune sdo determinantes na evolucdo clinica da malaria humana, com espectro
variavel de resposta, que pode levar ao controle da doenca ou pode evoluir para casos mais
complicados, investir nesta area é uma op¢ao que, potencialmente, podera render resultados
para subsidiar pesquisas de vacinas e de drogas imunoterapéuticas mais efetivas. Nessa
perspectiva, buscou-se investigar a via de sinalizacdo de apoptose de células T CD4", o papel
das células T CD8" e Tyd, assim como a identificacdo de citocinas e quimiocinas plasmaticas
envolvidas na resposta imune durante a fase sanguinea da infeccéo por P. vivax. Considerando-
se que os niveis plasmaticos de citocinas/quimiocinas envolvidas na resposta a infec¢éo por P.
vivax podem alterar durante a fase aguda, analises comparativas entre a fase aguda e a fase de

convalescéncia também foram realizadas visando identificar biomarcadores de doenca ativa.
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3 OBJETIVOS

Geral: Avaliar a modulagdo da resposta imune celular em individuos naturalmente infectados

por Plasmodium vivax durante a fase aguda.

Especificos

X/
o0

Auvaliar a ocorréncia de apoptose em linfécitos T CD4* em amostras de individuos

naturalmente infectados por Plasmodium vivax na fase aguda da infeccao;

Caracterizar a via envolvida na apoptose de linfécitos T CD4" em amostras de

individuos naturalmente infectados por Plasmodium vivax na fase aguda da infecgéo;

Estabelecer as subpopulages de linfocitos T CD8" envolvidos na resposta imune
durante a fase sanguinea da maléria em amostras de individuos naturalmente infectados

por Plasmodium vivax;

Caracterizar o papel de linfocitos Tyd (Thl1-like e Th17-like) na modulagdo da resposta
imune em amostras de individuos naturalmente infectados por Plasmodium vivax na

fase aguda da infeccéo;

Determinar os niveis plasmaticos de IFN-y, TNF-a, TGF-$, IL-6, IL-10, 1L-12p40, IL-
17, 1L-27, CCL2, CCL5 e CXCL10 em individuos naturalmente infectados por

Plasmodium vivax na fase aguda e ap0s tratamento;
Estabelecer as possiveis associacdes entre niveis plasmaticos de citocinas e quimiocinas

e parasitemia e numero de infeccdes prévias de malaria em individuos naturalmente

infectados por Plasmodium vivax na fase aguda.
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4.1 Populagao de estudo

A populacdo de estudo foi composta por individuos naturalmente infectados por
Plasmodium vivax (antes e ap0s o tratamento) provenientes da cidade de Porto Velho,
Ronddnia, uma importante area endémica de malaria.

O recrutamento destes individuos ocorreu no Centro de Pesquisas em Medicina Tropical
(CEPEM) sob os cuidados dos doutores Dhelio Batista Pereira e Mauro Shugiro Tada. O
diagndstico foi realizado por meio da sintomatologia e visualizagdo do parasito em amostras de
sangue periférico do individuo (gota espessa corada por Giemsa). Posteriormente, a
confirmacdo da monoinfecgédo por P. vivax foi realizada por meio da técnica de Nested-PCR
(Reacdo em Cadeia da Polimerase), descrita por Snounou e colaboradores (1993).

Também foram recrutados em Porto Velho, Rondénia, alguns individuos com histérico
prévio de malaria, mas que ndo estavam infectados durante a coleta de amostras, para compor
0 grupo Controle Endémico.

O grupo Controle Ndo-endémico foi composto por individuos residentes na cidade de
Belo Horizonte, Minas Gerais, area ndao endémica para malaria. Nenhum individuo possuia

historico e exposicao prévia a malaria.

4.2 Obtencao das amostras

Apds os participantes do estudo assinarem o termo de consentimento livre e esclarecido,
amostras de sangue venoso periférico foram coletadas em tubos contendo anticoagulante e um
questionario foi aplicado para aquisicdo de informag6es como sintomatologia e historico prévio
de malaria. Essas amostras de sangue foram coletadas durante a fase aguda (antes do inicio do
tratamento com cloroquina e primaquina) e, em torno de 25 dias apds o tratamento (periodo de
convalescenga da infeccéo).

A coleta de amostras de sangue venoso periferico para realizacdo deste estudo foi
aprovada pelo Comité de Etica da UFMG (CAAE: 27466214.0.0000.5149) (Anexo A).

4.3 Obtencao de células mononucleares do sangue periférico (CMSP)
As CMSPs foram isoladas do sangue venoso periférico coletado usando-se coluna de
Ficoll-Hypaque (Histopaque® 1.077, Sigma), que permite a formagdo de um gradiente de

densidade com diferentes camadas. As células mononucleares situadas entre o plasma e a
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camada de Ficoll foram retiradas e lavadas com meio RPMI 1640 contendo 1% de antibidtico.
Essas células foram congeladas (em nitrogénio liquido), em soro fetal bovino (FBS) inativado
e DMSO na proporcdo 9:1, para posterior utilizacdo. O nimero maximo de celulas congeladas

por tubo foi de 1x107 células.

4.4 Obtencao das amostras de plasma

As amostras de plasma foram obtidas por meio de centrifugacdo do sangue venoso
periférico coletado em tubos de heparina. As amostras foram aliquotadas e armazenadas a -

80°C até o momento do uso.

4.5 Avaliacdo da ocorréncia de apoptose em linfécitos T CD4*

Para verificar a possivel ocorréncia de apoptose em linfécitos T CD4*, foram utilizadas
amostras frescas de sangue venoso periférico. As hemécias foram lisadas utilizando-se cloreto
de amonio (150mM), lavadas duas vezes com PBS-W (0,5% BSA e 0,1% de azida sodica) e
marcadas com anticorpo monoclonal anti-CD4 conjugado com PerCP (clone L200 — BD
Bioscience) durante 30 minutos, a temperatura ambiente em camara escura. Em seguida, as
celulas foram incubadas com Anexina-V/FITC e iodeto de propidium (PI) de acordo com as
informacdes do fabricante (BD Bioscience).

A amostras foram submetidas a técnica de citometria de fluxo utilizando o FACScan
(BD Bioscience), para a visualizacdo da populacao celular de interesse com aquisi¢cdo de 100
mil eventos no gate de linfécitos. A andlise fenotipica foi realizada utilizando-se o software
Flow Jo (Tree Star).

4.6 Caracterizacao da via envolvida na apoptose de linfocitos T CD4*

Para caracterizacdo da via envolvida na apoptose de linfocitos T CD4*, as CMSP foram
incubadas na presenga de microbeads magnéticas conjugadas com anticorpos anti-CD4. As
amostras assim preparadas foram passadas em coluna magnética, o que possibilitou a selecao
positiva de linfécitos T CD4", conforme as instru¢des do fabricante (Miltenyi Biotec). Os
linfocitos T CD4" obtidos foram ressuspendidos em TRIzol (Life Technologies) e armazenados
a -80°C.

O isolamento do RNA foi realizado de acordo com as instru¢fes do fabricante (Life
Technologies). O RNA obtido foi submetido ao tratamento com DNase (Promega) para
eliminar qualquer residuo de DNA e foi convertido em cDNA utilizando-se o kit High-Capacity
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cDNA Reverse Transcription (Applied Biosystems) conforme instru¢des do fabricante. Para
confirmar a sintese do cDNA, foi realizada PCR utilizando-se primers para o gene GAPDH
humano.

A avaliacdo do perfil de expressdo génica associado a apoptose foi realizada por meio
de PCR array (RT? Profiler PCR Array — Human Apoptosis) (SABioscience) na ABI7500 Real
Time PCR System (Applied Biosystem, EUA). A qPCR permitiu avaliar a expresséo de 84 genes
envolvidos em diferentes vias de apoptose utilizando-se 30ng de cDNA por pogo. Os dados

obtidos foram analisados por meio do método de AACT.

4.7 Fenotipagem das subpopulagdes de linfécitos T CD8*

Para a fenotipagem das subpopulagdes de linfocitos T CD8, foram utilizadas amostras
frescas de sangue venoso periférico. As amostras de sangue foram incubadas durante 30
minutos a temperatura ambiente na presenca de anticorpos monoclonais especificos para
moléculas de superficie: CD8-FITC (clone HIT8a), CD45RA-APC (clone HI100), CD45R0O-
PE-Cy5 (clone UCHL1), CCR7-PE (clone 3D12) e CD62L-PE (clone DREG-56). As hemécias
foram lisadas utilizando-se solugéo de cloreto de amonio (150mM) por 10 minutos e lavadas
duas vezes com PBS-W (0,5% BSA e 0,1% azida sodica). As células foram entdo
permeabilizadas com PBS-P (0,5% BSA,; 0,1% azida sddica e 0,5% saponina) por 10 minutos
e lavadas duas vezes com PBS-W. Em seguida, as células foram incubadas na presenca de
anticorpos monoclonais especificos para moléculas intracitoplasmaticas: IFN-y-PE (clone F12),
TNF-a-PE (clone MADb11) e IL-10-PE (clone JES3-9D7) durante 30 minutos & temperatura
ambiente e ao abrigo da luz. As células foram entdo lavadas com PBS-W e fixadas com FACS
fixation solution (10g/L para formaldeido, 10,2g/L cacodilato de sodio, 6,65g/L cloreto de
s0dio) durante 15 minutos a 4°C.

As amostras foram submetidas a técnica de citometria de fluxo utilizando o
FACSCalibur (BD Bioscience), para visualizacdo das populagdes celulares de interesse com
aquisicdo de 100 mil eventos. A analise fenotipica foi realizada utilizando-se o software Flow
Jo (Tree Star).

4.8 Determinacéao dos niveis plasmaticos de citocinas e quimiocinas

Amostras de plasma armazenadas a -80°C foram submetidas a técnica de ELISA
(Enzyme-Linked Immunosorbent Assay - R&D Systems) e CBA (Cytometric Bead Array — BD
Bioscience) para deteccédo e quantificacdo das citocinas e quimiocinas.
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As dosagens de IL-6, IL-10, IL-17, CCL2 (MCP-1), CCL5 (RANTES) e CXCL10 (IP-
10) foram realizadas por meio de CBA (BD Bioscience), de acordo com as instrugdes do
fabricante. A aquisicdo dos dados foi realizada utilizando-se o citdmetro de fluxo FACSCan
(BD Bioscience) e os dados foram analisados no software FCAP Array (Soft Flow). De acordo
com o fabricante, os limites de deteccdo dos testes sdo os seguintes: IL-6 = 2,4 pg/mL; IL-10 =
4,5 pg/mL; IL-17 = 18,9 pg/mL; CCL2 = 2,7 pg/mL; CCL5 = 1,0 pg/mL and CXCL10 =2,8
pg/mL.

A técnica de ELISA foi utilizada na quantificagdo da IL-12p40, IL-27, IFN-y, TNF-a e
TGF-B (R&D Systems), seguindo-se as instrucdes do fabricante. A reacéo foi realizada por meio
de estreptavidina-HRP (R&D Systems) e o substrato dicloridrato de o-fenilenodiamina (OPD)
(Sigma Aldrich). A leitura da reacdo colorimétrica foi realizada em leitor de microplacas a
492nm. A concentragdo de cada citocina foi estabelecida utilizando-se curva padréo, no
software SOFTmax Pro 5.3 (Molecular Devices). De acordo com o fabricante, os limites de
detecgéo dos testes séo os seguintes: 1L-12p40 = 62,5 pg/mL; IL-27 = 156,0 pg/mL; IFN-y e
TNF-a = 15,6 pg/mL e TGF-B = 31,2 pg/mL.

4.9 Caracterizacao dos linfocitos Tyd
Para o estudo dos linfocitos Tyd, as CMSPs previamente coletadas e criopreservadas em
nitrogénio liquido foram descongeladas em meio RPMI 1640 (Sigma Aldrich) suplementado
com 10% de soro fetal bovino (FBS) inativado (Gibco), 1% de antibiético e antimicético
(Gibco) e DNase Il S 2ug/mL (Sigma Aldrich). Em seguida, as células foram lavadas em meio
RPMI 1640 (Sigma Aldrich) sem DNase, coradas com azul de Tripan, contadas em cdmara de
Neubauer e ressuspendidas para uma concentracéo final de 3,5x10° cells/mL. As CMSP ficaram
em repouso durante 4 horas em estufa de CO2, a 37°C. Ap0s esse periodo, as células foram
estimuladas com Forbol 12-Miristato 13-Acetato (PMA — Sigma Aldrich) e lonomicina (Sigma
Aldrich) na presenca de BD GolgiPlug (BD Biosciences) durante 5 horas. Em seguida, as CMSP
foram lavadas em PBS e incubadas com o corante de viabilidade celular BD Horizon™ Fixable
Viability Stain 450 (BD Biosciences) durante 15 minutos. Apos esse periodo, as CMSP foram
lavadas duas vezes com PBS-W (0,5% BSA e 0,1% azida sodica) e incubadas com anticorpos
monoclonais: CD3 - APC-H7 (clone SK7), CD4 - APC (clone RPA-T4), CD8 - PE (clone
HIT8a), TCRyd - FITC (clone B1) e CD27 - V500 (clone M-T271), durante 30 minutos a
temperature ambiente. Em seguida, as CMSP foram lavadas novamente com PBS-W e
incubadas com solucdo de Fixacdo/Permeabilizacdo (BD Biosciences) durante 30 minutos a
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4°C. As CMSP foram lavadas duas vezes com o tampdo Perm/Wash™ (BD Biosciences) e
marcadas intracitoplasmaticamente com anticorpos monoclonais da BD Biosciences: IFN-y -
PE-Cy7 (clone B27) e IL-17A - Alexa Fluor 700 (clone N49-653) durante 30 minutos a 4°C.
Por fim, as CMSP foram novamente lavadas com o tampdo BD Perm/Wash™ (BD
Biosciences).

A aquisicdo dos dados foi realizada por meio de citometria de fluxo, utilizando-se 0 BD
LSRFortessa™ (BD Biosciences). Para a compensagdo do citémetro foram utilizadas BD™
CompBeads (BD Biosciences). Foram adquiridos 200.000 eventos utilizando-se o software
FACSDiva. Apo6s aquisicao dos dados, a analise foi realizada através do software Flow Jo (Tree

Star) e, os gates foram estabelecidos utilizando-se controles Fluorescence Minus One (FMO).

4.10 Analise estatistica

A andlise estatistica dos dados coletados foi realizada utilizando-se o software estatistico
Prism for Windows (verséo 5.0).

Inicialmente foi utilizado o teste de Grubbs para verificar possiveis valores outliers. Em
seguida o teste Kolmogorov-Smirnoff foi utilizado para verificar a distribui¢do dos dados. Para
os dados com distribui¢do normal foram utilizados os seguintes testes: teste-t ou ANOVA One-
way seguido de pos-teste de Bonferroni. Ja para os dados que ndo apresentaram distribuicdo
normal, foram utilizados os testes de Mann-Whitney ou o teste de Kruskal-Wallis seguido de
pos-teste de Dunn.

Nas analises de correlacdo foram utilizados o Coeficiente de Correlacdo de Pearson e
Coeficiente de Correlacdo de Spearman, de acordo com a distribuicdo dos dados. Nos testes
pareados foram utilizados o teste-t pareado e o Wilcoxon, de acordo com a distribuicdo dos
dados.

A aplicacdo dos testes citados permitiu determinar possiveis associa¢fes entre aspectos
imunolégicos desencadeados pela infecgéo e parasitemia e episodios prévios de maléria. Foram

consideradas significativas as comparagdes em que P < 0,05.
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Abstract

occurrence of immunopathology.

Keywords: Malaria, Plasmodium vivax, Apoptosis

Background: Reduction in the number of circulating blood lymphocytes (lymphocytopaenia) has been reported
during clinical episodes of malaria and is normalized after treatment with anti-malaria drugs. While this phenomenon is
well established in malaria infection, the underlying mechanisms are still not fully elucidated. In the present study, the
occurrence of apoptosis and its pathways in CD4" T cells was investigated in naturally Plasmodium vivax-infected
individuals from a Brazilian endemic area (Porto Velho = RO).

Methods: Blood samples were collected from P. vivax-infected individuals and healthy donors. The apoptosis was
characterized by cell staining with Annexin V/FITC and propidium iodide and the apoptosis-associated gene expression
profile was carried out using RT? Profiler PCR Array-Human Apoptosis. The plasma TNF level was determined by ELISA.
The unpaired t-test or Mann-Whitney test was applied according to the data distribution.

Results: Plasmodium vivax-infected individuals present low number of leukocytes and lymphocytes with a higher
percentage of CD4* T cells in early and/or late apoptosis. Increased gene expression was observed for TNFRSF1B
and Bid, associated with a reduction of Bcl-2, in individuals with P. vivax malaria. Furthermore, these individuals
showed increased plasma levels of TNF compared to malaria-naive donors.

Conclusions: The results of the present study suggest that P. vivax infection induces apoptosis of CD4" T cells
mediated by two types of signaling: by activation of the TNFR1 death receptor (extrinsic pathway), which is amplified by
Bid, and by decreased expression of the anti-apoptotic protein Bcl-2 (intrinsic pathway). The T lymphocytes apoptosis
could reflect a strategy of immune evasion triggered by the parasite, enabling their persistence but also limiting the

Background

Malaria infection induces significant changes in the
haematological parameters of the host. A decrease in the
number of circulating blood lymphocytes (lymphocyto-
paenia) is a well-documented phenomenon in naturally
infected individuals during acute Plasmodium falcip-
arum [1-6] and Plasmodium vivax [5,7-9].
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Specific T cell depletion has been observed during in-
fection with different species of Plasmodium (Plasmo-
dium chabaudi, Plasmodium vinckei and Plasmodium
yoelii YM) [10]. In human and experimental models of
malaria, lymphocytopaenia has been attributed to the
apoptosis of T lymphocytes and has been associated with
high plasma levels of sIL-2R (soluble IL-2 receptor)
[7,11,12] or the Fas/FasL system [4,7,13]; however, the
mechanisms of apoptosis during malaria, particularly
during P. vivax infection, is not fully elucidated. On the
other hand, some studies have suggested that lymphocy-
topaenia during infection is caused by the reallocation of
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T cells at sites of inflammation, followed by reappear-
ance of these cells in the blood during the treatment
[3,14,15].

