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MENDONCA, Vitor Rosa Ramos de. Associacdo entre biomarcadores
imunogenéticos e a gravidade ou resisténcia na malaria por Plasmodium
vivax. 177 f. il. Tese (Doutorado) — Universiadede Federal da Bahia. Centro
de Pesquisas Goncgalo Moniz, Salvador, Bahia, 2015.

RESUMO

INTRODUCAO: A malaria é uma das doencas infecto-parasitarias mais
incidentes no mundo com grande morbimortalidade. Dentre as espécies
infectivas ao ser humano, o Plasmodium vivax é a espécie predominante no
Brasil, quase que exclusivamente na Regido Amazdénica. O espectro clinico
da malaria abrange desde uma infecgdo assintomatica até casos moderados,
com hiperbilirrubinemia isolada ou graves. A producdo de mediadores
inflamatorios pelo sistema imune, a via de metabolizagdo do heme e os niveis
sisttmicos de hepcidina sdo importantes mecanismos associados a
fisiopatologia dos diferentes desfechos clinicos da malaria. Além disso,
coinfec¢gdes podem modular ou intensificar a resposta imune de individuos
infectados pelo plasmdédio. OBJETIVO: Neste interim, a identificacdo de
biomarcadores confiaveis tanto de gravidade ou resisténcia sao
indispensaveis para o auxilio no seguimento, diagndstico e terapéutica da
malaria. MATERIAL E METODOS: Esta Tese relne sete artigos com o
objetivo de identificar biomarcadores plasmaticos e genéticos associados
com a via do heme, hepcidina e resposta imune em individuos com diferentes
manifestagdes clinicas da malaria por P. vivax, assim como nos casos de
coinfeccdo com dengue, da Amazobnia Brasileira. RESULTADOS: Em
primeiro lugar, foi descrito o estado da arte da diversidade genética humana
que influencia o desfecho clinico da malaria. Em outro estudo, alteragdes
genéticas especificas e niveis plasmaticos elevados em moléculas na via de
metabolizagdo do heme estdo associados com a malaria vivax aguda. Em
terceiro estudo, a interagdo entre biomarcadores imunoinflamatorios foi
analisada por redes, e os participantes com malaria assintomatica tiveram
varias correlagdes significativas envolvendo a IL-4. A resposta imune também
foi influenciada por alteragbes genéticas e, em outro trabalho, foram
identificados polimorfismos em genes relacionados ao sistema imune
(DDX39B, TNF e IL6) que estao associados com risco maior de complicagdes
na malaria vivax, provavelmente, por influenciarem os niveis de mediadores
inflamatdrios. Verificou-se no quinto manuscrito que a resposta imune de
individuos com malaria e hiperbilirrubinemia isolada € parecida com aquela
de individuos com malaria ndo-complicada, sugerindo uma doenga menos
grave. Neste mesmo estudo, os niveis de hepcidina estdo aumentados nos
casos graves ou malaria com hiperbilirrubinemia e este hormdnio esta
positivamente correlacionado com IL-6, IL-10 e parasitemia no grupo de
malaria moderada, e com IFN-y nos individuos graves. No sexto trabalho, um
algoritmo clinico conseguiu distinguir os individuos monoinfectados daqueles
com coinfecgédo dengue e P. vivax, e o perfil imune dos casos coinfectados foi
marcada por uma assinatura molecular envolvendo as citocinas TNF, IL-6 e
IFN-y. Por fim, & descrito o estado da arte dos fatores imunoreguladores
humanos relacionados & malaria assintomatica. CONCLUSOES: O conjunto
dos dados desta Tese ajuda no entendimento dos mecanismos
imunopatologicos na infecgao pelo P. vivax e podem guiar e auxiliar estudos
futuros sobre métodos diagndsticos, terapéuticas e vacinas na malaria vivax.

Palavras-chave: Malaria, P. Vivax, Biomarcadores, Heme, Sistema Imune.



MENDONCA, VITOR R. R. Association between immunogenetic biomarkers
and severity or resistance to Plasmodium vivax malaria. 177 f. il. Tese
(Doutorado) — Universiadede Federal da Bahia. Centro de Pesquisas Gongalo
Moniz, Salvador, Bahia, 2015.

ABSTRACT

INTRODUCTION: Malaria is one of the most frequent infectious diseases in
the world with high morbidity and mortality. Among the infective species to
humans, Plasmodium vivax is the most predominant species in Brazil, with
disease incidence almost exclusively observed in the Amazon Region. The
clinical spectrum of malaria can range from asymptomatic infection to mild
cases, malaria with isolated hyperbilirubinaemia or severe infection. The
immune system production of inflammatory mediators, the heme metabolism
pathway and systemic levels of hepcidin are important mechanisms
associated with pathophysiology of different malaria clinical outcomes. In
addition, co-infections can modulate or enhance the immune response of
individuals infected with P. vivax. OBJECTIVE: In this context, the
identification of reliable biomarkers for disease severity and resistance are
essential for the diagnosis, treatment and follow-up of malaria. MATERIAL
AND METHODS: This work, composed of seven articles, aims to better
explain genetic and plasma biomarkers associated with the heme pathway,
hepcidin and immune response occurring in P.vivax infection. Subjects have
been sampled from the Brazilian Amazon, with different clinical manifestations
of P. vivax malaria, as well as co-infected with dengue. RESULTS: Firstly, it is
described the state of the art regarding human genetic diversity, which affects
malaria outcomes. In another study, specific genetic alterations and high
levels of heme metabolism pathway biomarkers are associated with acute
vivax malaria. In the third report, interactions between immunoinflammatory
networks were analyzed, and subjects with asymptomatic malaria had
significant correlations with increased IL-4 levels. The immune response is
also influenced by genetic factors. Towards it, a study has identified
polymorphisms in certain immune system genes (DDX39B, TNF and IL-6) that
are associated with an increased risk of complications in vivax malaria
infection. The fifth manuscript shows that the immune response of subjects
with malaria with hyperbilirubinemia is similar to patients with uncomplicated
malaria, suggesting it as a less severe disease. Next, a clinical algorithm was
shown to distinguish between monoinfected subjects from those co-infected
with dengue and P. Vivax; and an immune signature composed by TNF, IL-6
and IFN-y was found in co-infected subjects. Finally, it is described new
human immunoregulatory factors related to asymptomatic malaria.
CONCLUSIONS: Together, the data presented here contribute to better
understanding the immunopathological mechanisms occurring throughout P.
vivax infection, in order to guide and assist future studies about diagnosis,
therapeutics and vaccination for P. vivax malaria infection.