Considering the importance of CD4" T cells in the
protective immune response in vivax malaria, the object-
ive of the present study was to verify possible mecha-
nisms involved in lymphocytopaenia.

Methods

Study population

This study was performed with blood samples collected
from 20 subjects naturally infected with Plasmodium
vivax (P. vivax-infected donors) with uncomplicated
symptomatic malaria, recruited at the Research Centre
in Tropical Medicine (Porto Velho, Rondonia—Brazil), a
malaria-endemic area. The control group consisted of 11
healthy donors (malaria-naive donors) from a non-
endemic area (Belo Horizonte, Minas Gerais—Brazil)
(Table 1). Parasitaemia was determined by well-trained
microscopists from the Research Centre in Tropical
Medicine. Plasmodium vivax mono-infection was con-
firmed by PCR, as previously described [16]. Haemato-
logical parameters were measured using an automated
blood cell counter (ABX Pentra 90; Horiba Diagnostics,
Kyoto, Japan) (Table 1). HIV, dengue and hepatitis test-
ing was performed in all samples in order to exclude
coinfections or comorbidities.

Ethics statement
This study was approved by the Ethics Committee of
the Research Centre in Tropical Medicine (CAAEs:
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0008.0.046.000-11, 0449.0.203.000-09), and written in-
formed consent was obtained from all participants.

Blood samples

Peripheral venous blood was collected in tubes containing
EDTA and heparin. The blood collected with EDTA was
used to confirm the diagnosis (P. vivax mono-infection)
by PCR, to determine parasitaemia by microscopy (thick
smears), to evaluate the haematological parameters and
for cell phenotyping. Heparinized blood was used to ob-
tain plasma for the cytokine assay and to obtain peripheral
blood mononuclear cells (PBMCs) for the isolation of
CD4" T cells used to evaluate the apoptosis-associated
gene expression profiles.

Cell phenotyping

The apoptotic profile of the CD4" lymphocyte popula-
tion from both groups was characterized by Annexin
V/FITC and propidium iodide (PI) cell staining (BD
Biosciences, USA) using fresh whole blood. Briefly, the eryth-
rocytes were lysed with ammonium chloride (150 mM) and
washed twice in PBS. The cells were then stained with
PerCP-conjugated monoclonal antibodies specific for CD4
(clone L200) (Becton Dickinson, USA) for 30 minutes
in the dark at room temperature and later stained with
Annexin V/FITC and PI. Phenotypic analyses were
performed by flow cytometry with a FACScan flow
cytometer (BD Biosciences, USA). Data were collected
on 1x10° lymphocytes (gated by forward and side scat-
ter) and analysed using Flow Jo software (Tree Star
Inc., USA).

Table 1 Demographic and haematological parameters of malaria-naive donors and P. vivax-infected donors (Mean + SD)

Parameters Value for group P value*

Malaria-naive donors P. vivax-infected donors

(n=11) (n=20)

Age (years) 34.0 (22-37) 385 (19-61)
Gender
Male 3 14
Female 8 6
Haemoglobin (g/dL) 14.05£035 13.52+£0.29 0.263
Haematocrit 41.27 £0.90 3847 +£0.78 0.028
RBCs (cells/mm’) 4741000 £+ 109300 4724000 + 78940 0.901
WBCs (cells/mm’) 8118+517.30 5475 £358.1 <0.001
Lymphocytes (cells/mm”?) 2650+221.5 1511 £1225 <0.0001
Monocytes (cells/mm?) 177.1£16.18 3514 +£3449 0.001
Granulocytes 5270+ 396.7 3686 + 2580 0.002
Eosinophils (cells/mm?) 179.5+1831 1214+£991 0.006
Platelets (cells/mm’) 246500 + 21290 124100+ 13470 <0.0001

*Statistical differences determined by unpaired t-test.
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Apoptosis pathways

Blood samples from eight P.vivax-infected donors and
three malaria-naive donors were used to evaluate the pos-
sible pathways involved in CD4" T cells apoptosis. PBMCs
were obtained from heparinized blood samples using a
Ficoll density gradient centrifugation method (Histopaque,
Sigma, USA). The blood sample was added gently above
the Histopaque solution and then was centrifuged at 400 g
for 40 minutes. Next, the phase containing the PBMCs
was transferred to another tube, and the cells were washed
twice with RPMI 1640 medium supplemented with 1%
antibiotic (Gibco) and centrifuged at 400 g for 10 minutes.
CD4" T cells were isolated from PBMCs using a positive
selection based by direct magnetic labelling using CD4
microBeads (Miltenyi Biotec, USA) following the manu-
facturer’s instructions. The enriched CD4" T cells were re-
suspended in TRIzol Reagent (Life Technologies) and
stored at — 80°C until further use. Cells were submitted to
subsequent RNA isolation, which was performed follow-
ing manufacturer’s instructions (Life Technologies, USA).
The total RNA was treated with DNAse (Promega) and
was then converted into ¢cDNA using High-Capacity
c¢DNA Reverse Transcription (Applied Biosystems) follow-
ing the manufacturer’s instructions. PCR using primers
for the human GAPDH gene was performed to confirm
the cDNA synthesis.

The evaluation of apoptosis-associated gene expression
profiles was carried out using RT? Profiler PCR Array—
Human Apoptosis (SABioscience), which determines 84
genes involved in different apoptosis pathways. The
qPCR was performed using 30 ng of cDNA per well in
an ABI7500 Real Time PCR System (Applied Biosystem,
USA). The obtained data were analysed using the AACT
method.

Cytokine assay

The plasma TNF level was determined by enzyme-linked
immunosorbent assay (ELISA) (R&D Systems) according
to the manufacturer’s instructions. Biotin-labeled anti-
bodies were used for detection, then revealed with
streptavidin-HRP (Amersham Biosciences, USA) and the
OPD substrate system (Sigma). The colorimetric reac-
tion was read in an automated ELISA microplate reader
at 492 nm. The cytokine concentration was calculated
from the standard curve using seven-parameter curve
fitting software (SOFTmaxH Pro 5.3, Molecular Devices,
USA), and the results were expressed in pg/mL. The
limit of detection for the assay was 15.6 pg/mL.

Statistical analysis

Statistical analyses were carried out using Prism soft-
ware 5.0 for Windows. Initially, the Kolmogorov-Smirnoff
test was applied to verify whether the obtained data repre-
sent a normal distribution. The unpaired t-test or
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Mann-Whitney test was applied according to the data
distribution. Grubb’s test was also used to verify out-
liers. A P-value < 0.05 was considered significant.

Results

Plasmodium vivax infection leads to leukopaenia,
lymphocytopaenia and other haematological alterations
Previous reports have shown that malaria infection leads
to alterations in haematological parameters during acute
clinical episodes [5,7-9]. Consistent with these data, the
analysis of haematological parameters revealed that P.
vivax-infected donors had a significant reduction in the
number of leukocytes (p = 0.0002) and lymphocytes (p <
0.0001) compared with malaria-naive donors. Reductions
in granulocytes (p = 0.002), eosinophils (p = 0.006), plate-
lets (p<0.0001) and haematocrit (p =0.028), as well as
an increase in monocytes (p = 0.001), were also observed
(Table 1).

Plasmodium vivax infection induces apoptosis of CD4" T
cells

To determine whether the reduction in the number of
lymphocytes was due to apoptosis of CD4" T cells, whole
blood samples of both P. vivax-infected donors and
malaria-naive donors were stained with Annexin-V, PI and
anti-CD4 antibody (Figure 1A). The results showed an in-
crease in the percentage of CD4" T cells in early apoptosis
(Annexin V") in P. vivax-infected donors (3.11%)
compared to malaria-naive donors (0.34%) (p <0.0001,
Figure 1B). Analysis of CD4" T cells also demonstrated
that P. vivax-infected donors had a higher percentage of
circulating cells in late apoptosis (Annexin V'/PI")
(14.86%) compared to malaria-naive donors (1.29%) (p <
0.0001, Figure 1C). Flow cytometric analysis of non-CD4
T cells and monocytes demonstrated a significant increase
in the percentage of cells in early apoptosis (Annexin V")
in P. vivax-infected donors (2.03% and 1.93%, respectively)
compared to malaria-naive donors (0.99% and 0.14%, re-
spectively) (p <0.0001 for both, see Additional file 1). No
differences were observed in the frequency of non-CD4 T
cells and monocytes in late apoptosis for P. vivax infected
individuals (0.50% and 0.72%, respectively) when com-
pared to malaria-naive donors (0.27% and 0.41%, respect-
ively). On the other hand, further analysis focusing in
granulocytes demonstrated a significant decrease of fre-
quency of cells in late apoptosis in P. vivax-infected do-
nors (1.99%) compared to malaria-naive donors (7.85%)
(p = 0.0009 for both, see Additional file 1).

Gene expression profiles indicate that P. vivax infection
induces apoptosis in T CD4™ cells by both extrinsic and
intrinsic pathways

The observation that P. vivax infection induces apop-
tosis in CD4" T cells prompted us to examine the
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possible pathways involved in this process. Thus, enriched
CD4" T cells (average 99.5%, see Additional file 2) were
evaluated for apoptosis-associated gene expression profiles
(Figure 2A).

Analysis of 84 genes involved in different pathways of
apoptosis showed differential expression of 10 genes in P.

vivax-infected patients in comparison to malaria-naive do-
nors. These genes were separated into three groups based
on extrinsic or intrinsic pathways and apoptosis inhibitors
(Figure 2B, C and D, respectively). A significant increase
was observed in the gene expression of TNFRSF1B (3.40;
p =0.026), an important death receptor expressed on the
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they were involved in: extrinsic pathway (B), intrinsic pathway (C) and apoptosis inhibitors (D). Bars represent fold regulation of genes in CD4" T cells
from P. vivax-infected individuals in relation to the control group (malaria-naive donors) with statistically significant results. Statistical analyses were
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T cell surface. On the other hand, CD40L gene, which in-
teracts with the CD40 receptor, and TNFRSF25, both of
which are expressed on the cell surface, were down-
regulated (p <0.0001 and p =0.028, respectively). Consid-
ering that the Bcl-2 family contains pro and anti-apoptotic
members, different levels of expression (up- and down-
regulation) were observed. While Bid expression was in-
creased 5-fold in P. vivax-infected individuals (p = 0.005),
Bcl-2 was 10-fold less expressed (p < 0.0001) in the same
donors. The genes involved in PIDDosome pathway (tp53
and caspase-2) were significantly down-regulated in P.
vivax malaria (p = 0.042 and p = 0.030; respectively). Some
genes encoding inhibitors of apoptotic proteins (IAPs),
also called Baculoviral inhibitors of apoptosis repeat con-
taining (Birc), were also down-regulated.

Plasma levels of TNF are higher in P. vivax-infected
donors

After observing a higher expression of TNFRSF1 in indi-
viduals infected with P. vivax, the plasma levels of
tumour necrosis factor (TNF) was determined. The re-
sults indicate that P. vivax-infected individuals had
higher levels of plasma TNF compared to malaria-naive
donors (p <0.001, Figure 3), suggesting that P. vivax-in-
fected individuals have more probability in activating the
apoptosis cascade.

Discussion

A better understanding in the apoptosis mechanisms in-
duced by the P. vivax may be important to clarify the
modulation of the human immune response. During vivax
malaria, apoptosis is moslty found in CD4" T cells with a
minor contribution of monocytes and non-CD4 T cells,
which present significant frequency of cells in early apop-
tosis. These data suggest that the leukopaenia and
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lymphocytopaenia observed in P. vivax-infected individ-
uals is associated to apoptosis of CD4" T cells. Moreover,
P. vivax-infected individuals had higher levels of plasma
TNF and increased gene expression of TNFRSF1B (death
receptor) and Bid (proapoptotic protein), and decreased
gene expression of Bcl-2 (anti-apoptotic protein).

Apoptosis is a cell death process tightly regulated that
may be triggered by different stimuli. Extrinsic stimuli
(TNF, FasL, TRAIL) can activate the apoptosis cascade
through death receptor expressed on the cell surface, such
as TNFR, Fas and TRAIL-R (extrinsic pathway) [17].

On the other hand, apoptosis can also be activated by
intrinsic stimuli caused by oxidative stress, leading to
alterations on mitochondrial membrane (intrinsic path-
way) [18]. The activation of intrinsic pathway initiated
by permeabilization of the outer mitochondrial mem-
brane provoked by pro-apoptotic proteins members of
Bcl family followed by the release of pro-apoptotic fac-
tors (cytochrome C, Smac/DIABLO, AIF) from the
mitochondrial intermembrane space in the cytoplasm,
resulting in downstream activation of caspase-9 [18,19].
Regardless of the stimuli origin both pathways culmin-
ate in the activation of cysteine aspartyl protease 3 (cas-
pase-3), caspase-6 and caspase-7, which results in
chromatin condensation and DNA fragmentation.

Following the binding of TNF to its death receptor
TNFR1, and subsequent recruitment of the TNF-
associated death domain (TRADD) adapter protein, two
events can occur: (i) activation of pro-inflammatory and
potentially pro-tumor survival pathways through NF-«B,
JNK and p38 or (ii) induction of apoptotic cell death via
recruitment of Fas-associated death domain (FADD) and
caspase-8 activation, culminating in the activation of
caspase-3 [20,21]. Thus, death receptor signaling, despite
its name, can either induce cell death by apoptosis or acti-
vate non-apoptotic cell signaling pathways.

Although some studies have linked the occurrence of T
lymphocyte apoptosis with high levels of soluble Fas lig-
and (sFasL) in human malaria, the involvement of the Fas/
FasL system has not been observed in experimental
models of malaria [10,22]. Thus, unlike the studies that
suggest the involvement of Fas/FasL in the lymphocyto-
paenia observed in patients with P. falciparum malaria, no
increased expression of Fas and FasL genes in the CD4" T
lymphocytes of patients with P. vivax malaria was ob-
served, similar to what had been found in malaria mouse
models. In these experimental studies, apoptosis of
Plasmodium-specific CD4" T cells was associated with
IFN-y. In a mouse model of malaria using P. berghei,
the parasite ortholog of macrophage migration inhibi-
tory factor (PMIF) induced the upregulation of T-bet
and IFN-y and the downregulation of IL-7R, IL-7, IL-2
and Bcl-2 in T cells specific for the parasite [22]. These
CD4" T cells showed increased susceptibility to
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apoptosis and were associated with low expression of
Bcl-2, but not with Fas/FasL signaling. Importantly, pa-
tients with P. falciparum cerebral malaria also had
higher levels of serum PMIF compared with patients
with uncomplicated malaria [22].

The results demonstrate that CD4" T lymphocytes from
patients infected with P. vivax malaria have increased ex-
pression of TNFR1 and Bid and decreased expression of
anti-apoptotic Bcl-2 mRNA. Bcl-2 is an anti-apoptotic
protein that exerts its action through interaction with pro-
apoptotic proteins such as Bcl-2 associated X-protein
(Bax) and Bcl-2 homologous antagonist killer (Bak), inhi-
biting their activity. Moreover, Bid is a pro-apoptotic pro-
tein that exerts its action directly activating Bax/Bak,
culminating in cell apoptosis. Therefore, the reduction in
the expression of Bcl-2 and the increase in the expression
of Bid may lead to increased pro-apoptotic signaling in ac-
tivated CD4" T cells [23]. A signaling amplification loop is
activated when caspase-8 levels are insufficient to activate
caspase-3. Under these circumstances, caspase-8 cleaves
Bid, yielding tBid (truncated Bid), which translocates to
the mitochondria and directly activates Bax/Bad for pore
formation, increasing the permeability of the mitochon-
drial outer membrane and culminating in apoptosis
[20,21,23].

Apoptosis signaling pathways can be categorized into
two types: (i) type I, mediated by TNFR1, with activation
of caspase-3 by caspase-8 or by tBid, and (ii) type II, reg-
ulated by anti-apoptotic Bcl-2 proteins, which inhibit the
function of pro-apoptotic proteins (such as Bax and
Bad) to block apoptosis mediated by tBid or XIAP pro-
tein (inhibitor of caspase-9 activation — BIRC 4) [21].
Another important death receptor expressed on the cell
surface is TNFRSF25 (also known as DR3), which is acti-
vated by TL1A [20].

The results showed that P. vivax-infected donors dis-
played decreased expression of TNFRSF25, suggesting
that this gene is not involved in the apoptosis induced
by P. vivax. Similar result was observed with CD40L, in-
dicating no activation of CD40 signaling.

In addition to apoptosis activated by death receptors
(extrinsic pathway) and mitochondria (intrinsic path-
way), an alternative way to induce apoptosis has been
proposed involving a protein called PIDD (p53-induced
protein with death domain). This pathway, named PID-
Dosome, has been implicated in p53-dependent activa-
tion of caspase-2 in response to genotoxic stress [19].
The results showed a reduction in the gene expression
of p53 and caspase-2 in malaria-infected individuals,
suggesting that this pathway is not involved in P. vivax-
induced apoptosis.

In the present study, it was observed a significant re-
duction in the gene expression of BIRC 2, 3 and 6 in P.
vivax-infected donors, suggesting that these inhibitors of
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apoptotic proteins are not inhibiting the caspase path-
way, thus contributing to apoptosis. The [APs are an im-
portant group composed of eight proteins (BIRC 1-8)
with anti-apoptotic roles involved in the caspase path-
way. The BIRC family can be divided into two groups:
BIRCs that act directly on caspases (BIRC 1-4, 7 and 8)
and BIRCs that act in mitotic spindle formation (BIRC 5
and 6) [24]. On the other hand, pro-apoptotic molecules
released from mitochondria (Smac/DIABLO and Omi/
HtrA2) are capable of neutralize IAPs binding in BIRC
2, 3, 4, 5 or 6 through IAP-binding motif presents in the
their N-terminal region [18].

Finally, it was detected an increase in the plasma levels
of TNF in P. vivax-infected donors in comparison with
malaria-naive donors. This finding is consistent with
prior studies that have shown higher levels of TNF in
the plasma of individuals infected by P. vivax [9,25,26]
and suggest that P. vivax-infected individuals, which
present with elevated plasma levels of TNF and in-
creased expression of TNFR1, might likely have in-
creased activation of the apoptosis cascade via the TNF
pathway. Taken together, the results indicate that in-
creased CD4" T lymphocyte apoptosis during P. vivax
malaria is mediated by either up-regulation of the
TNFR1 pathway involving the Bid amplification loop
(type I) and down-regulation of anti-apoptotic Bcl-2 sig-
naling (type II). While T lymphocyte apoptosis might en-
able parasite persistence by limiting the occurrence of
immunopathology, further studies are still required to
determine whether this mechanism reflects a homeo-
static host response against the presence of the parasite
or whether it might reflect an immune evasion strategy
triggered by the parasite.

Additional files

Additional file 1: Flow cytometric analysis of apoptosis of CD4" T cells.
Percentage of non-CD4 T cells (A), monocytes (B) and granulocytes (C) in early
and late apoptosis from malaria-naive donors and P. vivax-infected donors.
Mann-Whitney test was used for comparison. Bars represent the median.

Additional file 2: Enrichment of T CD4" lymphocytes from PBMCs.
Representative example of gating strategy used to characterize CD4* T cells
after enrichment by magnetic activated cell sorting. In the left panel, flow
cytometry pattem (FSC x SSC) of PBMGs. In the right panel, proportion of T
CDA4* cell in reqular PBMCs, after cell separation and in the CD4-depleted
fraction. Data were collected on 1x10” lymphocytes (gated by forward and
side scatter) and analysed using Flow Jo software (Tree Star Inc, USA).
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Abstract

Background: For a long time, the role of CD8" T cells in blood-stage malaria was not considered important because
erythrocytes do not express major histocompatibility complex (MHC) class | proteins. While recent evidences suggest
that CD8" T cells may play an important role during the erythrocytic phase of infection by eliminating parasites, CD8"
T cells might also contribute to modulate the host response through production of regulatory cytokines. Thus, the role
of CD8" T cells during blood-stage malaria is unclear. Here, we report the phenotypic profiling of CD8* T cells subsets
from patients with uncomplicated symptomatic P. vivax malaria.

Methods: Blood samples were collected from 20 Plasmodium vivax-infected individuals and 12 healthy individuals.
Immunophenotyping was conducted by flow cytometry. Plasma levels of IFN-y, TNF-a and IL-10 were determined by
ELISA/CBA. Unpaired t-test or Mann-Whitney test was used depending on the data distribution.

Results: P. vivax-infected subjects had lower percentages and absolute numbers of CD8*CD45RA* and CD8*CD45RO*
T cells when compared to uninfected individuals (p < 0.0002). A significantly lower absolute number of circulating
CD8"CD45"CCR7* cells (p =0.002) was observed in P. vivax-infected individuals indicating that infection reduces the
number of central memory T cells. Cytokine expression was significantly reduced in the naive T cells from infected
individuals compared with negative controls, as shown by lower numbers of IFN-y* (p=0.001), TNF-a* (p < 0.00071)
and IL-10* (p < 0.0001) CD8* T cells. Despite the reduction in the number of CD8* memory T cells producing IFN-y
(p <0.0001), P. vivax-infected individuals demonstrated a significant increase in memory CD8*TNF-a* (p=0.016) and
CD8'IL-10" (p= 0.004) cells. Positive correlations were observed between absolute numbers of CD8*IL-10" and
numbers of CD8*IFN-y* (p < 0.001) and CD8*TNF-a* T cells (p < 0.0001). Finally, an increase in the plasma levels of
TNF-a (p=10.017) and IL-10 (p=0.006) and a decrease in the IFN-y plasma level (p <0.0001) were observed in the
P. vivax-infected individuals.

Conclusions: P. vivax infection reduces the numbers of different subsets of CD8" T cells, particularly the memory cells,
during blood-stage of infection and enhances the number of CD8" memory T cells expressing IL-10, which positively
comelates with the number of cells expressing TNF-a and IFN-y.
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Background

Human malaria is caused by protozoa that belong to the
genus Plasmodium, mainly P. falciparum and P. vivax. In
Brazil, the Amazon region is endemic for malaria, and there
is a high prevalence of P. vivax malaria (85% of cases),
which has elevated the morbidity rate [1]. For malaria, nat-
urally acquired protective immunity (lower risk of disease/
lower parasitemia/asymptomatic disease) can be achieved
only after repeated infections [2] and does not confer sterile
immunity. For example, even though naturally acquired im-
munity protects against symptomatic malaria, a recent
study on individuals living in the Mali endemic area found
no evidence of acquired sterile immunity to P. falciparum
infection [3].

B cells and CD4" T lymphocytes play an important pro-
tective role during the blood stage of malaria infection [4],
and CD8" T cells play a critical role in pre-erythrocytic
immunity. Studies using experimental models have shown
that these cells directly promote the lysis of infected hepa-
tocytes and parasite death, and these events are mediated
by IFN-y, perforin and granzyme B [5]. For a long time,
the role of CD8" T cells in the blood stage of malaria was
considered minor because erythrocytes do not express
major histocompatibility complex (MHC) class I proteins
[6,7]. Very few studies focusing on the function of CD8" T
cells during blood-stage infection have been reported be-
cause there is some agreement among researchers that
these cells only play an important role in the liver-stage
of malaria. However, recent studies have suggested that
CD8" T cells may play a role in eliminating parasites dur-
ing the blood stage of infection [8,9]. An increase in the
number of effector memory CD8" T cells in response to
infection with lethal P. yoelli was observed in recipient
mice that received CD8" T cells from immune mice [8].
Using animals genetically deficient for PD-1 (a molecule
with particular importance in cell exhaustion), it was
shown that there is a loss in the number and functional
capacity of CD8" T cells during the acute phase of P. cha-
baudi malaria, which is mediated by PD-1 [9].

Several studies have shown that there is a reduction in
the percentage and/or absolute number of CD8" T cells in
the peripheral blood during acute P. falciparum or P. vivax
infection [10-14], and these reductions have been attributed
to the apoptosis of these cells [15,16], the reallocation of T
cells to sites of inflammation [12,17] or other factors such
as the suppression of CD8" T cells induced by sporozoites
or infected red blood cells [18]. In regard to P. vivax infec-
tion, however, reports have shown that there is no signifi-
cant difference in the percentage of CD8" T cells during an
acute malaria infection compared with that in uninfected
individuals [19,20].

Considering the existing controversy regarding the role
of CD8" T cells during blood-stage infection, this study
was conducted to quantify and evaluate the phenotypic
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profiling of these cells during uncomplicated symptomatic
P. vivax malaria infection. We show that there are reduced
percentages and absolute numbers of CD8" naive (CD4
5RA"), double-positive (CD45RA"CD45R0O") and memory
(CD45RO") T cells. Additionally, statistically significant
increases in the number of CD8" memory (CD45RO") T
cells expressing TNF-a and the number of CD8" memory
(CD45RO") T cells expressing IL-10 were observed in
P. vivax-infected donors, and a reduced absolute number of
these cells expressing IFN-y was also observed. Taken to-
gether our results suggest that P. vivax malaria infection re-
duce the number of circulating memory cells and elicit a
profile of CD8" T cells expressing both pro-inflammatory
and anti-inflammatory cytokines, which might contribute to
the clearance of the parasite without the possible harmful ef-
fect of the immunopathology.

Methods
Study participants and blood samples
A total of 20 subjects naturally infected with Plasmodium
vivax (P. vivax-infected donors) and with uncomplicated
symptomatic malaria were recruited at the Centro de
Pesquisa em Medicina Tropical (Porto Velho, Rondénia—
Brazil). These subjects had at least one previous malaria
episode. The control group consisted of 12 healthy individ-
uals (malaria-naive donors) with no previous malaria ex-
posure recruited from a non-endemic area (Belo Horizonte,
Minas Gerais—Brazil). The demographic and hematological
characteristics of the subjects are shown in Table 1. The
parasitological diagnosis of P. vivax infection was conduc-
ted by thick smears technique, which was analyzed by well-
trained microscopists from the Centro de Pesquisa em
Medicina Tropical. The parasitemia was established in crosses
and ranged from % + to 3+. Polymerase chain reaction (PCR)
was performed to confirm P. vivax mono-infection using a
previously described protocol [21]. Hematological param-
eters were measured using an automated blood cell coun-
ter (ABX Pentra 90; Horiba Diagnostics, Kyoto, Japan).
Peripheral venous blood was collected in heparin tubes
before beginning the antimalarial treatment. These blood
samples were used for cell phenotyping and to obtain
plasma for the cytokine assay.

Ethics statement

The present study was approved by the Ethics Committee
of the Centro de Pesquisa em Medicina Tropical (CAAEs:
0008.0.046.000-11, 0449.0.203.000-09) and the Ethics Com-
mittee of the Universidade Federal de Minas Gerais (CAAE:
27466214.0.0000.5149). Written informed consent was ob-
tained from each participant.

Flow cytometric analysis

The CD8" T cell analysis was conducted using four-color
flow cytometry. Cell phenotyping was performed using

57



Hojo-Souza et al. BMC Infectious Diseases (2015) 15:35

Page 3 of 9

Table 1 Demographic and hematological parameters of malaria-naive donors and P. vivax-infected donors (mean + SD)

Parameters Value for group P value*
Malaria-naive donors P. vivax-infected donors
(n=11) (n=20)
Age (years) 29.6 (23-36) 37.1 (19-72)
Gender
Male 9 15
Female 3 5
Hemoglobin (g/dL) 14.28+1.76 1352+£1.21 0.138
Hematocrit (%) 44.00+4.67 3839+3.16 0.0006
RBCs (cells/mm?) 4980000 + 580000 4630000 + 510000 0.138
WBCs (cells/mm?) 7958 £ 2700 5900 £ 2235 0.014
Lymphocytes (cells/mm?) 2306+ 8614 1583 £ 1558 0.002
cpsg’ 8424 £320.1 3528+205.2 <0.0001
Monocytes (cells/mm?) 1543+£1208 298.7 £1833 0.018
Granulocytes 5293 + 2409 3686 + 1064 0.049
Eosinophils (cells/mm?) 2257 +98.75 1152+ 80.76 0.002
Platelets (cells/mm?) 233300+ 78170 124100 + 55550 0.0001

*Statistical differences determined by unpaired t-test. In bold significant P-values.

the following monoclonal antibodies: FITC anti-human
CD8 (clone HIT8a); PE anti-human IFN-y (clone F12),
TNF-a (clone MAb11), IL-10 (clone JES3-9D7), CCR7
(clone 3D12) and CD62L (clone DREG-56); PE-Cy5 anti-
human CD45RO (clone UCHL1) and APC anti-human
CD45RA (clone HI100). Briefly, 100 pL of fresh whole
blood samples were incubated with undiluted surface mono-
clonal antibodies for 30 minutes at room temperature under
dark conditions. Next, the erythrocytes were lysed with am-
monium chloride (150 mM) for 10 minutes and washed
twice in PBS-W (0.5% BSA, 0.1% sodium azide). Cells were
then permeabilized with PBS-P (0.5% BSA, 0.1% sodium
azide, 0.5% saponin) for 10 minutes and washed twice with
PBS-W. The cells were stained with undiluted intracellular
monoclonal antibodies for 30 minutes at room temperature
under dark conditions, washed with PBS-W and fixed with
FACS fixation solution (10 g/L paraformaldehyde, 10.2 g/L
sodium cacodylate, 6.65 g/L sodium chloride) for at least
15 minutes at 4°C. Phenotypic analyses were performed
using flow cytometry in a FACSCalibur flow cytometer (BD
Biosciences, USA). Data were collected on 1x10° lympho-
cytes (gated by forward and side scatter) and analyzed using
Flow Jo software (Tree Star Inc,, USA). The gating strategy
used to characterized CD8" T cells subsets was showed in
Additional file 1.

Cytokine assay

The plasma levels of IFN-y and TNF-a were determined
by enzyme-linked immunosorbent assay (ELISA) (R&D
Systems) according to the manufacturer’s instructions.
Biotin-labeled antibodies were used for detection and

revealed with streptavidin-HRP (Amersham Biosciences,
USA) and the OPD substrate system (Sigma). The colori-
metric reaction was read using an automated ELISA micro-
plate reader at 492 nm. The cytokine concentration was
calculated from the standard curve using seven-parameter
curve fitting software (SOFTmaxH Pro 5.3, Molecular De-
vices, USA), and the results were expressed in pg/mL. The
limit of detection for the assay was 15.6 pg/mL for both cy-
tokines. The IL-10 plasma level was determined using a cy-
tometric bead array (CBA) (BD Bioscience) according to
the manufacturer’s instructions. The data was collected
with a FACSCan flow cytometer (BD Biosciences, USA),
and the results were expressed in pg/mL. The limit of de-
tection of the assay was 4.5 pg/mL.

Statistical analysis

Statistical analyses were conducted using the Prism soft-
ware 5.0 for Windows. Initially, the Kolmogorov-Smirnoff
test was applied to verify whether the obtained data repre-
sent a normal distribution. Grubb’s test was used to verify
the outliers. The unpaired t-test or Mann—Whitney test
was used depending on the data distribution. A P-value
<0.05 was considered significant.

Results

Subsets of CD8" T cells are reduced during the blood
stage of P. vivax malaria

During symptomatic P. vivax infection, the frequency and
absolute number of CD8" naive T cells (CD45RA") are re-
duced (9.3%; median = 134.5 cells/mm?) compared with
those in uninfected individuals (13.6%; median=324.0
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cells/mm?) (p =0.0002). A similar result was found for
the CD8" memory T cells (CD45RO") from P. vivax-in-
fected donors (2.5%; median = 33.0 cells/mm?) compared
with the malaria-naive donors (11.8%; median =212.5
cells/mm?) (p <0.0001). An analysis of the double-positive
CD8"CD45RA"CD45RO" T cells also showed that the ab-
solute number of these cells was significantly reduced in
the P. vivax- infected donors (median=59.5 vs. 146.0
cells/mm?) (p =0.007) (Figure 1).

Central memory CD8" T cells are reduced during

P. vivax infection

According to the expression patterns of the CCR7 and
CD62L surface markers, the memory T cells can be sep-
arated into central memory (CD45RO"CCR7"/CD62L")
and effector memory (CD45RO'CCR7 /CD62L") cells
[22]. As shown in Figure 2, P. vivax infection reduced
the number of CD8'CD45RO"CCR7" compared with
those in malaria-naive donors (median =27.0 vs. 274.0
cells/mm?®), whereas there were no significant differ-
ences in CD8"CD45RO"CD62L" (median = 30.5 vs. 14.0
cells/mm?®) central memory T cells (p=0.002 and p =
0.120, respectively). No difference was observed in the
number of CD8'CD45RO"CCR7  (p=0.137) effector
memory T cells. Despite the statistically significant re-
sult for the difference in the CD8"CD45RO"CD62L" T
cell number (p <0.0001) between P. vivax-infected do-
nors and malaria-naive donors, the number of these
cells was too low for this result to be meaningful (me-
dian = 1.0 vs. 16.0 cells/mm?).

CD8" naive T cells of P. vivax patients present a
phenotypic cytokine profile similar to that of
malaria-naive donors

P. vivax-infected donors presented lower numbers
of CD8" naive T cells IFN-y" (median=113.0)
compared with the negative controls (median=224.5
cells/mm?® (p=0.001). Similar results were observed
for the CD8'CD45RA"TNF-a" (median = 87.0 vs. 255.0
cells/mm?® and CD8'CD45RA'IL-10" cells (median =
91.0 vs. 280.5 cells/mm?) (Figure 3A). Although the abso-
lute numbers of these naive T cells were lower in the
P. vivax-infected donors, the phenotypic profiles of cyto-
kine expression were very similar.

CD8" double-positive and memory T cells expressing
TNF-a and IL-10 are enhanced during the blood stage of
P. vivax malaria

In the P. vivax-infected donors, a reduced number of
double-positive T cells (CD8'CD45RA"CD45R0O") express-
ing IFN-y (p =0.007) was observed. On the other hand, the
number of these CD8" T cells expressing either TNF-a* or
IL-10" tended to increase in the P. vivax-infected donors
(Figure 3B). Despite the reduced number of CD8" memory
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\, 4

T cells (CD8'CD45R0O") that expressed [FN-y" (p < 0.0001),
the P. vivax-infected donors presented a significant increase
in the number of memory CD8" T cells expressing either
TNF-a" (p=0.016) or IL-10" (p = 0.004) (Figure 3C), which
suggests that a different immune response occurs during
blood—stage malaria infection.
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Absolute number of IL-10-producing CD8" T cells
correlates with the number of CD8" T cells expressing
IFN-y and CD8" T cells expressing TNF-a during P. vivax
infection

The naive, double-positive and memory CD8" T cell
subsets expressed pro- and anti-inflammatory cytokines,
such as IFN-y, TNF-a and IL-10. Therefore, we assessed
the correlation between the numbers of CD8'IL-10" T
cells and CD8" T cells with a pro-inflammatory pheno-
type among the different subsets of CD8" T cells. Posi-
tive correlations between the absolute number of CD8
"IL-10" T cells and the numbers of CD8'IFN-y" (p <
0.001) and CD8"TNF-a" T cells (p < 0.0001) were found,
and these correlations were independent of the subset
type (naive, double-positive and memory cells)
(Figure 4A-C).