Keywords: Malaria, P. Vivax, Biomarkers, Heme, Immune System.
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1. INTRODUGAO

1.1 EPIDEMIOLOGIA

A malaria é uma das doencas infecto-parasitarias mais importantes e
incidentes no mundo. Em 2013, foram registrados 198 milhdes de casos
clinicos de malaria que resultaram em 584.000 mortes (WHO, 2014). Na
Ameérica Latina, 427.000 casos e 82 mortes pela malaria foram descritos em
2013, e o Brasil foi responsavel por 42% (177.767) e 50% (41) destas
notificagdes e dbitos, respectivamente (WHO, 2014).

Os parasitas da malaria sdo classificados no filo Protozoa, classe
Sporozoea, familia Plasmodiidae, género Plasmodium. Cinco espécies sao
responsaveis por praticamente todas as infeccbées humanas: P. falciparum, P.
vivax, P. malariae, P. ovale e P. knowlesi. A transmissao natural da malaria
ocorre por meio da picada de fémeas de mosquitos do género Anopheles,
previamente infectados por algum enfermo ou portador assintomatico, sendo
mais importante a espécie Anopheles darlingi, cujos criadouros preferenciais
sdo colegdes de agua limpa, quente, sombreada e de baixo fluxo, muito
frequentes na Amazonia Brasileira (WHO, 2014).

A forma infectante inicial do parasita chama-se esporozoita e penetra
no organismo através da saliva que o mosquito introduz no sangue dos
capilares subcutaneos. O esporozoito invade os hepatocitos e apds divisdes
multiplas, formam-se esquizontes teciduais primarios, que passado o prazo
de maturacdo de 6 a 16 dias a partir da infecgdo, rompem-se e liberam
milhares de merozoitos. Nas infec¢des pelo P. falciparum e P. malariae,

todos os esquizontes teciduais rompem ao mesmo tempo. Entretanto, nas
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infeccbes pelo P. vivax e P. ovale alguns esquizontes, que recebem a
denominagéo de hipnozoitas, permanecem latentes no figado por meses ou
anos, e estdo relacionados pelas recidivas tardias nas infecgdes por estas
especies (COGSWELL et al., 1983; KROTOSKI, 1985).

Os merozoitos liberados nos vasos hepaticos invadem os eritrocitos e
transformam-se em trofozoitas jovens, conhecidos como formas em anel, que
crescem e tornam-se irregulares (trofozoitas amebodides) e, apdés multiplas
divisbes transformam-se em esquizontes hematicos, que originam,
posteriormente, os merozoitos hematicos. Os merozoitos liberados na
circulagao voltam a infectar outros eritrocitos e repetem o ciclo. Uma pequena
proporcdo dos merozoitos presente nos eritrocitos diferencia-se em
gametdcitos que serdo ingeridos pela fémea do Anopheles. Esses gametas
fusionam e se transformam em oocistos, que se dividem assexuadamente em
varios esporozoitos, os quais migram para as gléndulas salivares, de onde

seréo liberados durante o préximo repasto sanguineo.
1.2 MALARIA POR Plasmodium vivax

O Plasmodium vivax € geograficamente o parasito mais amplamente
distribuido da malaria humana, com cerca de 2,5 bilhdes de pessoas sob
risco de transmissdo no mundo, sobretudo na América Latina, Sudeste e
Regido Central da Asia (GETHING et al.,, 2012). A baixa transmissdo da
malaria vivax na Africa pode ser consequéncia da taxa alta relacionada a
auséncia do grupo sanguineo Duffy, que permite a invasdo do P. vivax nos
eritrécitos, nas populagdes africanas. No Brasil, até a década de 80, existiu
uma relativa equivaléncia entre as espécies parasitarias (P. vivax e P.

falciparum) inclusive com um periodo de inversdo parasitaria, de 1983 a
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1988, com predominancia de P. falciparum (MS, 2014). A partir de entéo,
nota-se o distanciamento no numero de registro das duas espécies, fato que
culminou com a predominancia do P. vivax, responsavel por mais de 95%
dos casos notificados em 2013 quase que exclusivamente na Regido

Amazonica Brasileira (MS, 2014).

Apesar desta grande carga de doenga, o P. vivax é negligenciado e
ficou a sombra do problema causado por P. falciparum na Africa Sub-
Saariana, no que diz respeito a maior mortalidade, sobretudo em criancas
(MENDIS et al., 2009). A carga total de malaria nas Américas € baixa quando
comparada com a Africa, mas o P. vivax é responsavel por mais de 70% da
malaria nas Ameéricas e localmente provoca uma clinica substancial e grande
problema socioeconémico (WHO, 2014). Este descaso tem refletido no
montante aplicado em pesquisas relacionadas a doenca visto que, no periodo
de 2006 a 2009, os investimentos em malaria vivax representaram apenas
3,1% de todo capital utilizado em pesquisa sobre malaria no mundo (PATH,

2011).

Tradicionalmente considerada uma infecg&o benigna, a infecgéo por P.
vivax tem sido implicada em casos de malaria grave associados
principalmente a quadros de anemia grave, trombocitopenia grave, choque
circulatério e disfungédo hepatica (RAHIMI et al., 2014). Os casos de malaria
vivax grave sao classificados pela presenca de achados clinicos e
laboratoriais que sédo definidos por critérios de gravidade organizados pela
Organizagdo Mundial de Saude (OMS) para a malaria falciparum (WHO,
2010). Nao existem critérios especificos para o P. vivax (WHO, 2010).