The analysis of ratio between production of pro-
inflamatory (IFN-y and TNF-a) and anti-inflammatory
(IL-10) cytokines by T CD8" cells in the different sub-
sets are showed in Figure 5. No significant differences
between P. vivax patients and naive donors were de-
tected in the ratio of TNF-a and IL-10 for all CD8" T
cell subsets. On the other hand, P. vivax malaria pa-
tients presented a significant descrease in the [FN-y/IL-
10 ratio in double-positive (CD45RA"CD45RO") and
memory (CD45RO") CD8" T cells when compared to
control individuals, indicating a immunomodulatory
profile during infection.

Plasma levels of IFN-y, TNF-a and IL-10 in P. vivax-infected
donors

After evaluating the cytokine expression patterns in CD8"
naive, double-positive and memory T cells, we investigated
the plasma levels of IFN-y, TNF-a and IL-10 in both donor
groups. P. vivax infection promoted an increase in the
plasma levels of TNF-a (p=0.017) and IL-10 (p=0.006)
and a reduction in the plasma level of IFN-y (p <0.0001)
(Figure 6). These results are consistent with the phenotype
of the CD8" memory T cell population regarding the ex-
pression of these cytokines (Figure 3C).

Discussion

Although studies have shown that the percentage and/or
absolute number of CD8" T cells are reduced during hu-
man malaria infection, the phenotypic and functional pro-
file of these cells remain poorly characterized. Using cell
surface and intracellular cytokine markers, this study aimed
to identify the occurrence of different subsets of CD8" T
cells in individuals naturally infected with P. vivax during
an uncomplicated symptomatic infection. For this study,
blood samples obtained from patients with a P. vivax mal-
arial infection and malaria-naive donors were stained with
specific monoclonal antibodies.

Our results demonstrate that during blood-stage P.
vivax infection, there is a significant reduction in the per-
centages and absolute numbers of CD8" naive (CD45RA ")
and memory (CD45RO") T cells (Figure 1A and 1C). As
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previously discussed in the Introduction section, a number
of reports have shown an overall reduction in the number
of CD8" T cells during an acute malaria infection in
humans [10-14]. Other studies, however, have reported
conflicting findings [19,20]. Several hypotheses have been
proposed to explain the reduction in CD8" T cell number.
An interesting experimental study showed that the re-
sponse of CD8" T cells induced by irradiated sporozoites
of P. yoelli in Balb/c mice is abrogated by either the simul-
taneous injection of nonirradiated sporozoites or the dir-
ect inoculation of blood-stage forms of the parasite [18].
Therefore, it is possible that the low number of CD8" T
cells observed during P. vivax malaria is caused by
parasite-induced suppression. As an alternative possibility,
Horne-Debets et al. (2013) proposed that this low number
could be the result of exhaustion and a loss of CD8" T
cells mediated by Programmed Cell Death-1 (PD-1).
Apoptosis [15,16] and the temporary reallocation of these
cells to the liver and other tissues are additional alternative
mechanisms that should also be considered [12,17].

Furthermore, using the CCR7 and CD62L surface
markers [22], the reduced number of CD8'CD45RO" T
cells presented a central memory profile (Figure 2A). Ef-
fector memory cells migrate to tissues [22], and it is
possible that the extremely low number of these cells
circulating in the blood may reflect an earlier liver stage
of infection. Importantly, despite the overall reduction
in CD8" T cells during P. vivax malaria, significant
relative increases in the numbers of CD8"TNF-a" and
CD8'IL-10" in the memory (CD45RO") cell subsets were
observed (Figure 3C), which suggests that the functional
response may be different during a malaria infection.
Given that double-positive (CD8'CD45RA"CD45R0O")
T cells may represent a transition to form memory
(CD8'CD45R0O") T cells, the increasing trend in the
number of IL-10" cells observed in P. vivax malaria pa-
tients may indicate the induction of a mostly immuno-
regulatory profile during the blood stage of this
disease, as also corroborated by the analysis of the ratio
between pro- and anti-inflammatory cytokines. Indeed,
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the number of these IL-10" cells was positively corre-
lated with the number of cells expressing IFN-y and
the number of cells expressing TNF-a. Moreover, these
cell profiles are consistent with the plasma cytokine
levels observed during blood-stage infection in these
patients. The higher plasma levels of TNF-a and IL-10
observed in the P. vivax-infected donors are consistent
with the results reported in other previous studies
[23-25]. While the results might suggest that CD8" T
cells may contribute to the broad systemic changes
during acute infection, it is not possible, however, to
know whether these cells contribute to cytokine secre-
tion at this stage because the number of effector cells
was very low. Further studies using experimental
models focusing in the depletion of specific cell popu-
lations should be carried out in order to support the
importance of these cells to the broad systemic

changes in the host. Conversely, the profile of the
memory cells may reflect a previous exposure to the
pre-erythrocytic stage antigen. From this perspective, a
more immunoregulatory profile may explain the diffi-
culty in achieving sterile immunity [3,6].

Conclusion

Taken together, our results highlight the following two
important findings: i) there is a significant reduction in
specific subsets of CD8" T cells, and particularly in
memory cells, during the blood stage of a P. vivax in-
fection; and ii) there are relatively high numbers of
cells expressing IL-10 in the memory CD8" T cell sub-
sets, which positively correlates with the number of
cells expressing TNF-a and the number of cells
expressing IFN-y. The results suggest that these CD8" T
cells co-expressing both pro-inflammatory and anti-
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IFN-y and TNF-a were determined by ELISA, IL-10 was determined by
cytometric bead amay ((BA) in malaria-naive donors (n=12) and

P. vivax-infected donors (n = 17). A. IFN-y. B. TNF-c. €. IL-10. Mann-Whitney
test was used for comparison and the result was expressed as the median

produced by CD8" T cells. Results represent the ratio between
pro-inflammatory (IFN-y or TNF-0) and anti-inflammatory (IL-10) cytokine
production in malaria-naive (n = 12) and P. vivax-infected donors (n=17).
A naive CD45RATCD8" T cells. B. double-positive CD45RA"CD45R0O!
(D8" T cells. C. memory (D45RO'CD8" T cells. Mann-Whitney test was
used for comparison and the result was expressed as the median with
interquartile range.

with interquartile range. P values are indicated in the graphs.

inflammatory cytokines might contribute to the clearance
of the parasite and prevent the immunopathology con-
ferred by the excessive pro-inflammatory response. Add-
itional studies are required to determine whether the
phenotypic profiles observed represent a homeostatic
immune response that benefits the host, by preventing
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immunopathology, or a response that is harmful due to
the formation of immunomodulatory memory that
would allow the persistent presence of the parasite.

Additional file

Additional file 1: Figure S1. Gating strategy to determination of CD&"
T cell subsets. Representative dot plots as example of gating strategy
used to characterize CD8" T cells. (A) Flow cytometry pattem (FSC x SSQ
of whole blood and gate on lymphocytes (B) Frequency of CD8" T cells.
(O) Representative dot plots showing the frequency of naive (CD45RAY),
double-positive (CD45RA*CD45R0™) and memory (CD45R0™) CD8™ T
cells. (D) Representative dot plots showing the frequency of memory
cells with expression of CCR7. Data were collected on 1x10” lymphocytes
(gated by forward and side scatter) and analyzed using Flow Jo software
(Tree Star Inc., USA).
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ABSTRACT

Background: yd T cells are subpopulation T lymphocytes that are able to recognize ligand in
an MHC-independent manner. Similar to CD4" T lymphocytes, y8 T cells can display a
phenotypic plasticity with Thl-like and Th17-like phenotype. In humans, Y8 T cells circulating
in the peripheral blood have mainly VyY9V42 phenotype. In addition to a8 T cells, these yo T
subsets can be an important cellular source of pro-inflammatory cytokines during malaria
infection. Studies involving yd T cells during P. vivax infection are scarce and controversial. In
the present study it was investigated the frequency and the phenotypic profile of yd T cells in
P. vivax-infected patients during blood-stage of malaria.

Methods: Eight-color flow cytometry analysis was performed to evaluate the Th1-like and Th-
17-like yd T cells phenotypic profile. PBMCs and plasma samples were obtained from
peripheral blood samples from P. vivax-infected (n=8) and malaria-naive donors (n=7). The
cytokine plasma levels were measured by CBA or ELISA.

Results: P. vivax malaria patients showed reduced absolute number of yo T cells, especially in
the TCRy3"CD27* subset during P. vivax infection. In addition, it was observed decreased
absolute numbers of Thl-like yd T cells (p=0.037) associated with lower IFN-y plasma levels
in P. vivax donors. Despite the higher plasma levels of 1L-17, Th17-like yo T cells were not
detected in peripheral blood of infected individuals.

Conclusions: P. vivax infection reduces the absolute number of v T cells and Thl-like yo T
cells phenotype. Despite the higher IL-17 plasma levels in P. vivax individuals, the results
suggest that this cytokine cellular source is not from yd T cells. The obtained data reinforce the
idea that repeated malaria exposure contributes to the loss of pro-inflammatory response driven

by v8 T cells.
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BACKGROUND

The y3 T cells are a small subpopulation of CD3" cells (1-10%) in peripheral blood of healthy
individuals, mainly Vy9V42 phenotype in adults (50-95%) [1]. These cells are double-negative
(CD4CD8) T lymphocytes, and are able to directly recognize non-peptide antigens and to
respond to phosphorylated metabolic intermediates of bacteria and protozoa (phosphoantigens)
without MHC class | or class Il molecules presentation [2]. In response to phosphoantigen, vy
T cells proliferate and are able to produce cytokines such as IFN-y and TNF-a [3]. yo T cells
development are affected by thymic selection. During development in the thymus, if the y6 T
cells experience TCR-ligand signals, they will produce IFN-y while y6 T cells that do not
receive this signal can produce 1L-17 [4]. The CD27 surface molecule could be used to identify
Th17-like vy T cells, since IL-17-producing yo T cells are restricted to CD27" subset [4,5].

It should be noted that in healthy individuals, most of Vy9Vo2 T cells (50-80%) is Th1-like and
produce IFN-y and TNF-a, but fewer than 1% produce IL-17 [6]. It was shown that the
frequency of IL-17-producing Vy9Veé2 T cells was significantly increased in the peripheral
blood and at site of disease in children affected by bacterial meningitis, suggesting that these
cells may play an important role in the pathogenesis and inflammatory response during the
disease [7].

Previous studies have shown different results on yo T cells responses during human malaria
infection [8-11].

Different y6 T cell responses may be related to both host and parasite factors. Moreover,
repeated clinical malaria episodes can lead to loss and dysfunction of V82" T cells, as

demonstrated in a recent study involving Uganda children with low and high previous malaria
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episodes [12]. In fact, prior investigations had already found no increase in yd T subset during
P. falciparum malaria in patients with chronic exposure to disease, in contrast to higher y6 T
cells frequencies observed in non immune individuals [13,14].

Brazilian Amazon region is endemic for malaria, with high prevalence of P. vivax infection
(84% of cases) [15]. In our knowledge, there is no study of yo T cells during P. vivax infection
in this population. Therefore, in this pilot evaluation, we have analyzed the frequencies and
phenotypic profile of y6 T cells during acute P. vivax infection in patients recruited in Porto
Velho (Ronddnia), an endemic malaria area of Amazon.

Considering the evidences that the number of CD4*IL-17* cells [16] and the plasma levels of
IL-17 [17] were enhanced during P. vivax infection, we decided to investigate the frequency

and characterize phenotypically yd T cells during blood-stage of malaria vivax.

MATERIALS AND METHODS

Ethics Statement

The present study was approved by the Ethics Committee of the Centro de Pesquisa em
Medicina Tropical (CAAEs: 0008.0.046.000-11, 0449.0.203.000-09) and the Ethics Committee
of the Universidade Federal de Minas Gerais (CAAE: 27466214.0.0000.5149). Written

informed consent was obtained from each participant.

Study participants and blood samples collection

Individuals naturally infected by Plasmodium vivax (P. vivax-infected donors, n=8) with
uncomplicated symptomatic malaria were recruited at the Centro de Pesquisa em Medicina
Tropical (Porto Velho, Rondbnia — Brazil). In addition, individuals with no previous malaria
exposure (Malaria-naive donors, n=7) were also recruited, from a non-endemic area (Belo

Horizonte, Minas Gerais — Brazil), composing the control group. The demographic,
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parasitological and symptomatological parameters of the subjects are shown in Table 1. The
parasitological diagnosis of P. vivax infection was performed by well-trained microscopists
from the Centro de Pesquisa em Medicina Tropical using thick smears stained with Giemsa and
confirmed by nested Polymerase Chain Reaction (PCR) as previously described [18].
Peripheral venous blood was collected in tubes containing heparin before beginning the
antimalarial treatment and the samples were used for isolation of peripheral blood mononuclear
cells. The haematological parameters of the subjects were measured using an automated blood

cell counter (ABX Pentra 90; Horiba Diagnostic, Kyoto, Japan) and are shown in Table 2.

Isolation of peripheral blood mononuclear cells

Peripheral Blood Mononuclear Cells (PBMCs) were isolated from 30mL of blood using a
density gradient centrifugation (Histopaque®, Sigma Aldrich). The PBMCs were recovered
and washed twice with RPMI 1640 medium (Sigma Aldrich) supplemented with 1% of
antibiotic-antimycotic solution (Gibco). Then, the cells were resuspended in freezing solution,
comprised of 90% of heat-inactivated fetal bovine serum (FBS) and 10% of dimethylsulfoxide
(DMSO0), at a final concentration of 1x107 cells/mL. The PBMCs were frozen at -80°C and
transported to Belo Horizonte (Minas Gerais — Brazil) in dry ice. The PBMCs samples were

cryopreserved in liquid nitrogen until performing the assays.

Cell surface and intracytoplasmic staining

The PBMCs were thawed in RPMI 1640 medium (Sigma Aldrich) supplemented with 10% of
FBS (Gibco), 1% of antibiotic-antimycotic solution (Gibco) and DNase Il S 2ug/mL
(SigmaAldrich) and washed one time in RPMI 1640 medium (Sigma Aldrich) without DNase.
The obtained cells were stained with trypan blue, counted in Neubauer chamber and

resuspended at a final concentration of 3,5x10° cells/mL. Cells were resting during four hours
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at 37°C in CO? incubator and then, stimulated with Phorbol 12-Myristate 13-Acetate (PMA —
Sigma Aldrich) and lonomycin (Sigma Aldrich) in the presence of BD GolgiPlug (BD
Biosciences) during five hours. Following, the PBMCs were washed in PBS, stained with BD
Horizon™ Fixable Viability Stain 450 (BD Biosciences) during 15 minutes and washed twice
in PBS-W (0.5% BSA, 0.1% sodium azide) and cells surface were stained with monoclonal
antibodies from BD Biosciences: APC-H7 anti-human CD3 (clone SK7), APC anti-human CD4
(clone RPA-T4), PE anti-human CD8 (clone HIT8a), FITC anti-human TCRyd (clone B1) and
V500 anti-human CD27 (clone M-T271), during 30 minutes at room temperature. The PBMCs
were washed twice in PBS-W and incubated with Fixation/Permeabilization solution (BD
Biosciences) during 30 minutes at 4°C and washed twice in BD Perm/Wash™ Buffer (BD
Biosciences). Intracellular staining with monoclonal antibodies from BD Biosciences: PE-Cy7
anti-human IFN-y (clone B27) and Alexa Fluor 700 anti-human IL-17A (clone N49-653) was
performed during 30 minutes at 4°C. The PBMCs were washed again with BD Perm/Wash™

Buffer (BD Biosciences).

Flow cytometric acquisition and analysis

Eight-color flow cytometric acquisition was performed using a BD LSRFortessa™ (BD
Biosciences). Before data acquisition, the cytometer was calibrated with BD™ CompBeads
(BD Biosciences) and the data were acquired using FACSDiva software. For each sample, data
were acquired on total of 200.000 events. The data analyses were peformed using Flow Jo
software (Tree Star) and the gates were established using Fluorescence Minus One (FMO)

controls. The gating strategy used to characterized yd T lymphocytes was showed in Figure 1.
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Cytokine plasma levels assays

Plasma samples were obtained by centrifugation of venous blood samples and stored at -80 °C
until performing the cytokine assays. Enzyme-Linked Immunosorbent Assay (ELISA) was
performed for the measurement of IFN-y (R&D Systems, USA), according to the
manufacturer’s instructions. Biotin-labeled antibodies were used for detection and the assay
was revealed with streptavidin-HRP (Amersham Biosciences, USA) using OPD (o-
Phenylenediamine dihydrochloride) substrate system (Sigma, USA). The colorimetric reaction
was read using an automated ELISA microplate reader (Versamax, Molecular Devices, USA)
at 492 nm. The cytokine concentration was calculated from the standard curve using seven-
parameter curve fitting software (SOFTmax Pro 5.3, Molecular Devices). The limit of detection
was 15.6 pg/mL. Measurement of IL-17 in the plasma samples was conducted using Cytometric
Bead Assay (CBA) (BD Biosciences, USA) according to the manufacturer’s instructions. The
data were collected using a FACSCan flow cytometer (BD Biosciences, USA) and the results

were analyzed in FCAP Array software (Soft Flow). The limit of detection was 18.9 pg/mL.

Statistical analysis

Statistical analyses were conducted using the Prism software 5.0 for Windows. Initially, Grubbs
test was applied to identify possible outliers and the Kolmogorov-Smirnoff test was used to
verify the data distribution. The Unpaired t-test or Mann-Whitney test were used for
comparisons between the groups according to data distribution. A P-value < 0.05 was

considered significant.
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RESULTS

Absolute number of double-negative T cells is not changed during P. vivax infection
During P. vivax infection the absolute number of leukocytes (p=0.0003), lymphocytes
(p=0.0001) and neutrophils (p=0.019) were reduced (Table 2). Within the lymphocyte subset,
it was observed a reduction in the absolute number of T lymphocytes (CD3*; p<0.0001),
especially in CD4* T cells (p=0.0001) and CD8* T cells (p=0.0002). Despite the lower numbers
of T lymphocytes during the blood-stage of malaria, no significant differences were observed

regarding to absolute number (p=0.867) of double-negative T cells (CD3*CD4 CD8).

vd T cells were reduced during the blood-stage of P. vivax malaria

The percentage of y8 T lymphocytes (CD3"CD4 CD8 TCRy38") were evaluated to P. vivax
donors (2.82%) and malaria-naive donors (2.59%) and no significant differences were observed
(Figure 2A). However, when the absolute numbers of v Tcells were analyzed it was observed
a significant reduction in P. vivax-infected group (mean = 32.3+ 23.5 cells/mm?) in comparison

with malaria-naive group (mean = 76.5 + 39.6 cells/mm?) (Figure 2B).

Lower numbers of TCRy3"CD27* lymphocytes were observed in P. vivax-infected group

vd T cells were separated into two subsets according to CD27 expression. The malaria-naive
and P. vivax-infected groups have similar percentage of yd Tcell expressing (52.0% vs. 51.2%)
or not expressing (48.0% wvs. 48.8%) CD27 (Figure 2C e 2D). Despite the similar percentage
between the groups, the analysis of absolute numbers showed significant differences in
TCRy8"CD27" lymphocytes subset, with lower number in P. vivax-infected (mean = 19.5 +
19.9 cells/fmm?®) in comparison with malaria-naive group (mean = 46.4 + 25.3 cells/mm?)
(Figure 2E). However, no significant differences were observed in TCRy3*CD27° lymphocytes

(p=0.077) (Figure 2F).
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Absolute number of Thl-like y8 T cells were reduced during P. vivax infection

In the TCRy8"CD27" lymphocytes subset, approximately 50% of the cells has shown Th1-like
profile (Figure 2G). In addition, it was observed lower number of these cells during infection
(11.3 + 11.2 cells/mm?). Similar result was observed to TCRy5*CD27- lymphocytes subset (8.0

+ 5.26 cellssmm?)(Figure 2H).

Th17-like y8 T cells were not detected during P. vivax infection
In TCRy3"CD27" lymphocytes subset no cell expressed IL-17. Similar result was observed in

control group. In other words, it was not observed yo T cells with Th17-like profile (Figure 1).

Plasma levels of IFN-y and IL-17

After evaluating the cytokine expression patterns in yo T cells, it was investigated the plasma
levels of IFN-y and IL-17. Lower plasma levels of IFN-y (p=0.001) and higher levels of IL-17
(p=0.039) were observed in P. vivax patients during blood stage of infection (Figure 3A and

3B).

DISCUSSION

In the present study, the analyses of peripheral blood yd T lymphocytes were shown no
alteration in the percentage of these cells during blood-stage of P. vivax malaria. However, in
a study conducted with Sri Lanka P. vivax patients of non endemic area (non immune
individuals) it was shown a significant increase in Yo T cell subset, mainly during paroxysm
episodes [8]. On the other hand, no increase in y6 T cells were observed during infection,
convalescence, and even during paroxysm episodes in endemic patients; the percentage of yo T
cells was similar to malaria-naive control individuals [8]. In another study realized in Ethiopia,

no increase of percentage or absolute number of yd T cells was detected during P. vivax
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infection in comparison to endemic controls. However, this y6 T cells subset was significantly
increased in both P. falciparum and P .falciparum/P. vivax double-infected patients, mainly
because of an increase in V817 T cells [9]. It is important to highlight that the patients enrolled
in the present study were living in an endemic malaria region (Porto Velho, RO), which may
explain the obtained data for percentage On the other hand, these patients presented significant
lower absolute numbers of y& T cells (32.25 + 23.5 cellssmm?) in comparison to malaria-naive
individuals (76.5 + 39.6 cells/mm?3). In addition, it was observed that this reduction was due to
the decrease in the number of cells with phenotype CD27* profile. On the contrary, Thailand
malaria patients infected by P. vivax and endemic control individuals presented higher CD3*62*
T and CD3"CD27762* T cells in comparison to malaria-naive individuals [19]. Moreover, in
another study with Thailand malaria patients infected by mixed P. vivax/P. falciparum parasites
have shown higher CD3%82" T cells percentage, whereas lower percentage was observed in P.
falciparum patients [11]. The percentage of CD3*82* T was also significantly higher in Chinese
patients infected by P. vivax compared to malaria-naive individuals, but similar to endemic
control group [10].

Whereas absolute numbers of CD27" yo T cells (effector cells) were shown no significant
differences between P. vivax-infected and malaria-naive groups, the possibility of redistribution
of this subset to other tissues appears to be unlikely.

Upon stimulation with PMA/lonomycin, although the percentage of cells showed no change,
the absolute number of TCRy3'CD27 IFNy" (Th1-like) was reduced in P. vivax patients. In
fact, Jagannathan and collaborators (2014) have shown decline in both number and function of
V82" T cells in children following repeated malaria falciparum exposure, suggesting that loss
of this pro-inflammatory response may be related with clinical tolerance to malaria.

The results showed that yo T cells do not express IL-17 during P. vivax infection, nevertheless
these patients exhibit elevated plasma levels of IL-17. Of note, in children infected with P.
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falciparum, no appreciable production of IL-17 or IL-10 by y3 T cells was observed upon in
vitro stimulation with P. falciparum-infected red blood cells [12]. Thus, although it has been
observed significantly higher levels of IL-17, the cellular source of this cytokine production in
P. vivax malaria remains unknown. It is important to highlight that besides CD4", CD8" and v
T cells, IL-17 can be produced by a variety of cells of the innate or adaptive immune system,
such as macrophages, dendritic cells, NK and NKT, indicating that more research is needed

[20,21].

CONCLUSION

Taken together, the obtained data demonstrated that yd T cells were decreased during P. vivax
infection, with reduced number of Thl-like y3 T cells and lower levels of IFN-y plasma levels.
In addition, it was demonstrated the absence of Th17-like y& T cells in the blood-stage of
infection, besides the higher IL-17 plasma levels. However, the cellular source of this IL-17

need further investigations. These results reinforce the idea that repeated malaria exposure

contributes to the reduction of pro-inflammatory response.
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TABLE

Table 1. Demographic, parasitological and clinical parameters of the study

population
Value for group
Parameters Malaria-naive donors P. vivax-infected donors
(n=7) (n=8)
Age [median (range)] 31 (23-37) 47 (21-80)
Gender [n (%)]
Male 3(42.9) 4 (50.0)
Female 4 (57.1) 4 (50.0)
Parasitaemia (parasites/mm?3), [n (%)]
<500 - 4 (50.0)
501 - 10,000 - 4 (50.0)
N° of previous malaria episodes [n (%)]
<5 - 2 (25.0)
>5 - 6 (75.0)
Symptoms [n (%)]
Fever - 7 (100.0)
Headache - 7 (100.0)
Chills - 7 (100.0)
Myalgia - 7 (100.0)
Sweating - 5 (62.5)
Arthralgia - 5 (62.5)
Nausea - 5 (62.5)
Vomiting - 2 (25.0)

Note: The symptoms were described by seven P. vivax-infected donors (n=7)
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Table 2. Haematological parameters of malaria-naive donors and P. vivax-infected

donors (mean + SD)

Value for group

Parameters Malaria-naive P. vivax-infected
donors donors P-value
(n=7) (n=8)
Erythrogram
RBCs (million/mm?3) 4.8 +0.49 45+0.51 0.183
Haematocrit (%) 42.8 £4.40 409 £4.61 0.421
MCV (fL) 88.7 £ 2.67 91.7 £ 3.82 0.108
MCH (pg) 28.6+£1.16 29.1+3.17 0.724
MCHC (%) 32.3+£0.77 325+1.30 0.759
Haemoglobin (g/dL) 13.8+£1.27 13.3+1.77 0.557
Leucogram (cells/mm?)
WBCs 8,057 + 1,146 4,763 £ 1,448 0.0003
Lymphocytes 2,785 + 584.20 1,187 + 556.90 0.0001
CD3" 2,237 £554.30 843.0 +411.80 <0.0001
CD4* 1,141 £ 355.20 344.6 £ 151.20 0.0001
CD8* 841.4 + 315.40 224.3+119.8 0.0002
CD4CD8 176 +51.20 166.9 + 121.8 0.867
Eosinophils 199.1 + 31.58 158.1 + 168.40 0.538
Immature neutrophils 118.0 £ 85.57 171.0 £ 97.36 0.318
Neutrophils 4,711 + 577.60 3,059 + 1,545 0.019
Monocytes 236.7 £101.30 204.8 £109.30 0.569
Platelets 262,100 + 27,440 142,900 £ 70,970 0.001
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FIGURE LEGENDS

Figure 1. Flow cytometric gating strategy. Representative example of gating strategy used to

characterize yd T cells subsets using an eight-color co-staining.

Figure 2. yd T cells subsets. Comparisons between P. vivax-infected donors (n=8) and malaria-
naive donors (n=7). Percentage (A) and absolute numbers (B) of yd T cells (CD3"CD4CD8"
TCRy38"). Percentage of yd T cells CD27* (C) and CD27" (D). Absolute numbers of y3 T cells
CD27* (E) and CD27" (F). Absolute numbers of IFN-y-producing y8 T cells; TCRy8*CD27*
and TCRy8*CD27 (G and H, respectively). Unpaired t-test or Mann-Whitney test were used

according to data distribution. A P-value <0.05 was considered significant. *p<0.05.

Figure 3. IFN-y and IL-17 plasma levels. Comparisons between P. vivax-infected donors

(n=8) and malaria-naive donors (n=7). Plasma levels of IFN-y (A) and IL-17 (B). Unpaired t-

test was used and a P-value <0.05 was considered significant. *p<0.05, **p<0.01.
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Figure 2
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Figure 3
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ABSTRACT

Background: The clinical outcome of malaria depends on the delicate balance between pro-
inflammatory and immunomodulatory cytokines response triggered during infection. Despite
the numerous reports on characterization of plasma levels of cytokines/chemokines, there is no
consensus on the profile of these mediators during the blood stage malaria. The identification
of acute phase biomarkers could contribute to a better understanding of the disease allowing
the use of more effective therapeutic approaches to prevent the progression towards severe
disease. Thus, in the present study, the plasma levels of cytokines and chemokines and their
association with parasitaemia and number of previous malaria episodes were evaluated in P.
vivax-infected patients during acute and convalescence phase as well as in healthy donors.
Methods: Samples of plasma were obtained from peripheral blood samples from four different
groups: P. vivax-infected, P. vivax-treated, endemic control and malaria-naive control. The
cytokine and chemokine plasma levels were measured by CBA or ELISA. The network analysis
was performed using Spearman correlation coefficient.

Results: P. vivax infection induced a pro-inflammatory response driven by IL-6 and IL-17
associated with an immunomodulatory profile mediated by IL-10 and TGF-f. In addition, it
was observed a reduction of IFN-y plasma levels in P. vivax-infected group. A lower level of
IL-27 was observed in endemic control group in comparison to malaria-naive control group.
No significant results were found for 1L-12p40 and TNF-a.. It was also observed that P. vivax
infection promoted higher levels of CCL2 and CXCL10 and lower levels of CCL5. The plasma
levels of IL-10 were elevated in patients with high parasitaemia and with more than five
previous malaria episodes. Furthermore, strong and moderate correlations were observed in the

network analysis.
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Conclusions: The P. vivax infection triggers a balanced immune response, mediated by IL-6
and CCL2, which is modulated by IL-10. In addition, the results indicated that IL-10 plasma

levels are influenced by parasitaemia and number of previous malaria episodes.

KEYWORDS

Plasmodium vivax, Malaria, Cytokines, Chemokines

BACKGROUND

Malaria is caused by a protozoan of the genus Plasmodium and is responsible for high morbidity
rates (besides the cases of mortality especially among children), resulting in serious impact on
the socioeconomic development in endemic regions. In the Brazilian Amazon region,
Plasmodium vivax is the main species causing malaria, being responsible to 82% of the cases
[1]. Malaria is a complex disease involving genetic factors inherent to the parasite and to the
host, geographical and environmental aspects that favor its occurrence and difficult its
eradication [2].

During infection, both the antibody-mediated and the cell-mediated immunity play an important
role for achieving clinical immunity [3]. Several studies suggest that successful resolution of
malaria infection depends on the ability of host in inducing adequate levels of pro-inflammatory
and regulatory cytokines during key stages of the infection. Thus, the fine-tuning between
inflammatory and anti-inflammatory response appears to be a determinant factor in the clinical
outcome of the disease [3-5].

Although the mechanisms involved in host immunological response during human malaria are
still poorly understood, accumulating data suggest that malaria infection induces pro-
inflammatory cytokines that eliminate the parasite or promote the removal of red blood cells

infected by the parasite [6]. This response is suppressed in turn by anti-inflammatory cytokines,
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and the clearance of remaining parasites as well as the prevention of recrudescence or
reinfection are mediated by anti-parasite antibodies [6]. However, depending on factors such as
genetic variability of host and parasite, age, number of infections and co-infections, the
inflammatory response may be unregulated and, if excessive, it can lead to immunopathology.
Several studies have focused on the profile of plasma cytokines and chemokines in P. vivax
malaria infection, comparing the repertoire of cytokines/chemokines elicited between P. vivax
and P. falciparum infection [7-11] and further association with disease severity, determined by
clinical symptoms, or immunological profile after treatment with anti-malarial drugs [8-15].
Overall the profile of cytokine/chemokine production is still contradictory and can be due to
differences in study population, degree of endemicity in the region, among other factors,
requiring further investigations.

The characterization of immune responses elicited during P. vivax malaria and correlations with
the clinical symptoms can reveal important aspects for understanding the pathogenesis of the
disease and provide insights for the development of more effective vaccines and even new
therapeutic approaches. Because of this, the plasma levels of pro- and anti-inflammatory
cytokines and some chemokines were measured in this work during the acute phase of P. vivax-
naturally infected individuals. Samples were also obtained of some patients after anti-malarial
drugs treatment to detect the changes in the host immunological response after treatment and to
identify biomarkers of active infection. Moreover, analyses of correlation among
cytokines/chemokines levels, degree of parasitaemia and number of infections were performed
to evaluate whether variations in clinical manifestations are associated with activated or

suppressed cytokine/chemokine networks.
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MATERIALS AND METHODS

Study participants and blood samples collection

Plasmodium vivax-naturally infected individuals with uncomplicated symptomatic malaria (P.
vivax group, n = 75), Plasmodium vivax-naturally infected individuals after 25 days of
treatment with chloroquine and primaquine (P. vivax-treated group, n = 10) and non-infected
subjects with previous episodes of malaria (endemic control group, n = 10) were recruited at
the Centro de Pesquisa em Medicina Tropical (Porto Velho, Rondbénia — Brazil). In addition,
15 healthy donors (malaria-naive control group) with no previous malaria exposure were
recruited from a non-endemic area (Belo Horizonte, Minas Gerais—Brazil). The demographic,
parasitological and clinical parameters of the subjects are shown in Table 1. The parasitological
demonstration of P. vivax infection was performed by well-trained microscopists from the
Centro de Pesquisa em Medicina Tropical using thick smears and it was further confirmed by
nested Polymerase Chain Reaction (PCR) as previously described [16]. Peripheral venous
blood was collected in heparin containing tubes and centrifuged to obtain plasma. Samples were

stored at -80 °C until performing the cytokine and chemokine assays.

Ethics statement

The present study was approved by the Ethics Committee of the Centro de Pesquisa em
Medicina Tropical (CAAEs: 0008.0.046.000-11, 0449.0.203.000-09) and the Ethics Committee
of the Universidade Federal de Minas Gerais (CAAE: 27466214.0.0000.5149). Written

informed consent was obtained from each participant.

Cytokine and chemokine plasma levels assays
Measurements of 1L-6, 1L-10, IL-17, CCL2 (MCP-1), CCL5 (RANTES) and CXCL10 (IP-10)

in the plasma samples were conducted using Cytometric Bead Assay (CBA) (BD Biosciences,
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USA) according to the manufacturer’s instructions. The data were collected using a FACSCan
flow cytometer (BD Biosciences, USA) and the results were analyzed in FCAP Array software
(Soft Flow). The limit of detection for each assay was: IL-6 = 2.4 pg/mL, IL-10 = 4.5 pg/mL,
IL-17 = 18.9 pg/mL, CCL2 = 2.7 pg/mL, CCL5 = 1.0 pg/mL and CXCL10 = 2.8 pg/mL.

Enzyme-Linked Immunosorbent Assay (ELISA) was performed for the measurement of IL-
12p40, IL-27, IFN-y, TNF-a and TGF-f (R&D Systems, USA), according to the
manufacturer’s instructions. Biotin-labeled antibodies were used for detection and the assay
was revealed with streptavidin-HRP (Amersham Biosciences, USA) using OPD (o-
Phenylenediamine dihydrochloride) substrate system (Sigma, USA). The colorimetric reaction
was read using an automated ELISA microplate reader (Versamax, Molecular Devices, USA)
at 492 nm. The cytokine concentration was calculated from the standard curve using seven-
parameter curve fitting software (SOFTmax Pro 5.3, Molecular Devices). The limit of detection

for each assay was 156.0 pg/mL for IL-27, 62.5 pg/mL for 1L-12p40, 31.2 pg/mL for TGF-p,

and 15.6 pg/mL for IFN-y and TNF-a.