Estudos prospectivos na Papua, Indonésia, demonstraram uma taxa de
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mortalidade de 1,6% entre pacientes hospitalizados com malaria vivax
(ANSTEY et al., 2007; TJITRA et al., 2008). Na Venezuela, tem se verificado
o0 aumento de Obitos em criangcas menores de dez anos relacionados a
infecgdo por P. vivax (RODRIGUEZ-MORALES; BENITEZ; ARRIA, 2008).
Em recente metanalise com estudos publicados entre 1900 a 2014, a taxa de
letalidade estimada entre os pacientes infectados com P. vivax foi de 0.3%
(RAHIMI et al., 2014). No Brasil, de 2000 a 2013, o Ministério da Saude
informou oficialmente 121.527 internamentos e 1.399 mortes atribuidas a
malaria (sem especificacdo da espécie) (MS, 2014). Nos ultimos anos tém
sido relatadas complicagbes graves da infecgéo por P. vivax no Brasil, com a
descricdo de manifestagées hematoldgicas, respiratérias, cerebrais, renais,
incluindo obitos (ALEXANDRE et al., 2010; ANDRADE et al., 2010a; DE
LACERDA; DE OLIVEIRA; ALECRIM, 2007; LACERDA; HIPOLITO;

PASSOS, 2008).

A hiperbilirrubinemia (bilirrubina total > 3.0mg/dL), também chamada
clinicamente de ictericia, € descrita em alguns estudos como o achado mais
comum em criangas e adultos com malaria vivax considerada grave
(KOCHAR et al., 2009, 2010). Contudo, a definicdo mais recente de malaria
grave da OMS n&o considera a hiperbilirubinemia isolada como um critério de
gravidade, exceto nos casos em que seja acompanhada por outra disfungéo
de orgaos vitais (WHO, 2010). A fisiopatologia da ictericia ndo € bem
conhecida, mas a hemodlise intravascular e o dano hepatico associado a
malaria parecem contribuir para esta manifestacdo (ANAND; PURI, 2005).

Vale ressaltar que outras doengas que evoluem com uma sindrome ictérica e
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que sdo comuns em regides endémicas para malaria precisam ser excluidas,

como a leptospirose, febre tiféide e hepatites (LACERDA et al., 2012).

O espectro clinico da malaria é diverso e abrange desde uma infecgéo
sintomatica grave ou ndo-complicada até uma doenga assintomatica. Estas
diferentes manifestacbes dependem: da viruléncia do parasita; da
susceptibilidade e resposta imune do hospedeiro humano; dos mecanismos
de toleréncia da doenca; e dos fatores ambientais (ANDRADE; BARRAL-
NETTO, 2011; MEDZHITOV; SCHNEIDER; SOARES, 2012). Embora nao
haja nenhuma definicdo padronizada para malaria assintomatica, esta pode
ser definida pela presencga do parasita (parasitemia positiva) sem desenvolver
sintomas clinicos da doenga durante um certo periodo (LINDBLADE et al.,
2013). A malaria assintomatica tem sido um problema mundial visto que os
individuos servem como reservatérios do parasita e mantém a transmissao
da doencga através da produgédo de gametdcitos, sendo grandes obstaculos
para a erradicagdo da malaria (WHITE, 2008). Em estudo na Regido
Amazonica Brasileira, individuos com malaria vivax assintomatica dificultam a
eliminagcdo da malaria residual em comunidades com baixa incidéncia baixa
da doencga por representarem a maioria dos casos de malaria (56.6%) e mais

de 90% deles produzirem gametocitos (BARBOSA et al., 2014).

1.3 FISIOPATOLOGIA DA MALARIA

1.3.1 Via do Heme

A hemolise intravascular que ocorre na fase sanguinea da malaria esta
associada a liberagdo do conteudo de hemoglobina (Hb) dos eritrécitos. Na

presenca de espécies reativas de oxigénio (ERO) e nitrogénio presentes na
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circulagdo, os dimeros livres de Hb s&o oxidados para a forma de
metahemoglobina, com liberagdo do seu grupo prostético, o heme (BALLA et
al., 1993, 2000; JENEY et al., 2002). O heme livre possui diversos efeitos
danosos ao ser humano (FERREIRA et al., 2008). Esta molécula possui
citotoxicidade aumentada para as células endoteliais, expondo a matrix
subendotelial pro-trombdtica a cascata de coagulacdo com formagédo de
graus variados de trombos microvasculares e concomitante vaso-ocluséo e
isquemia tecidual (JENEY et al., 2002). O heme pode também atuar como
quimioatraente celular dos polimorfonucleares, com participagcdo na ativacao
e sobrevivéncia celular, estimulando, consequentemente, a geracdo de ERO
maléficas ao ser humano (ARRUDA et al.,, 2004; GRACA-SOUZA et al.,
2002; PORTO et al., 2007). Outros efeitos danosos do heme foram descritos
no seu papel em sensibilizar células ndo-hematopoiéticas a submeter-se a
apoptose mediada por fator de necrose tumoral (TNF) (SEIXAS et al., 2009) e
suprimir mediadores anti-inflamatorios, como a prostaglandina E2 (PGE2) e o
fator de transformacao do crescimento-3 (TGF-3) (ANDRADE et al., 2010d).
O plasmédio desenvolveu uma série de mecanismos para protecéo
contra os efeitos deletérios do heme livre, com destaque para a
polimerizagdo do heme em hemozoina, um pigmento malarico que neutraliza
os efeitos pré-oxidativos do atomo de ferro (Fe) presente na molécula
(FRANCIS; SULLIVAN; GOLDBERG, 1997). A relevancia deste mecanismo
de defesa é corroborada pelos efeitos terapéuticos de drogas anti-malaricas,
como por exemplo a cloroquina, que inibem a formacdo de hemozoina
(SLATER; CERAMI, 1992). Com base nessa estratégia, o parasita consegue

se replicar eficientemente dentro dos eritrocitos, que posteriormente serdo
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hemolisados com liberagdo de Hb na circulagdo (FRANCIS; SULLIVAN;
GOLDBERG, 1997).