Statistical analysis

Statistical analyses were conducted using the Prism software 5.0 for Windows (GraphPad Inc.,
USA). Initially, Grubb’s test was applied to detect possible outliers and the Kolmogorov-
Smirnoff test was used to verify the data distribution. Comparisons among groups were
performed using Kruskal-Wallis test followed by Dunn’s Post-hoc test or Mann-Whitney U
test. The paired t-test and Wilcoxon test were also applied, according to data distribution.
Statistical differences were considered significant when P-value were less or equal to 0.05.
Correlation networks were generated by the analysis of relationship among cytokine and
chemokine plasma level datasets. Initially, pair-wise spearman correlation coefficients were

calculated using a scientific computing library named SciPy (www.scipy.org) and python
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programming language. Along with the Spearman rank-order correlation coefficient, the P-
value to test for non-correlation was evaluated using p < 0.05 as a cutoff. The correlation
strength was separated into three ranges: weak (0.2 <r < 0.5), moderate (0.5 <r < 0.7) and

strong (0.7 <r<1.0).

RESULTS

P. vivax infection triggers a marked pro-inflammatory cytokine response

The circulating levels of pro-inflammatory cytokines such as IL-6, IL-17, 1L-12p40 and TNF-
o were prominent in P. vivax-naturally infected individuals when compared to plasma levels
observed in other groups (malaria-naive, endemic and P. vivax-treated) (Figures 1A-D),
although significant differences to control groups were observed only for IL-6 and IL-17 (p <
0.01) (Figures 1A and 1B, respectively). Conversely, the P. vivax infection resulted in a
significant reduction of IFN-y plasma levels when compared to control groups (p < 0.001)
(Figure 1E), with circulating levels of IFN-y detected in only 20% of the samples from P. vivax
group.

After treatment, production of IL-6, 1L-12p40, TNF-a and IFN-y were restored to baseline
levels (p<0.001 for IL-6 and p < 0.05 for IFN-y, only), in contrast to plasma levels of IL-17,
which were similar to those presented by infected individuals before treatment. In addition, it
was also observed a significant individual patient decrease of IL-6 after treatment through the

paired analysis (Figure 3A).

Higher levels of 1L-10 and TGF-f were also induced during P. vivax infection
Production of IL-10 was only observed in the P. vivax group, being present in 94.4% of the
plasma samples (median = 186.1 pg/mL). After treatment, the IL-10 level returned to basal

levels, equivalent to levels observed in control groups (p<0.001) (Figure 1F). Similar result was
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observed for the paired analysis comparing the cytokine levels before and after treatment
(Figure 3B). Moreover, samples from P. vivax group presented significant higher levels of TGF-
B (median = 42.8 pg/mL) when compared to malaria-naive control group (median = 10.3
pg/mL) (p<0.05) but similar production of this cytokine when compared to endemic control

(median = 48.9 pg/mL) and P. vivax-treated (median = 43.7 pg/mL) groups (Figure 1G).

IL-27 in P. vivax malaria

IL-27 is a pleiotropic cytokine that can induce either a pro-inflammatory or immunoregulatory
response. The production of IL-27 was reduced in individuals living in endemic areas (endemic
control, P. vivax-infected and P. vivax-treated individuals). However, significant differences
were observed only between the malaria-naive control (median = 1,257.0 pg/mL) and endemic

control (median = 105.3 pg/mL) groups (Figure 1H).

P. vivax infection induced higher levels of CCL2 and CXCL10 and lower levels of CCL5
The plasma levels of CCL2 were increased in P. vivax-infected individuals (median = 770.6
pg/mL) when compared to malaria-naive control group (median = 97.3 pg/mL) and endemic
control group (median=76.0 pg/mL) (Figure 2A), with further reestablishment to basal levels
after treatment (median = 104.5 pg/mL) (p<0.001). Plasma samples from P. vivax-infected
donors also presented higher levels of CXCL10 in comparison to control groups (p<0.01).
Similarly to CCL2, the CXCL10 plasma level was restored to baseline after treatment (p<0.001)
(Figure 2B). The comparison between plasma levels for both CCL2 and CXCL10, before and
after treatment (paired analysis), also showed significant results (Figure 3C and 3D). On the
other hand, lower CCL5 plasma levels were observed in individuals with P. vivax infection
when compared to endemic control group (p<0.01) (Figure 2C). Despite the absence of

significant result between P. vivax group and P. vivax-treated group due probably to high
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variability of chemokine levels and differences of sample number, it was observed a significant
individual patient increase in the plasma level of CCL5 in the paired t-test after the treatment

(Figure 3E).

IL-10 plasma levels was associated with parasitaemia and number of previous malaria
episodes

P. vivax-infected patients were separated into two groups according to parasitaemia: <500
parasites/mm? denominated low parasitaemia and >500 parasites/mm? named high parasitaemia
(Figure 4A). Patients with low parasitaemia presented reduced levels of 1L-10 (median=56.2
pg/mL) in comparison to patients with high parasitaemia (median=366.1 pg/mL) (p<0.05).
Furthermore, higher number of previous malaria episodes was associated with higher IL-10

plasma levels (p<0.05) (Figure 4B).

Immune response mediators established a complex network during P. vivax infection
During P. vivax infection, the triggering of several plasma mediators might result in a complex
interaction network, which may render a weak, moderate or strongly correlation among
themselves. The network profiles observed in the P. vivax group, as well as the subgroups
classified according to the parasite load, are shown in Figure 5. The correlation network
between plasma mediators is more connected in high (Figure 5C) than low parasitaemia (Figure
5B) and the high parasitaemia networks includes practically all correlation observed in the
network of all infected patients (Figure 5A) highlighting the importance of parasites number to
host imune stimulation.

P. vivax-infected patients presented a strong correlation between 1L-6 and CCL2 (r=0.82,
p<0.0001). Furthermore, moderate correlations were observed between IL-6 and I1L-10 (r=0.60,

p<0.0001) and between IL-12p40 and TNF-a (r=0.54, p<0.0001). Several weak correlations
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were observed among other cytokines and chemokines (Figure 5A). P. vivax patients were
further separated into two subgroups according to parasitaemia: low (<500 parasites/mm?) and
high (>500 parasitessmm?®). Patients with low parasitaemia presented moderate/strong
correlations among inflammatory mediators (IL-6/IFN-y/CCL2). On the other hand, only a
weak correlation between IL-6/1L-10 and 1L-12p40/TNF-o was observed in this subpopulation
(Figure 5B). Furthermore, patients with high parasitaemia presented moderate correlations
between IL-6/CXCL10 (r=0.56, p<0.001), IL-10/CCL2 (r=0.62, p<0.001), CCL2/CXCL10

(r=0.55, p<0.001) and IL-6/TNF-a (r=0.55, p<0.001) (Figure 5C).

DISCUSSION

While some studies have investigated cytokines/chemokines plasma levels during P. vivax
infection [7-15,17-19], there is still no agreement regarding the production of
cytokines/chemokines and protection. It is well established that a pro-inflammatory response is
required for parasite elimination, but an immunomodulatory response is also needed to prevent
immunopathology [6]. In the present study, it was shown that P. vivax infection induced
increased levels of IL-6 and, after the treatment, the plasma levels were restored. These findings
were in agreement with previous studies during acute phase [11,15,17,18]. Regarding to
convalescence period, the literature data showed different results, with reduction [10,14] or
increase [11] of IL-6 after the treatment. Contradictory results can be attributed to
convalescence period range (7 to 45 days) in the different studies [8,10,11,13,14].

Higher levels of some pro-inflammatory mediators such as, IL-6, CCL2 and CXCL10 were
observed in P. vivax-infected patients, which were reestablished after anti-malarial treatment,
suggesting that the parasite infection triggered an inflammatory response. Concomitantly, it
seems to be a consensus that P. vivax infection induces higher levels of IL-10 during acute

phase of vivax malaria [7,8,10-13,15,17-19] and that the cytokine levels were restored to
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baseline after treatment [8,10,11,14]. Studies have suggesting that T cells (CD4"CD25%)
producing IL-10 play a significant role during Plasmodium infection, since they are capable of
control the pro-inflammatory cytokines IFN-y and TNF-a [6]. Previous studies demonstrated
the increased number of circulating Treg cells (CD4*CD25Foxp3*) during P. vivax infection
[20,21], but not all studies [8]. Regarding the association between IL-10 plasma levels with
parasitemia and number of previous malaria episodes, in the present study, it was observed
higher 1L-10 plasma levels in patients with high parasitaemia (>500 parasites/mm?) and with
more than five previous malaria episodes. Similar result was observed for the association with
parasitaemia, but not with number of previous malaria episodes [18]. The significance of IL-6
and IL-10 has been highlighted during P. vivax malaria. High levels of these cytokines were
observed in uncomplicated cases [18,22], while low IL-6 levels were observed in patients with
complicated malaria [22]. In addition, a positive correlation between IL-6 and IL-10 has also
been observed in P. vivax infection [10,18,22]. Likewise, in the present study correlation
analysis between IL-6 and IL-10 demonstrated a positive correlation (r=0.60) in P. vivax group,
suggesting the acquisition of a more immunomodulatory profile. The association between IL-
10 plasma levels and high parasitemia could reflect a self-regulation mechanism to protect the
excessive inflammatory response because of high antigen stimulation.

During acute episode of P. vivax malaria, studies have reported high plasma levels of IFN-y
[7,10,12,15,19], but not all [8,9]. In the present study, IFN-y plasma levels were only observed
in 20% of P. vivax patient samples. On the other hand, the majority of patients of this group
have shown high IL-17 levels. However, IL-17 reports in the human malarial infection are
poorly described [9,11] and further investigations are still required. It is important to highlight
that IL-17 may be produced by macrophages, dendritic cells, NK, NKT, y8T cells, CD8" and
Th17 [23,24] and, the source of this cytokine during P. vivax infection need more investigation.
A previous study showed that CD4™ T cells producing IL-17 were increased during P. vivax
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malaria [25]. The higher plasma levels of TGF-f and IL-6 in the acute phase could suggest the
induction of IL-17, since naive CD4" T cells require stimulation by IL-6 and TGF-B, and
possibly IL-1, to differentiate in Th17 and to secrete IL-17 [23,26,27]. Th17 cells induced by
IL-6 and TGF-p also produce IL-10, presenting a regulatory function [28]. It is important to
highlight that the low levels of IFN-y observed in P. vivax group could contribute to high levels
of IL-17 once IFN-y negatively regulates the generation of IL-17-producing cells [29].

Despite the high TGF- plasma levels observed during P. vivax infection, there was no
consensus about these findings [8,10,15]. TGF-p is a potent inductor of Treg cells [30], which
may have contributed to the high IL-10 plasma levels observed. Although high IL-17 plasma
levels were observed in P. vivax group, only a weak negative correlation was detected between
IL-17 and TGF-B by the network analysis approach. This connection was also found in low
parasite load subgroup. Therefore, the IL-17 and TGF- roles during P. vivax infection require
additional investigations.

Regarding to 1L-12p40 and TNF-a, no significant result were observed in the present study.
However, differences in the literature findings occur for both cytokines, in acute phase [7,8,10-
13,15,17-19] and convalescence period [8,10,11,13,14].

IL-27 is a pleiotropic cytokine with both pro- and anti-inflammatory actions. This cytokine is a
potent inhibitor of Th17 cell development and of IL-17 induction [31,32]. In the present study,
low IL-27 levels were observed in endemic control group compared to malaria-naive control
group. However, no difference was observed regarding to IL-17 between the control groups. In
children infected with P. falciparum, IL-27 plasma levels were decreased during uncomplicated
malaria in comparison to endemic control group. This reduction was more accentuated in severe

cases [33]. Thus, the IL-27 role in P. vivax malaria still needs further investigation.
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CCL2, also known as MCP-1 (Monocyte Chemoattractant Protein-1) is a powerful attractant of
monocytes, T cells and dendritic cells to inflammatory sites. This chemokine is produced by
several cell types, such as epithelial, endothelial, smooth muscle, fibroblasts, astrocytes,
monocytes and microglial cells, and can be induced by TNF, IL-1 and endotoxins [34]. In the
present study, high plasma levels of CCL2 were observed during P. vivax infection. Similar
result was previous described during P. vivax infection [7]. The pro-inflammatory IL-6 cytokine
induced the mMRNA expression and MCP-1 secretion by peripheral blood mononuclear cells
[35]. During blood stage of P.vivax infection both IL-6 and CCL2 were significantly elevated.
The network analysis revealed a strong correlation between IL-6 and CCL2, regardless parasite
load, suggesting that these mediators were induced by the infection itself. These findings
support the hypothesis that IL-6/CCL2 pathway plays a central role in response to P. vivax
infection.

Interestingly, the network analyses for the high and low parasitaemia groups have shown that
individuals with high parasitaemia exhibit moderate/strong correlation between I1L-6/IL-
10/CCL2. However, patients with low parasitaemia exhibited weak correlation between IL-6
and IL-10, losing the interaction between IL-10 and CCL2. These data associated with the
positive correlation between IL-6/1FN-y reinforce the significance of the IL-6/CCL2/IFN-y axis
in controlling parasitaemia, which could contribute for the lower parasite load observed.
CXCL10 (IFN-inducible protein 10; IP-10) is another chemokine that is induced by IFN-y [36]
as well as by IL-17 [37] in different cell types. This chemokine is involved in inflammatory
processes, being capable of attracting macrophages, dendritic cells, NK cells and activated
CD4" and CD8" T cells toward inflamed tissues [36]. In the present study, P. vivax infected
patients presented elevated CXCL10 plasma levels, but only weak positive correlation with
IFN-y. No correlation was observed between CXCL10 and IL-17, although both mediators were

elevated during P. vivax infection. However, when patients were separated according to the
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parasite load, this connection was lost, and moderate correlation was established between
CXCL10and IL-6, only in patients with high parasitaemia. In P. falciparum infection, CXCL10
has been identified as biomarker (in serum and cerebrospinal fluid) associated with elevated
risk of fatal cerebral malaria [38]. On the other hand, higher CXCL10 plasma levels, as well as
IFN-y and IL-10, were observed in P. vivax malaria patients with mild anemia in comparison
to no anemia [12].

CCLS5, also known as Regulated upon Activation Normal T cell Expressed and Secreted
(RANTES), is an inflammatory chemokine attractant of T cells, basophils, eosinophils, and
dendritic cells to inflammatory site [39]. CCL5 is produced predominantly by CD8* T cells,
epithelial cells, fibroblasts and platelets [40]. In children infected by P. falciparum malaria low
MRNA and RANTES protein levels were associated with severe malaria [41]. Lower RANTES
levels were also found in children with cerebral malaria and a strong positive correlation was
verified between RANTES levels and platelets count [42]. In the present study, P. vivax malaria
patients have shown significant low CCL5 (RANTES) levels, but just weakly associated with
IL-6, IL-12p40, IFN-y or CCL2. The lower levels of CCL5 could be explained by the CD8" T
cells reduction [43-45] and thrombocytopenia [8,10,11,44-46] observed during P. vivax
malaria. A study carried out with children infected with P. falciparum observed an association

between thrombocytopenia and lower RANTES plasma levels [47].

CONCLUSION

Taken together, the multiple analyses performed in the present study allowed the identification
of an immunological signature from plasma mediators associated with P. vivax acute infection.
Considering that patients enrolled in the study presented uncomplicated malaria it is possible
to suggest that IL-6 and CCL2 are important proinflammatory mediators involved in

parasitaemia control, while the immunomodulatory cytokine 1L-10 operates controlling the
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inflammation. The plasma levels of these three mediators returned to baseline levels (similar to
control groups) after antimalarial therapy, indicating that they could be recognized as
biomarkers of acute phase of P. vivax infection. These results provide new insights into the

complex relationship among mediators that are triggered during P. vivax clinical malaria.
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TABLE

Table 1. Demographic, parasitological and clinical parameters of the study population

Value for group

Parameters Malaria-nalve  Endemic P. vivax P. vivax-treated
control Control
(n=15) (n=10) (n=75) (n=10)
Age [median(range)] 27 (19-35) 38 (21-49) 37 (20-80) 42 (21-59)
Gender [n(%)]
Male 10 (66.7) 6 (60.0) 57 (76.0) 6 (60.0)
Female 5(33.3) 4 (40.0) 18 (24.0) 4 (40.0)
Parasitaemia (parasites/mm?), [n(%)]
<500 - - 34 (45.3) -
501 — 10,000 - - 26 (34.7) -
10,001 - 100,000 - - 8 (10.7) -
without information - - 7(9.3) -
N° of previous malaria episodes [n(%)]
First malaria - 0 (0.0 10 (13.3) 1 (10.0)
<5 - 5 (50.0) 24 (32) 2 (20.0)
>5 - 5 (50.0) 33 (44.0) 6 (60.0)
without information 0 (0.0 8 (10.7) 1 (10.0)
Symptoms [n(%)]
Fever - - 66 (97.1) -
Headache - - 66 (97.1) -
Myalgia - - 61 (89.7) -
Chills - - 60 (88.2) -
Sweating - - 51 (75.0) -
Arthralgia - - 49 (72.1) -
Nausea - - 36 (52.9) -
Vomiting - - 20 (29.4) -

Note: The clinical parameters described in P. vivax group refer to 68 patients.
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FIGURE LEGENDS

Figure 1. Cytokine plasma levels. Comparisons among malaria-naive control group (n=15),
endemic control group (n=10), P. vivax group (n=75) and P. vivax-treated group (n=10) were
performed using Kruskal-Wallis test followed by Dunn Post-hoc. A P-value <0.05 was
considered significant. *p<0.05, **p<0.01, ***p<0.001. The dotted lines (---) represent the

detection limit of the assay.