O hospedeiro também criou artificios para se proteger da
citotoxicidade da Hb e heme livres. Sob condi¢gdes homeostaticas, a Hb pode
rapidamente se ligar a haptoglobina (Hp), proteina plasmatica tetramérica
(a2B32) (FERREIRA et al., 2008). A Hp é considerada uma proteina de fase
aguda que aumenta 2 a 4 vezes em resposta a uma inflamagado aguda
(IMRIE et al., 2007). O heme livre também pode se ligar a hemopexina ou
albumina, porém com menor afinidade. O complexo Hb-Hp é reconhecido e
internalizado via receptor grupamento de diferenciagédo (CD)163 expresso em
monaocitos/macréfagos na polpa vermelha do bago (KRISTIANSEN et al.,
2001). O CD163, por sua vez, pode ser liberado da membrana na forma de
uma glicoproteina soluvel plasmatica (sCD163) possivelmente em resposta a
estimulos inflamatorios e estresse oxidativo (TIMMERMANN; HOGGER,
2005). O sCD163 parece inibir a ativagao de linfocitos T humanos induzida
por forbol éster, resultando na atenuagdo da resposta imune (HOGGER;
SORG, 2001). Os niveis de sCD163 sdo mais elevados em individuos com
malaria ndo complicada quando comparados aqueles com a forma grave,
assim como nos individuos infectados com malaria de qualquer forma clinica
quando comparados a individuos que compdem o grupo controle saudavel
(KUSI et al., 2008).

ApOs a internalizagdo do complexo Hb-Hp, o heme sera degradado via
a enzima intracelular heme oxigenase-1 (HO-1). A cadeia beta () da Hp
possui aproximadamente 40 kDa, e a cadeia alfa (a) é sintetizada por dois

alelos variantes: o Hp1 (a1), com aproximadamente 8,86 kDa, que s&o
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subdivididos em 1S e 1F, e o Hp2 (02), com aproximadamente 17,3 kDa
(MAEDA et al., 1984). Esses alelos apresentam afinidades diferentes pela Hb
livre (Hp1.1>Hp1.2>Hp2.2), assim como pelo CD163 (Hp2.2>Hp1.2>Hp1.1)
(KRISTIANSEN et al., 2001). Além disso, a presenga do gendtipo Hp2.2 tem
sido associado a um aumento do estresse oxidativo quando comparado a
presenca do gendotipo Hp1.1 (ASLEH et al., 2005; MELAMED-FRANK et al.,
2001). O gendtipo Hp2.2 tém sido associado a susceptibilidade a diversas
condic¢des inflamatdrias, incluindo malaria (ATKINSON et al., 2006; CHEN et
al., 2011b; COX et al., 2007; FRIIS et al., 2003; KASVOSVE et al., 2000).
Contudo, o gendtipo Hp2.2 também foi associado a uma menor propensao de
criangas desenvolverem formas graves da malaria no Quénia (ATKINSON et
al., 2007).

A HO-1 é codificada pelo gene HMOX1 (heme oxigenase [deciclica] 1)
e é induzida ubiquamente sob estresse oxidativo (SEIXAS et al., 2009). Esta
enzima cinde o heme liberando a protoporfirina IX e o atomo de Fe, com
geracdo de mondxido de carbono (CO) (FERREIRA et al.,, 2008). A
protoporfirina IX & transformada em biliverdina, que pode ser convertida pela
biliverdina redutase em bilirrubina (STOCKER et al., 1987). A infec¢ao pelo
plasmodio em humanos esta associada a indugao de niveis elevados de HO-
1 (MEDANA et al., 2001; SCHLUESENER; KREMSNER; MEYERMANN,
2001). Entretanto, em modelos experimentais de malaria, a indugado de HO-1
esta associada a uma tolerancia maior ao plasmddio como resultado da
capacidade da HO-1 em controlar o dano tecidual nao-especifico e a
imunopatologia através da redugao da inflamagao (PAMPLONA et al., 2007).

Essa protecao ocorre através da produgédo de CO, que se liga com afinidade
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alta a Hb livre, prevenindo a liberagdo de heme na circulagdo (PAMPLONA et
al., 2007). De modo similar, observou-se que a ocorréncia de uma dele¢ao no
gene da HO-1 (HMOXT) esta associada ao desenvolvimento de malaria
grave em camundongos (SEIXAS et al., 2009). Adicionalmente, 0 mecanismo
de protecao de individuos com anemia falciforme contra a infecgao malarica
parece ser através da indugado da HO-1 em modelo experimental (FERREIRA
et al., 2011).

Um polimorfismo microsatellite (GT)n na regido promotora do gene
HMOX1 esta associada a sintese aumentada ou diminuida da HO-1 em
resposta a diferentes estimulos. Os individuos com a repeticdo menor do
dinucleotideo (GT)n apresentam expressao maior da HO-1, enquanto que a
repeticdo maior esta associada a sintese diminuida da enzima (EXNER et al.,
2004). Este polimorfismo ja foi descrito em diversas doengas como: doenca
de Parkinson e Alzheimer (KIMPARA et al., 1997), doenga coronariana
arterial (CHEN et al., 2002), enfisema (YAMADA et al., 2000), cancer (HU et
al., 2010), insuficiéncia respiratoria (SHEU et al., 2009), nefropatia (CHIN et
al., 2009) e artrite reumatoide (WAGENER et al., 2008). Na malaria, estudos
demonstraram associagdes entre repeticbes (GT)n curtas e a malaria
falciparum grave (TAKEDA et al., 2005; WALTHER et al., 2012), enquanto
que outro estudo nao encontrou associacdo entre o polimorfismo

microsatellite da HMOX1 e susceptibilidade a malaria (KUESAP et al., 2010).

1.3.2. Hepcidina
O heme é degradado pela HO-1 produzindo biliverdina, CO e ferro labil

(Fe2+). As concentragdes de ferro sdo controladas através do mecanismo de
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feedback da hepcidina, hormbénio que regula a homeostase do ferro pela
degradagao do exportador de ferro, a ferroportina, prevenindo a liberagdo do
ferro reciclado pelos eritrocitos e do ferro da dieta pelos macréfagos e
enterocitos, respectivamente (GANZ, 2006). Mutagbes no gene da
ferroportina (SLC40A1 [familia de carreador soluvel 40 membro 1]) com
disfungdo do exportador tém sido associadas com tendéncia a acumulo de
ferro e hemocromatose em humanos (KASVOSVE et al., 2005; MONTOSI et
al., 2001; WALLACE et al., 2002). O acumulo de Fe intracelularmente é
perigoso visto que causa estresse oxidativo, a menos que se ligue a ferritina,
que atua como uma molécula antioxidante em diversos modelos (BALLA et
al., 1992; BERBERAT et al., 2003; COZZ| et al., 2000). Os niveis de ferritina
estdo diminuidos em individuos com P. vivax da Amazobnia Brasileira de
modo diretamente proporcional ao dano hepatico (GOZZELINO et al., 2012).
Adicionalmente, em modelo experimental, a ferritina promove tolerancia a
malaria por prevenir que o ferro labil intracelular induza a ativagdo da
molécula pro-apoptotica quinase c-Jun N-terminal (JNK), e esta acéo requer
a expresséo de HO-1 (GOZZELINO et al., 2012).

Através da hepcidina, o ferro do metabolismo do heme nos
macréfagos e monacitos é retido intracelularmente; no entanto, nos casos de
excesso do horménio e saturacado da ferritina, pode acontecer o acumulo e
impregnagao pelo ferro de alguns 6rgéos, especialmente o figado, bago e
coragao (DE MAST et al., 2009a). Estudos tém demonstrado que os niveis da
hepcidina estdo aumentados na malaria humana sintomatica ou
assintomatica tanto pelo P. falciparum quanto pelo P. vivax (AYOYA et al.,

2009; DE MAST et al., 2009a, 2009b, 2010; HOWARD et al., 2007). Além
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disso, a hepcidina demonstrou ser o melhor preditor de absor¢cao de ferro
pelos eritrocitos em criangas com comorbidades (anemia, deficiéncia de ferro
e infecgbes), sugerindo o potencial uso desse horménio como biomarcador
em programas de suplementagéo de ferro (PRENTICE et al., 2012).

A sintese da hepcidina € induzida pelo ferro da dieta, estoques de
ferro e inflamacédo, e € suprimida pela deficiéncia de ferro, hipdxia e
eritropoiese (GANZ, 2011). O mediador inflamatorio mais bem descrito em
induzir a expresséo da hepcidina é a interleucina (IL) 6 (IL-6) (NEMETH et al.,
2004). Em modelo experimental de malaria, a producé&o de hepcidina previne
uma infecgdo subsequente provavelmente por reduzir os niveis de ferro
necessarios para o completo desenvolvimento do plasmddio, e este efeito €
inibido em camundongos tratados com anticorpos anti-IL-6 (PORTUGAL et
al., 2011). O IL-10 também parece induzir a hepcidina em macréfagos co-
culturados com eritrocitos infectados pelo P. falciparum através da
fosforilagdo do tradutor de sinal e ativador de transcrigao (STAT)-3 (HUANG
et al., 2014). De modo interessante, hemacias infectadas pelo plasmddio
induzem a sintese de acido ribonucléico mensageiro (RNAm) de hepcidina
em células mononucleares de sangue periférico, sugerindo um papel de
células circulatérias do sistema imune na producdo deste horménio

(ARMITAGE et al., 2009).

1.3.3. Resposta Imune

A resposta imune do individuo tem um papel importante na
patogénese das manifestagdes clinicas da malaria assim como na tolerancia

ou resisténcia ao parasita. Individuos da area endémica para malaria podem
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adquirir imunidade parcial ao plasmoédio: imunidade anti-doenca pode
prevenir o desenvolvimentos de sintomas clinicos da patologia apesar da
presenca do plasmdédio; e imunidade anti-parasita, que suprime a carga
parasitaria (DAUBERSIES et al., 1996; DAY; MARSH, 1991; TRAPE et al.,
1994). Normalmente, os individuos com malaria assintomatica sdo mais
velhos e apresentam numero maior de episédios prévios de malaria,
sugerindo uma imunidade protetora ao longo dos anos de exposi¢cdo ao
plasmodio na area endémica (ANDRADE et al., 2009). A malaria grave, por
sua vez, estd mais associada com criangas e individuos primoinfectados,
sugerindo uma resposta imune ineficaz contra a infecgcdo (DAY; MARSH,

1991).

A resposta imune € montada quando os patégenos sao reconhecidos
por células do sistema imune inato (células dendriticas, macrofagos,
neutroéfilos, células natural killer, basdfilos, eosindfilos e mastdcitos) através
dos receptores de padrées moleculares associados a patogenos (PAMPs),
sendo o receptor tipo toll (TLRs) o mais importante. Através dessa interagao
inicial entre o hospedeiro e o patdégeno, o sistema imune inato organiza uma
defesa imediata contra o organismo invasor e também ajuda na diregao de
uma resposta de células do sistema imune adaptativo (células B e T), que
reconhecem e ligam antigenos estranhos através de um repertorio de
receptores de superficie. As interagdes receptor-ligante direcionam células do
sistema imune adaptativo e inato a transcrever seus genes na forma de
RNAmM; o RNAm ¢é, em seguida, traduzido em proteinas intracelulares,
proteinas de membrana e proteinas secretorias, que juntas formam a

qualidade da resposta imune contra o micrébio invasor (TRAN et al., 2012).
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1.3.3.1. Imunidade inata

As células da resposta imune inata sdo a primeira linha de defesa do
organismo contra patdégenos. A atividade funcional de neutrofilos e
macréfagos/mondcitos ja foi descrita em mediar a resposta imune de
individuos com malaria por P. falciparum (CHIMMA et al., 2009; JOOS et al.,
2010). Especificamente na malaria vivax aguda, mondcitos e neutrofilos estéo
altamente ativados; enquanto que os mondcitos sdao a maior fonte de
citocinas em resposta a agonistas de TLR, neutrofilos demonstram ter uma
maior atividade fagocitica e producéo de superoxido (LEORATTI et al., 2012).
Dentre os diferentes subtipos de mondcitos classificados com base na
expressdo de CD14 e CD16 (CD14+CD16-, classico; CD14+CD16,
inflamatorio; CD14dimCD16+, patrulhador), o subtipo inflamatorio esta
associado com a producédo elevada de citocinas pré-inflamatérias, expressao
de receptores de quimiocinas e moléculas de adesao, assim como é o mais
eficiente em fagocitar reticuldcitos infectados e produzir ERO durante a

malaria por P. vivax (ANTONELLI et al., 2014).