Figure 2. Chemokine plasma levels. Comparisons among malaria-naive control group (n=15),
endemic eontrol group (n=10), P. vivax group (n=75) and P. vivax-treated group (n=10) were
performed using Kruskal-Wallis test followed by Dunn Post-hoc. A P-value <0.05 was
considered significant. **p<0.01, ***p<0.001. The dotted lines (---) represent the detection

limit of the assay.

Figure 3. Cytokine/Chemokine levels in acute-phase and convalescence period from P,
vivax infected patients. A paired analysis was performed between P. vivax group (n=10) and
P. vivax-treated group using Paired t-test or Wilcoxon test, according to data distribution. A P-

value <0.05 was considered significant. *p<0.05, **p<0.01.

Figure 4. IL-10 plasma levels and their associations. (A) Parasitaemia: high vs. low
number of parasites. Comparison between high (>500 parasites/mm3, n=34) and low (<500
parasites/mm?3, n=32) number of parasites was performed using Mann-Whitney test. (B)
Number of previous malaria episodes. Comparisons among First malaria (n=10), <5 episodes

(n=24) and >5 episodes (n=31) were performed using Kruskal-Wallis test followed by Dunn
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Post-hoc. A P-value <0.05 was considered significant. *p<0.05. The dotted lines (--) represent

the detection limit of the assay.

Figure 5. Plasma mediators network. Correlations among 11 mediators during P. vivax
infection were plotted in network graphs. Each circle represents a cytokine or chemokine and
the connecting lines represent significant correlations between two mediators. Solid and dotted
lines, respectively represented positive and negative correlations. The line thickness represents
the significance degree. (A) P. vivax group (n=73). (B) P. vivax subgroup with low parasitaemia
(<500 parasites/mm®) (n=32). (C) P. vivax subgroup with high parasitaemia (>500
parasites/mm?) (n=34). The correlation analyses were evaluated by Spearman correlation test.

A P-value < 0.05 was considered significant.
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Figure 2
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Figure 3
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Figure 4

A

IL-10 plasma level (pg/mL)

10000+

10004

100

—
<

-
1

000

L]
<500 parasites/mm?’

T
>500 parasites/mm®

IL-10 plasma level (pg/mL)

100004 ' .
000
Lo
wl O E e
Ooo 00
]
100+ ogo °°°°° 0o
o] 2 39 ooo
1--%0_ _____§ - M. ° __.
1_
00 00
T ) 1
First <5 >5
malaria

Number of previous malaria episodes

115



Figure 5
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6 DISCUSSAO

A modulagdo da resposta imune durante infeccéo de estagio sanguineo por Plasmodium
€ uma caracteristica naturalmente adquirida pela maioria das pessoas vivendo em area endémica
e que estdo constantemente expostas ao parasito. A imunomodulacdo pode ser considerada um
processo homeostético normal, que é fundamental para a resolucéo da inflamag&o sem causar
imunopatologia. Mas, por outro lado, pode representar um mecanismo de evasao imune
induzida pelo parasito, garantindo a sobrevivéncia do hospedeiro e do préprio parasito,
perpetuando sua transmissao (STRUIK; RILEY, 2004; STANISIC et al., 2013).

Com o objetivo de contribuir para melhor compreenséo da modulacgao da resposta imune
durante infeccdo malérica, foram realizados estudos com amostras sanguineas obtidas de
pacientes naturalmente infectados por P. vivax, com doenca sintomatica, porém nao-
complicada. Esse perfil de pacientes poderia revelar aspectos importantes da resposta imune
adquirida que impede evolucdo para quadros mais graves, mas que ainda ndo atingiu um
patamar de auséncia total de sintomatologia clinica.

Os pacientes infectados por P. vivax foram recrutados no Centro de Pesquisa em
Medicina Tropical (CEPEM) de Porto Velho (Rondbnia) e, mediante assinatura do termo de
consentimento livre e esclarecido, doaram amostras de sangue para os estudos realizados.

Os resultados obtidos apontam para aspectos importantes que elucidam alguns dos
mecanismos que contribuem para imunidade clinica, com sintomatologia mais branda, porém
sem conferir imunidade estéril.

Uma caracteristica frequentemente observada em infeccdo por Plasmodium, em
humanos ou em modelos experimentais, é a reducdo do ndmero de linfocitos no sangue
periférico (linfocitopenia). Embora essa reducao tenha sido atribuida a apoptose de linfocitos T
(KERN et al., 2000; MATSUMOTO et al., 2000; RICCIO et al., 2003), outra hipétese também
aventada é a realocagdo dessas células em sitios de inflamacéo, seguida de reaparecimento no
sangue circulante apos tratamento (HVIID et al., 1997; HVIID; KEMP, 2000).

No presente estudo, pacientes naturalmente infectados por P. vivax apresentaram
alteracOes significativas nos parametros hematoldgicos, caracterizadas principalmente por
reducdo nos nimeros absolutos de leucdcitos, linfocitos e plaquetas, entretanto, nenhum dos
pacientes apresentou quadro de anemia.

Considerando a importancia das células T CD4" na resposta imune adaptativa em
infeccdo malérica, foi investigada a possibilidade de apoptose dessas celulas e possiveis

mecanismos envolvidos.
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Dois mecanismos de morte celular de células T tém sido propostos: (i) morte celular
induzida por ativagdo (AICD); (ii) morte autbnoma de célula T ativada (ACAD) (HILDEMAN
et al., 2002; BRENNER et al., 2008).

AICD parece ser mais importante para suprimir células T cronicamente ativadas e
potencialmente auto-reativas, sendo mediada principalmente por receptores de morte (sistema
Fas/FasL e TNFR). Por outro lado, ACAD parece contribuir principalmente na reducdo do
numero de células T durante a fase de contracdo, sendo mediada pela via de morte intrinseca
envolvendo membros da familia Bcl-2. No pico de ativagdo, ha reducédo de Bcl-2 nas células T,
indicando que esta regulacdo negativa (downregulation) favorece a sinalizacdo de membros
pré-apoptoticos da familia Bcl-2 (HILDEMAN et al., 2002).

Os resultados obtidos mostraram a ocorréncia de apoptose mediada por dois tipos de
sinalizacdo: ativacao de receptor de morte TNFR1 (via extrinseca), cujo sinal € amplificado por
Bid, e reducdo da expressdo da proteina antiapoptética Bcl-2 (via intrinseca). Tais resultados
sugerem que apoptose de células T CD4" contribui para linfocitopenia observada durante
infeccdo aguda por P. vivax. Além disso, é possivel que AICD represente um mecanismo para
restabelecer a homeostase imunoldgica na medida em que a infeccéo é controlada (STRUIK;
RILEY, 2004). Entretanto ndo se pode descartar a hipdtese de que aumentada apoptose de
células T ativadas possa contribuir para remocao inadequada do parasito viabilizando sua
permanéncia. Por outro lado, ACAD, mediada por reducdo na expressdo de Bcl-2, poderia
influenciar negativamente sobre a inducdo e manutencdo de memoria imunoldgica. Sendo
assim, os dados obtidos sugerem que delecdo de células T CD4" pode ser induzida pelo parasito
como estratégia de evasdo imune, permitindo sua persisténcia e transmissdo para novos
hospedeiros.

Um segundo aspecto considerado relevante foi o possivel envolvimento de células T
CD8" durante estagio sanguineo da infecgdo por P. vivax, visto que inimeros estudos mostram
que hé reducdo na porcentagem e/ou numeros absolutos dessas celulas no sangue periférico
durante infec¢do por P. falciparum ou P. vivax (LISSE et al., 1994; WORKU et al., 1997;
HVIID et al., 1997; KASSA et al., 2006, BORGES et al., 2013). Tal reducgéo tem sido atribuida
a apoptose de células T (TOURE-BALDE et al., 1995; RICCIO et al., 2003), realocacio dessas
células nos sitios de inflamacéo (HVIID et al., 1997; HVIID; KEMP, 2000) ou a outros fatores
como supressdo de células T CD8" induzida por esporozoitos ou eritrdcitos infectados pelo
parasito (OCANA-MORGNER et al., 2003). Entretanto, em relagdo & infeccio por P. vivax ha

também relatos indicando que ndo ha diferencas significativas na porcentagem de células T
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CD8" no sangue periférico durante infeccdo aguda comparativamente a individuos néo
infectados (SRISURAPANON et al., 2003; JANGPATARAPONGSA et al., 2006).

Durante muito tempo as células T CD8* ndo eram consideradas importantes na fase
eritrocitica da maléria, uma vez que eritrocitos ndo expressam o complexo de
histocompatibilidade principal (MHC) de classe | (STRUIK;RILEY, 2004; STANISIC et al.,
2013). Entretanto, estudos recentes utilizando modelos experimentais sugerem que células T
CD8* podem exercer um papel na eliminacdo de parasitos durante o estagio sanguineo da
infeccdo (IMAI et al., 2010; HORNE-DEBETS et al., 2013).

No presente estudo, foi observada reducdo na porcentagem e nimeros absolutos de
células T CD8" naive, de memoria e duplo-positivas (CD45RA'CD45R0O™) de pacientes
infectados por P. vivax comparativamente a individuos malaria-naive (controle). Esses
resultados apontam para algumas possibilidades: supressdo imune induzida pelo parasito
(OCANA-MORGNER et al., 2003), exaustdo e perda de células T CD8* mediada por morte
celular programada (HORNE-DEBETS et al., 2013), apoptose (TOURE-BALDE et al., 1995;
RICCIO et al., 2003) ou realocacdo temporaria dessas células em outros tecidos (HVIID et al,
1997; HVIID; KEMP, 2000). Dentre as células de memoria, niUmeros mais baixos foram
observados no compartimento de memaria central em pacientes infectados por P. vivax.

Além disso, o nimero de células T CD8" naive expressando IFN-y, TNF-a e 1L-10
estavam diminuidas, possivelmente refletindo a reducdo no nimero dessas células em pacientes
infectados. Entretanto, observou-se um aumento no nimero de células de memoria produtoras
de TNF-a e IL-10, sugerindo um perfil imunomodulador durante a fase sanguinea da infecgéo.

Embora ocorra reducdo no nimero de células T CD8* durante infeccdo por P. vivax,
especialmente de células de memoria, correlacbes positivas entre o numero de células
expressando citocinas pré-inflamatdrias (IFN-y e TNF-a) e IL-10 foram observadas, sugerindo
um mecanismo de auto-regulacdo entre citocinas com ac¢des opostas. 1sso poderia contribuir
para a remocao do parasito €, a0 mesmo tempo, impedir patologia mediada por inflamacéo
exacerbada.

Analises da razdo entre o numero de células expressando citocinas pré-inflamatorias
(IFN-y e TNF-a) e células expressando a citocina anti-inflamatoria IL-10 revelaram um perfil
anti-inflamatoério nas células T CD8" duplo-positivas (CD45RA*CD45R0O") e de memoria
(CD45R0Q"), indicativo de um perfil imunomodulador durante infeccdo por P. vivax.

Certamente mais estudos s@o necessarios para verificar se os perfis fenotipicos

observados representam uma resposta imunologica homeostatica que beneficia o hospedeiro
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impedindo a ocorréncia de imunopatologia ou, alternativamente, se a formagdo de memoria
imunomoduladora viabilizaria a persisténcia do parasito perpetuando sua propagagéo. Outro
aspecto considerado importante é se a formacdo de memoria com perfil imunomodulador em
células T CD8" teria algum impacto sobre a fase hepatica da infeccéo.

Citocinas e quimiocinas plasmaticas, durante estagio sanguineo de infeccdo por
Plasmodium, contituem importantes mediadores que podem determinar o curso da doenga.
Nessa perspectiva, varios estudos tém focado sobre o repertorio de citocinas/quimiocinas
eliciadas durante a infeccdo, investigando possiveis associagdes com a gravidade da doenca e
sintomas clinicos (FERNANDES et al., 2008; ANDRADE et al., 2010; JAIN et al., 2010; COX-
SINGH etal., 2011; GONCALVES etal., 2012; MENDONCA et al., 2013; RAZA et al., 2013),
parasitemia (ZEYREK et al., 2006; MEDINA et al., 2011; COSTA et al., 2014; RODRIGUES-
DA-SILVA et al., 2014) e nimero de infecgcbes prévias (MEDINA et al., 2011; COSTA et al.,
2014). Além disso, o perfil desses mediadores antes e ap0Os tratamento quimioterdpico
(ANDRADE et al., 2010; GONCALVES et al., 2010; GONCALVES et al., 2012; LEORATTI
et al., 2012; RODRIGUES-DA-SILVA et al., 2014) e comparacdo entre infeccdo com P.
falciparum e P. vivax (FERNANDES et al., 2008; GONCALVES et al., 2010; COX-SINGH et
al., 2011; GONCALVES et al., 2012; RODRIGUES-DA-SILVA et al., 2014) também séo
analisados com o objetivo de melhorar a compreenséo da resposta imunologica.

Outra estratégia metodoldgica usada visando melhor entendimento da participacdo de
citocinas/quimiocinas durante infeccdo malarica por P. vivax € a analise da rede de interacdes
entre mediadores plasméaticos (MENDONCA et al., 2013; COSTA et al., 2014). Ainda assim,
0s resultados até agora alcancados sdo contraditorios e podem ser atribuidos, entre outros
fatores, a diferencas na populacéo de estudo e grau de endemicidade da doenca, requerendo
investigacBes adicionais.

Nessa perspectiva, foram avaliados os niveis plasmaticos de 11 mediadores durante
infeccdo aguda de pacientes infectados por P. vivax. Embora todos os pacientes apresentassem
maldria sintomatica ndo-complicada, verificou-se ampla variacdo nos niveis plasmaticos dos
mediadores avaliados, possivelmente devido a variagdes no numero de infeccGes prévias e grau
de parasitemia.

Na analise global, infeccdo por P. vivax induziu, na maioria do pacientes, resposta
inflamatoria caracterizada por niveis plasmaticos mais elevados de I1L-6 e IL-17 associada com
um perfil imunomodulador mediado por IL-10 e TGF-B. Além disso, baixos niveis de IFN-y

foram observados na maioria dos pacientes durante infeccdo aguda por P. vivax. Resultados
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similares ja foram descritos na literatura entretanto, parece haver consenso apenas para o
aumento de IL-10 (ZEYREK et al., 2006; FERNANDES et al., 2008; ANDRADE et al., 2010;
JAIN et al., 2010; GONCALVES et al., 2010; MEDINA et al., 2011; GONGALVES et al.,
2012; MENDONCA et al., 2013; COSTA et al., 2014; RODRIGUES-DA-SILVA et al., 2014).

Em relacdo as quimiocinas avaliadas, pacientes infectados por P. vivax apresentaram
niveis plasmaticos elevados de CCL2 (MCP-1) e CXCL10 (IP-10) e reduzidos de CCL5
(RANTES). Os dados da literatura referentes aos niveis plasmaticos de quimiocinas durante a
infeccdo por P. vivax sdo extremamente escassos (FERNANDES et al., 2008; MENDONCA et
al., 2013).

A comparacdo de mediadores plasmaticos entre 0s grupos controles (malaria-naive e
endémico) indicou baixos niveis de IL-27 e tendéncia de altos niveis de TGF-f nos individuos
de &rea endémica. Tais resultados sugerem que individuos expostos a malaria podem apresentar
um perfil de resposta mais imunomodulador, mas este aspecto, sem davida, requer investigacao
adicional. Nao foram encontrados relatos na literatura referentes aos niveis plasmaticos de IL-
27 durante a infeccéo por P. vivax.

Com o objetivo de detectar biomarcadores de doenca ativa, os 11 mediadores
plasmaticos foram avaliados em andlise pareada num subgrupo de pacientes infectados por P.
vivax, antes e ap0s tratamento com medicamento antimalarico (cloroquina e primaquina).
Niveis elevados de IL-6, IL-10, CCL2 e CXCL10 foram restaurados a niveis basais apds
tratamento, ressaltando o papel desses mediadores na infeccdo de fase aguda. Resultados
similares ja foram observados para IL-6 e IL-10 (GONCALVES et al., 2010; GONCALVES et
al., 2012; LEORATTI et al., 2012).

A separagdo em subgrupos, considerando o grau de parasitemia (< 500 ou > 500
parasitos/mm?®) ou o nimero de infecgBes prévias (primeira infeccdo, < 5 infecgdes ou > 5
infeccOes prévias), permitiu uma analise mais detalhada. Niveis plasméaticos mais elevados de
IL-10 foram observados em pacientes apresentando alta parasitemia e naqueles com mais do
que 5 infeccBes prévias. Relatos na literatura também indicam elevados niveis de IL-10 em
individuos com mais alta parasitemia (MEDINA et al.,, 2011; COSTA et al., 2014,
RODRIGUES-DA-SILVA et al., 2014). Esses dados sugerem que a aquisi¢do de um perfil
imunomodulador é alcancada apds vérias infeccGes prévias, o que leva a resposta inflamatoria
mais branda (e menor sintomatologia), embora com parasitemia mais elevada.

Os resultados de citocinas/quimiocinas plasmaticas durante infec¢do aguda por P.vivax

indicam producdo aumentada/diminuida de varios mediadores, 0s quais podem resultar numa
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complexa rede de interagdes com forgas de correlagdo que podem ser fracas (0.2 <r < (.5),
moderadas (0.5 <1 <0.7) ou fortes (0.7 <r < 1.0) entre os diferentes mediadores. As analises
das redes mostraram mais alta conexao de mediadores plasmaticos em pacientes com mais alta
parasitemia do que em pacientes com baixa parasitemia, assemelhando-se a rede que inclui
todos os pacientes infectados, ressaltando a importancia do nimero de parasitos na estimulacao
da resposta imune.