1.3.3.2. Imunidade adquirida

As células do sistema imune inato ajudam a direcionar as respostas
das células da resposta imune adaptativa. As porcentagens de células T
CD4+ e receptor de células T (TCR)yd estdo aumentadas no sangue
periférico de individuos com malaria vivax aguda comparado com grupo
controle endémico (JANGPATARAPONGSA et al., 2012; SILVA et al., 2013).
Em estudo na Uganda, células T CD4+ de individuos com menos episédios

prévios de malaria sdo mais inflamatérias (maior producdo de TNF),
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enquanto que o perfil de resposta das células T CD4+ daqueles com mais
episodios prévios de malaria € mais regulatério (com produgdo de IL-10),
sugerindo que a produgédo de IL-10 pelos células T Th1 podem ajudar a
prevenir a imunopatologia da doenga através da diminuigdo da resposta pro-
inflamatoria (JAGANNATHAN et al., 2014). Igualmente importante, as células
T regulatorias (Treg) (CD4+CD25+FOXP3+) parecem mediar seus efeitos
através de contato celular direto ou pela indugao de citocinas regulatorias, IL-
10 ou TGF-B (POWRIE et al., 2003; THORNTON; SHEVACH, 2000). Células
Treg sdo induzidas em resposta a infecgéo pelo P. falciparum ou P. vivax e
estdo associadas a um aumento na producdo de TGF-B e diminuicdo da
producao de citocinas pro-inflamatdrias, podendo resultar em uma resposta

imune mais amena (GONCALVES et al., 2010; WALTHER et al., 2005).

A resposta imune humoral também é importante no contexto da
malaria visto que a transferéncia passiva de imunoglobulina (Ig)G de adultos
imunes para criangas e adultos ndo-imunes com malaria aguda rapidamente
reduziu a parasitemia e resolveu a febre (COHEN; MCGREGOR,;
CARRINGTON, 1961; SABCHAREON et al., 1991). De maneira similar a
infeccdo pelo P. falciparum, individuos com P. vivax tem uma percentagem
menor de células B (CD19+) quando comparados com o grupo controle
endémico (KASSA et al.,, 2006). Aléem disso, nem todas as exposi¢cdes a
malaria resultam na geragado de células B de memodria e anticorpos IgG
contra o parasita sdo de curta duragédo e falham em aumentar durante uma
reinfec¢cdo, sendo a memoria imunoldgica um desafio em muitos ensaios de
vacinas (BEJON et al., 2006; DORFMAN et al., 2005). Individuos com malaria

assintomatica tendem a ter niveis mais elevados de IgG especificos contra
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antigenos do plasmodio do que os outros desfechos clinicos da malaria,
sugerindo contato prévio maior com o parasita (ABDEL-LATIF et al., 2003;
BRAGA et al.,, 2002). De modo semelhante, individuos com malaria
assintomatica por P. vivax tém concentragdo maior de anticorpo IgG contra a
saliva do Anopheles darlingi na regiao Amazonica Brasileira como resultado

da exposi¢cdo maior ao vetor do plasmédio (ANDRADE et al., 2009).

1.3.3.3. Mediadores imunes e alteragcbes genéticas

O balango entre citocinas e quimiocinas, regulatorias e pro-
inflamatorias, assim como alteragdes genéticas em genes relacionados com
a resposta imune parecem ter papéis importantes nos desfechos clinicos da
malaria. Na infecgdo por P. vivax, niveis elevados das citocinas pro-
inflamatadrias (interferon [IFN]-y e TNF) estdo aumentados e a concentragao
da citocina regulatéria (IL-10) esta diminuida gradualmente com a gravidade
da infeccgao (malaria assintomatica, sintomatica moderada, e grave); e apos
o tratamento, ocorre reducéo significativa de IFN-y e TNF (ANDRADE et al.,
2010a). A patogénese de doengas infecciosas, como a malaria, é
parcialmente condicionada pela variabilidade na regido codificadora e/ou
promotora de genes associados a expressdo de moléculas inflamatérias
(BURGNER et al., 2003; CRAMER et al., 2004; OUMA et al., 2008a, 2008b).
Desta forma, o melhor entendimento do processo de patogénese pode ser
adquirido através da identificagcdo de polimorfimos funcionais em genes

criticos para o desenvolvimento do curso clinico da doenca.

O aumento nas concentracbes do TNF esta relacionado a sintomas

associados a patogénese da malaria, como a febre, bem como a formas



29

graves da infeccdo (KARUNAWEERA et al., 1992; KWIATKOWSKI et al.,
1990). Entretanto, o TNF também tem sido associado a presengca de uma
potente atividade anti-parasitaria, assim como niveis elevados persistentes
dessa citocina levam a uma rapida melhora da febre e diminuicdo da
parasitemia (DEPINAY et al., 2011; MORDMULLER et al., 1997). Em estudo
de biomarcadores de gravidade, observou-se que a superdxido dismutase-1
(SOD-1), enzima envolvida no estresse oxidativo, € um marcador com melhor
perfil para identificar os casos de malaria vivax grave do que 0s niveis
plasmaticos de TNF (ANDRADE et al., 2010b). Polimorfismos no gene do
TNF podem estar associados a uma expresséo diferenciada desta citocina e
a susceptibilidade ou resisténcia maior a malaria. Alteragbes genéticas no
TNF sao descritas em diferentes populagdées no mundo; entretanto, com
alguns resultados contraditorios. O polimorfismo de nucleotideo unico (SNP)
TNF-308G>A, por exemplo, tem sido associado a maior susceptibilidade,
resisténcia ou sem associagdes com malaria grave por P. falciparum (CLARK
et al., 2009; MCGUIRE et al., 1994; MEYER et al., 2002; WATTAVIDANAGE
et al., 1999). Em estudo com malaria vivax na Regido Amazobnica Brasileira,
um haplétipo do TNF (TNF-1031T/-863A/-857T/- 308G/-238G), que inclui o
alelo G do SNP TNF-308, estda associado com maior susceptibilidade a

doenca (SORTICA et al., 2012).

Os niveis aumentados de IL-6 estdo associados a malaria grave e a
incidéncia aumentada de episddios clinicos da doenga (DAY et al., 1999;
ROBINSON et al.,, 2009; WENISCH et al., 1999). A B-hematina, analogo
sintético da hemozoina, e os eritrécitos infectados estimulam a liberagcdo de

IL-6, assim como a de IL-10 e TNF-a (GIUSTI et al.,, 2011). Dentre os
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polimorfismos presentes na regido promotora do gene da IL-6, existe o IL6-
176 G>C em que o alelo C esta associado ao aumento na expressao de IL-6
em neonatos e adultos com reacgbes inflamatorias agudas (BRULL et al.,
2001; KILPINEN et al., 2001). A frequéncia dos gendtipos CG/GG do SNP
IL6-176 G>C é maior nos grupos étnicos n&o-Fulani, que apresentam maior
susceptibilidade a malaria, nos casos de malaria sintomatica ou
assintomatica por P. falciparum (ISRAELSSON et al., 2011).

A proteina nuclear complexo principal de histocompatibilidade
(HLA)-B-associada ao transcrito 1 (BAT1) é uma helicase de RNA codificada
pelo gene DDX39B (caixa polipeptidica 39B DEAD [Asp-Glu-Ala-Asp]) e
modula a expressdo de citocinas pré-inflamatérias, como a TNF e o IL-6
(ALLCOCK; WILLIAMS; PRICE, 2001). Os SNPs na regido promotora da
DDX39B (-22C>G e -348C>T) parecem modificar a atividade transcricional e
a ligagao de fatores nucleares de transcrigao, como os oligonucleotideos YY1
e Oct1 (PRICE et al., 2004). As sequéncias do acido desoxirribonucléico
(DNA) com os alelos -22G e -348T do DDX39B sao mais expressas do que
com os alelos -22C e -348C (PRICE et al., 2004). Além disso, o DDX39B esta
localizado no mesmo cromossomo que o TNF e polimorfismos nestes genes
podem ter efeitos complementares ou aditivos na modulacido da resposta
imune (FLORI et al., 2005). Mutagcbes no gene BAT1 foram descritas em
diversas doengas com perfil inflamatério, incluindo neuropatia (CHERRY et
al., 2008), miastenia gravis (DEGLI-ESPOSTI; LEELAYUWAT; DAWKINS,
1992), doenga de Alzheimer (GNJEC et al., 2008), infarto do miocardio
(KOCH et al., 2007), hepatite autoimune (OLIVEIRA et al.,, 2011), artrite

reumatdide (QUINONES-LOMBRANA et al., 2008), e doenga de Chagas
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(RAMASAWMY et al.,, 2006). Contudo, os polimorfismos no DDX39B (-
22C>G e -348C>T) e o papel da BAT1 ainda ndo foram estudados no

contexto da malaria.

1.3.4. Papel das Coinfecgbes

Coinfecgbes podem modular ou intensificar a resposta imune de
individuos com maldria. E descrito que individuos com maldria assintomatica
normalmente possui multiplos clones do Plasmodium sp. geneticamente
distintos, e a infecdo multiclonal pode ser um marcador de imunidade e
conferir protecdo contra a doencga por induzir uma resposta imune mais
abrangente (RONO et al.,, 2013). Em relagdo aos outros patdégenos, a
coinfec¢cdo com hepatite B esta associada com a malaria vivax assintomatica
e pontecializa a resposta imune protetora desses individuos através da
producdo de niveis baixos de TNF e da relacdo inflamatéria IFN-y/IL-10 e
concentragdo alta de IL-10 (ANDRADE et al., 2011). Além disso, uma
infeccdo pré-existente pela filaria (Wuchereria bancrofti ou Mansonella
perstans) atenua a resposta imune associada com a malaria grave por P.

falciparum e protege contra anemia (DOLO et al., 2012).

No que se refere aos helmintos, coinfec¢ées com Ascaris lumbricoides
ou Schistosoma haematobium exibem uma tendéncia de prote¢do, enquanto
que coinfe¢gdes com anciléstomo ou Schistosoma mansoni levam a piora
clinica da doenga e maior incidéncia de malaria (ADEGNIKA; KREMSNER,
2012). Em um estudo prospectivo, a coinfecdo do P. falciparum com o
Schistosoma haematobium foi significantemente associada com o risco

reduzido de malaria aguda no seguimento de individuos com malaria
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assintomatica (DOUMBO et al., 2014). As infec¢des por virus, por sua vez,
parecem exibir uma tendéncia de aumentar a gravidade quando associadas
com a malaria. A coinfecgdo entre o virus da imunodeficiéncia humana (HIV)
e o P. falciparum aumenta a gravidade e mortalidade por malaria (BERG et
al., 2014). Adicionalmente, individuos infectados com o HIV e portadores de
malaria assintomatica podem ter aumento da carga viral, 0 que pode acelerar
a progressao e gravidade da doenca (VERHOEFF et al., 1999; WHITWORTH
et al., 2000). A coinfec¢do do P. falciparum com o parvovirus humano B19
também contribui para uma malaria mais complicada, sobretudo por anemia
grave (TOAN et al., 2013). Em estudo sobre infeccdo concomitante do P.
vivax e dengue na Amazobnia Brasileira, pacientes coinfectados tiveram
chances maiores de desenvolverem doenga grave, sangramento profundo,
hepatomegalia e ictericia comparados com as monoinfecgdes (MAGALHAES

etal., 2014).