As multiplas analises realizadas permitiram identificar pelo menos dois importantes
mediadores plasmaticos inflamatérios, IL-6 e CCL2, envolvidos no controle da infecgdo. A
forte correlagdo positiva entre IL-6 e CCL2 mostrou-se importante, independentemente da
parasitemia ou do nimero de infec¢Bes prévias. Por outro lado, elevada parasitemia vista num
subgrupo de pacientes parece ser devida a correlacdo positiva do eixo IL-6-CCL-2 com a IL-
10, enquanto que pacientes com mais baixa parasitemia mostraram mais forte correlacdo desse
eixo com IFN-y. Costa e colaboradores (2014) ja haviam verificado uma forte correlacao
positiva entre IL-6 e IL-10, independentemente da parasitemia observada.

Em conclusdo, os aspectos abordados no presente estudo apontam para a existéncia de
mecanismos imunomoduladores em pacientes infectados por P. vivax, sintomaticos, mas que
ndo apresentam complicacbes decorrentes da doenca. Se, por um lado, esses mecanismos
conferem imunidade clinica ou quadro sintoméatico mais brando, por outro, ndo conferem
imunidade estéril. Tais resultados poderdo contribuir para melhor entendimento da malaria
causada por P. vivax e auxiliar em pesquisas que visam o desenvolvimento de novos farmacos

e mesmo de vacinas mais efetivas para a erradicacdo da doenca.
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7 CONCLUSOES

Os dados obtidos no presente trabalho demonstraram que os individuos infectados por
maléria P. vivax sintomatica ndo complicada desenvolvem uma resposta imune com perfil

imunomodulador. Esse perfil pode ser envidenciado pelos seguintes achados:

X/
L %4

Apoptose de linfocitos T CD4", com ativagdo tanto da via intrinseca quanto extrinseca;

% Reducdo do nimero absoluto de linfécitos T CD8", principalmente das células de

memoria central;

% Reducdo do numero absoluto de células T CD8" expressando IFN-v;

«» Aumento do nimero absoluto de células T CD8" de memoéria TNF-o* e IL-10%;

% Reducdo da razdo IFN-y/IL-10 em células T CD8" duplo positivas e de memodria;

+“ Reducdo do numero absoluto de linfocitos Tyd;

% Redugdo do nimero absoluto de linfocitos Tyd Thl-like;

% Elevados niveis plasmaticos de mediadores inflamatério (IL-6, IL-17, CCL2, CXCL10)

associado com niveis plasmaticos aumentados de citocinas imunomoduladoras (IL-10 e

TGF-B);

% Elevados niveis plasmaticos de IL-10 em individuos com alta parasitemia e maior

numero de infecgdes previas;

% Associagdo do eixo IL-6/CCL2 com IL-10 em individuos com alta parasitemia;
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APENDICE A - VIAS DE SINALIZACAO

Vias de sinalizacdo JAK-STAT e MAPK

As analises das vias de sinalizacdo de JAK-STAT e MAPK envolveram a investigacao de
84 genes em cada uma das vias. Para tanto, foram utilizados RNA (convertido em cDNA)
proveniente de linfdcitos T CD4" de individuos naturalmente infectados por P. vivax, bem como
individuos controle (malaria-naive). Os dados obtidos referem-se ao grupo P. vivax

comparativamente ao grupo controle.

Via de JAK-STAT

A via de JAK-STAT foi avaliada em amostras de individuos infectados por P. vivax (n=8)
e ndo infectados (n=3). Dos 84 genes investigados, houve reducéo significativa da expressdo
de oito genes codificadores de proteinas envolvidas nessa via de sinalizacdo, PIAS 1 (-2,18),
SP1 (-2,20), SOCS4 (-2,30), IL6ST (-2,36), NR3C1 (-2,56), IL20 (-2,57), SOCS5 (-2,65) e
SMADA4 (-2,79). Além disso, foi possivel observar aumentada expressao génica de JUN (2,15),
SOCS1 (2,48), JUNB (4,76), OSM (5,90), sendo este aumento mais pronunciado para SOCS3
(13,31) conforme pode ser observado na Figura 3. Os dados obtidos sugerem uma modulacao
da via de JAK-STAT durante a infeccdo por P. vivax, evidenciada principalmente pelos niveis
elevados de expressdo de SOCS3 e SOCS1, dois importantes genes codificadores de proteinas

supressoras de citocinas.

Figura 3: Via de sinalizacdo JAK-STAT
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Gréfico representativo da expressdo de genes codificadores de proteinas envolvidas na via de sinalizacao
JAK-STAT. *p<0,05; **p<0,001; ***p<0,0001.
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Via de MAPK

A via de MAPK foi investigada em amostras de individuos infectados por P. vivax (n=9) e
ndo infectados (n=3). Dos 84 genes investigados, houve reducéo significativa da expressdo de
20 genes codificadores de proteinas envolvidas nas quatro cascatas de MAPK, variando de -
2,03 até -3,84. Além disso, foi possivel observar que a regulacéo da via de MAPK ocorreu em
diferentes niveis da cascata de sinaliza¢do. Foi observado aumento da expressao génica apenas
para 0 gene CDKN2A (7,34; p=0,027), conforme pode ser observado na Figura 4 (A-C). Os

dados obtidos evidenciam uma downmodulation da via de MAPK de uma forma global.

Figura 4: Via de sinalizacdo MAPK
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Gréficos representativos da expressédo de genes codificadores de
proteinas envolvidas na via de sinalizacdo MAPK. (A) Proteinas
da cascata de ativagdo. (B) Fatores de transcri¢do. (C) Proteinas
envolvidas no ciclo celular. *p<0,05; **p<0,001; ***p<0,0001.
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Em células mieldides e linfoides, a via JAK-STAT pode ser ativada por interleucinas,
interferons e fatores de crescimento hematopoiéticos (TAMIYA et al., 2011). Aumentada
expressdo génica de Junb (4,76 vezes) foi observada em células T CD4" de pacientes P. vivax,
0 que pode estar relacionado com proliferacdo celular. Em experimento realizado com
fibroblastos foi verificado que o gene pl6 é alvo direto da agdo de Junb, regulando
negativamente a proliferacdo celular (PASSEGUE, 2000). Certamente a expressdo aumentada
de Junb durante malaria P. vivax requer investigacGes adicionais.

Em relacdo as SOCS, destacam-se a aumentada expressao génica de SOCS3 (13,31
vezes) e SOCSL1 (2,65 vezes), e reduzida expressdo de SOCS4 (-2,30 vezes) e SOCS5 (-2,65
vezes) em células T CD4" de pacientes infectados por P.vivax. Enquanto SOCS1 e SOCS3 sdo
muito estudadas, ha poucos relatos na literatura sobre as acGes de SOCS4 e SOCS5
(TRENGOVE; WARD, 2013). Sendo assim, as discussdes focardo especialmente as acdes da
SOCS1 e SOCS3, ambas com expressao aumentada durante estagio sanguineo de infeccéo por
P. vivax.

A familia de proteinas citoplasmaticas SOCS (Supressor of Cytokine Signaling) é
formada por 8 membros (SOCS1-7 e CIS), tendo como funcao principal inibir a ativacdo das
STATSs (Signal Transducer and Activator of Transcription). Em células do sistema imune, essas
proteinas supressoras atuam por meio de retroalimentacdo negativa, atenuando a transducao de
sinais de citocinas que ativam a via JAK-STAT (WORMALD; HILTON, 2004).

Além da familia de proteinas SOCS, mais duas familias de proteinas - SHP2 (SH2-
containing phosphatases) e PIAS (protein inhibitors of activated STATS) também atuam
inibindo por vias distintas a transducdo do sinal desencadeado por citocinas (WORMALD;
HILTON, 2004). Em outras palavras, a via JAK-STAT em células do sistema imune é
firmemente regulada em varios pontos, através de diferentes mecanismos que buscam garantir
uma resposta adequada modulando a resposta inflamatoria (CAROW; ROTTENBERG, 2014).

E importante destacar que as proteinas SOCS séo reguladoras negativas da sinalizagio
de citocinas inflamatdrias, as quais induzem as SOCS, formando uma alca de retroalimentacao
negativa (WORMALD; HILTON, 2004). Sendo assim, é sugerido que a ativagdo das STATS
por citocinas inflamatorias, também promovem a upregulacdo da transcricdo de proteinas
SOCS, estabelecendo uma alca de retroalimentacdo negativa que inibe a cascata de sinalizacao.
Esse mecanismo impede a sinalizacdo prolongada de citocinas que poderiam levar a inflamacéo
cronica ou promover proliferacdo celular anormal e tumorigénese (KERSHAW, 2013). Esta

pode ser uma das possiveis explicaces para niveis elevados da proteina supressora SOCS3
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durante infeccdo por P.vivax, cujos pacientes apresentaram niveis plasmaticos mais elevados
de IL-17 durante o estagio sanguineo do processo infeccioso.

SOCS3 regula a ativacdo de STAT3 em resposta a citocinas que utilizam o receptor
gp130. Esse receptor constitui parte do complexo receptor para citocinas pertencentes a familia
IL-6, tais como IL-6, IL-11, LIF (fator inibidor de leucemia) e OSM (oncostatina M), entre
outros. SOCS3 é de importancia critica para restringir inflamag&o, regulando respostas imunes
protetivas durante processos infecciosos (CAROW; ROTTENBERG, 2014).

Interessantemente, em células T CD4" de pacientes infectados por P. vivax, a expressao
génica de IL-6ST, que codifica a proteina gp130 estava reduzida (-2,36 vezes), enquanto que 0
gene OSM, codificador da proteina Oncostatina M, apresentou expressao significativamente
aumentada (5,9 vezes). Num estudo de avaliacdo de expressdo génica durante P. falciparum,
também foi constatada aumentada expressdo do gene OSM, um indutor de resposta Th17 (HU,
2013).

A proteina supressora SOCS3, além de promover a inibigdo da fosforilagdo de STAT3
mediada por 1L-23 (impede a geracdo de células Thl7 patogénicas), promove inibicdo da
ativacdo de STAT4 induzida por IL-12, por se ligar a subunidade IL12RB2, que ndo é
compartilhada pelo receptor IL-23R (CAROW; ROTTENBERG, 2014). Por outro lado,
elevados niveis de SOCS3 também promovem forte polarizacdo para células Th2 (TAMIYA et
al., 2011).

Em relacdo a SOCS1, células Thl7 requerem esta proteina supressora para inibir a
ativacdo de STAT1 mediada por IFN-y. Além disso, SOCS1 também regula negativamente
STAT4. Ambas, STAT1 e STAT4, sdo fatores de transcricdo necessarios para a producdo de
IFN-y (CAROW; ROTTENBERG, 2014). Além disso, SOCS1 pode ser considerada uma
proteina supressora “guardia” de Tregs, pois inibe STAT1 e impede a expressdao de I[FN-y nessa
subpopulacdo de células (TAMIYA et al.,2011). Sendo assim, a expressdo génica aumentada
de SOCS1 pode estar relacionada com mais baixa producgdo de IFN-y e mais elevados niveis de
IL-10 observados pacientes P. vivax durante a fase aguda da infeccéo.

Embora ndo se tenha observado mudancas significativas na expressao de genes que
codificam as diferentes STATs, é possivel que as diferencas estejam no grau de
ativacdo/fosforilacdo dessas moléculas. Na andlise global de expressdo génica dos diferentes
componentes da via JAK-STAT durante infeccdo por P. vivax, destaca-se a pronunciada
expressdo de SOCS3 (aproximadamente 13 vezes), uma proteina supressora de STATL e
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STAT4, e ativadora/moduladora da acdo de STAT3. Certamente, esses resultados requerem
mais pesquisas, tal como avaliar o nivel de fosforilacdo das STATS envolvidas no processo.

A via das MAPKSs, em mamiferos, pode ser subdividida em 4 cascatas: JNK, p38,
ERK1/2 e ERKS5. A cascata JNK é ativada em resposta a estimulos de estresse induzido por
citocinas inflamatorias, fatores de crescimento e estresse ambiental (radiacdo UV). A
sinalizacdo via receptores de membrana ativa pequenas GTPases da familia Rho (Rac, Rho e
CDC42) presentes na membrana celular. Uma vez ativadas, as GTPases ativam MAP3KSs, que
irdo fosforilar MAP2K4 e MAP2KY7. Estas, por sua vez, irdo fosforilar a proteina JNK
(KUMAR et al., 2015).

Os resultados obtidos demonstraram reduzida expressdo génica da GTPase CDC42 (-
2,25; p<0,0001), bem como da MAP2K4 (-2,15; p<0,001). Estes dados sugerem uma menor
ativacdo da cascata de JNK em linfécitos T CD4* durante infeccéo por P. vivax.

A cascata p38 também ¢é ativada por fatores de crescimento, citocinas inflamatdrias e
varios tipos de estresse ambiental, por meio da acdo de TRAFs (TNF receptor-associated
factor) ou de GTPases da familia Rho (CUADRADO; NEBREDA, 2010). Ocorre entdo a
ativacdo de MAP3Ks que irdo fosforilar MAP2K3 e MAP2K®6, responsaveis por transferir o
grupamento fosfato para p38. A p38 também pode ser ativada pela MAP2K4 (CUADRADO,;
NEBREDA, 2010; RINCON; PEDRAZA-ALVA, 2003). Estudos experimentais demonstraram
que a cascata p38 de MAPK néo esta envolvida na morte de linfocitos T CD4". Entretanto, a
inibicdo de p38 em camundongos resultou na diminuicdo da producdo da citocina pro-
inflamatoria IFN-y por células Th1, bem como linfécitos T CD8* (RINCON; PEDRAZA-
ALVA, 2003).

No presente estudo, além de reduzida expressdo génica da GTPase CDC42 e da
MAP2K4, também foi observado redugdo na expressao génica de MAP2K6 (-2,95; p<0,0001),
0 que poderia resultar em menor ativagdo da cascata p38 em linfécitos T CD4". Essa menor
ativacdo da cascata p38 poderia contribuir para niveis plasmaticos reduzidos de IFN-y
observados nos individuos infectados por P. vivax.

A ativacdo da RAS (proteina G), por meio de receptores de membrana, levam a ativacao
da quinase RAF que ira fosforilar MEK, ativando a cascata ERK1/2 (YU et al., 2015). Em
linfécitos T, a ativacdo do TCR (receptor de célula T) causa aumento da ativacdo da cascata
ERK, enquanto que a co-estimulagdo via CD28 é necessaria para a ativagdo da cascata JNK
(RINCON et al., 2001). Além disso, estudos sugerem que a cascata ERK ndo parece ser

essencial para a producdo de IL-2 ou proliferacdo de células T CD4", entretanto, é necessaria

142



para a diferenciacéo de linfocitos T CD4* em perfil Th2, tanto in vitro quanto in vivo (RINCON
etal., 2001)

Em linfécitos T CD4" de individuos infectados por P. vivax, foi observada reducéo na
expressdo génica do gene BRAF (-2,28; p<0,01), responsavel pela codificagdo da proteina
RAF, sugerindo uma menor ativacdo de cascata ERK durante a infeccéo.

A cascata de ERK5 pode ser ativada por estresse oxidativo e hiperosmolaridade,
entretanto ndo pode ser ativada por PDGF (platelet-derived growth factor) que é um forte
estimulo para a cascata ERK1/2. ERK5 também é capaz de fosforilar os substratos da cascata
ERK1/2, como Sapla, c-Myc e RSK (NISHIMOTO; NISHIDA, 2006). Os substratos que
podem ser fosforilados pela cascata ERK5 sdo: MEF2A, MEF2C, c-Fos, Fra-1, sapla, CREB,
Ets-1 e Myc (PLOTNIKOV et al., 2011).

No presente estudo, ndo foi observada alteracfes na expressdo génica da cascata de
sinalizacdo de ERKS5, entretanto a expressédo de genes que codificam substratos dessa cascata,
tais como CREB (-2,76; p<0,0001), Ets-1 (-2,36; p<0,001) e Myc (-2,09; p<0,01), estava
reduzida. Esses trés genes codificam proteinas que atuam como fatores de transcricao.

Durante a infeccdo por P. vivax, também foi observada reducdo na expressdo génica
referente a genes codificadores de outros substratos da cascata INK (ATF-2, p53 e Smad4), p38
(ATF-2, p53, Max e Myc) e ERK1/2 (p53 e Smad4).

Na andlise da via de MAPK, apenas o0 gene CDKNZ2A estava com a expressao
aumentada. Este gene codifica as proteinas pl6 (INK4a) e pl4 (ARF) que sdo potentes
reguladoras do ciclo celular. A proteina p16 liga a duas outras proteinas (cyclin-dependent
kinases - CDKs), CDK4 e CDKG®, estimuladoras do ciclo para continuagdo da diviséo celular
(KRUG et al., 2002). A ligacdo da p16 a essas proteinas blogueia a continuidade e progressdo
do ciclo celular. Ja a proteina p14 impede que a p53 seja degradada.

A p53 é uma importante proteina reguladora de divisdo celular, apoptose e também
essencial para supressdo de tumor, prevenindo sua formacéo. Os relatos existentes na literatura
sobre 0 gene CDKN2A concentram em estudos relacionados a diversos tipos de cancer,
inclusive leucemia linfoblastica (DE KEERSMAECKER et al., 2005).

Embora ndo existam relatos sobre a participacdo desse gene em apoptose de linfocitos,
é possivel sugerir que a aumentada expressao do gene CDKN2A em células T CD4" pode estar
relacionada com esse fendmeno observado em pacientes infectados por P. vivax (HOJO-
SOUZA et al., 2015).
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Em resumo, a anélise global da via de sinalizagdo MAPK mostra que durante infeccéo
por P. vivax ocorre uma supressdo dessa via. A supressdo de resposta proliferativa e de
producdo de IFN-y durante episddio de malaria clinica em individuos de area endémica sugere
que repetidas infeccBes levam a uma adaptacdo benéfica para o hospedeiro, impedindo a
ocorréncia de imunopatologia. Entretanto, pode também representar uma estratégia induzida

pelo parasito, permitindo sua sobrevivéncia e transmissdo para outros individuos.
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