1.4 AVANCOS NAS ANALISES DE BIOMARCADORES EM MALARIA

Um biomarcador pode ser definido como qualquer parametro que pode
ser usado como um indicador de uma doenga em especifico ou outro
processo fisiologico (ANDRADE; BARRAL-NETTO, 2011). Os biomarcadores
podem ser convencionalmente classicados de acordo com o propdsito de
diagnodstico ou de gravidade, e sinais/sintomas clinicos, marcadores
laboratérios (proteinas, metabdlitos, polimorfismos genéticos) sdo alguns
exemplos (ANDRADE; BARRAL-NETTO, 2011). A grande parte dos estudos
realizados sobre a resposta imune na malaria por P. vivax avaliam uma ou
um pequeno conjunto de biomarcadores relacionados com o sistema imune,

sem uma avaliacdo das suas inter-relacbes. Como as ag¢des das células
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imunes, mediadores inflamatérios e alteragbes genéticas sao
interdependentes, os estudos que singularizam moléculas perdem uma parte
importante do entendimento do funcionamento da resposta imune.

Grandes quantidades de dados estdo ficando disponiveis com os
recentes avangos tecnologicos em meétodos de pesquisa. Antigamente,
poucas proteinas eram mensuradas por ELISAs (ensaio imunoadsorvente
ligado a enzima) especificos, e, atualmente, as técnicas de citometria de fluxo
e multiplex permitem a dosagem de dezenas de diferentes mediadores em
um unico ensaio. Além disso, recentemente, foi possivel identificar diversas
proteinas e metabdlitos por protedmica e metabolémica, e desvendar o
cbdigo genético através das técnicas de sequenciamento de DNA e RNA, e
microarranjos (TRAN et al.,, 2012). Com a idéia da biologia de sistemas e
dados de métodos de alto rendimento, a identificagdo de biomarcadores
requer uma analise sofisticada de maneira integrada e conectada (TRAN et
al., 2012). Contudo, um grande desafio na descoberta de biomarcadores
confiaveis € escolher o melhor tipo de analise, incluindo ferramentas de
bioinformatica, para extrair a melhor informacao dos dados.

Quando se trabalha com multiplas variaveis, normalmente ¢é
necessario utilizar métodos de analise multivariada: analise do componente
principal (ACP), agrupamento hierarquico e analises discriminatorias sao
alguns exemplos. ACP, assim como o escalonamento multidimensional, sdo
métodos que tém sido usados para reduzir a dimensionalidade de dados
multivariados, identificando agrupamentos e detectanto variaveis que podem
explicar a estrutura de variagdo dos dados. Além disso, o agrupamento

hierarquico e os heat maps também tém sido usados no contexto da malaria
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para melhor visualizar grande volume de dados em uma plotagem
bidimensional e identificar agrupamentos associados ao desfecho clinico da
doenga, a resposta imunologica e a biologia do vetor (PORTUGAL et al.,
2014; SANCHEZ-ARCILA et al., 2014). Em estudo de protedmica com o uso
de espectometria de massa, a analise da expressao de proteinas do P.
falciparum por agrupamento hierarquico e ACP permitiu classificar as
amostras em dois grupos que correspondiam aos grupos do estudo (malaria
na gravidez e casos de malaria aguda); e o primeiro componente principal
contou com 41% da variagao total, mostrando uma separacéao clara entre os
grupos (BERTIN et al., 2013). Igualmente importante, em estudo sobre
coinfeccdo com malaria e HIV, um painel vasto de dosagens plasmaticas de
citocinas, quimiocinas e fatores de crescimento foi reduzido em menores
grupos por ACP, e os diferentes componentes principais que surgiram
demonstraram ser diferentes de acordo com a positividade para o HIV
(DAVENPORT et al., 2012). Biomarcadores baseados em sintomas também
podem ser analisados de maneira integrada: o primeiro componente obtido
através da ACP demonstrou maior valor para um grupo de sintomas, que
explicaram 32.1% da variabilidade sintomatélogica nos pacientes; e este
componente foi usado como um index clinico de malaria grave (SORTICA et
al., 2014). Neste mesmo contexto de métodos multivariados, a analise da
funcdo discriminatéria, em que uma variavel de agrupamento, que pode ser
encontrada em diferentes grupos de malaria, pode ser prevista por uma ou
mais variaveis (biomarcadores). Por meio da analise discriminatoria,
identificou-se que a ornitina urinaria tem o potencial de ser utilizado como

biomarcador de malaria por P. vivax quando comparados com individuos com
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outras sindromes febris (SENGUPTA et al., 2011). Portanto, um dos objetivos
dos métodos multivariados em estudos de biomarcadores é o de tentar
encontrar bioassinaturas moleculares e identificar variaveis importantes, em
um painel vasto de moléculas, que possam explicar o agrupamento dos
dados.

A abordagem por inteligéncia artificial tem sido empregada para
analisar grupos de biomarcadores através das redes neurais (RN) artificiais.
Estas redes estdo sendo aplicadas, nos ultimos anos, para fazer tarefas
complexas em diferentes areas, como em estratégias dos sistemas de
modelagens, que podem ser concebidas como um grupo de entradas e
saidas de dados (CUNHA et al.,, 2010). A estrutura de uma RN pode ser
visualizada como uma simplificacdo das propriedades complexas dos
neurénios bioldgicos, em que as ligagdes e conexdes entre os neurdnios sao
modelados simulando os axoénios e dendritos encontrados em redes de
neurdnios biologicos (BACHTIAR et al.,, 2011). A mudanga no potencial da
membrana celular representa a transferéncia de dados através da via de
informagédo bioldégica e permite extrair as caracteristicas essenciais do
conjunto de dados e fazer uso dessa informagdo para predizer valores
(BACHTIAR et al., 2011). As RN ja foram aplicadas na malaria: predicdo de
casos de malaria vivax por dados ambientais (KIANG et al., 2006; SHI et al.,
2014); estrutura do biosensor olfatorio de mosquitos Anopheles gambiae
(BACHTIAR; UNSWORTH; NEWCOMB, 2013); e identificagdo de epitopos
de malaria para células T (BRUSIC et al., 2001). Na infec¢do por P. vivax, o
uso das RN permitiu criar um método alternativo mais acurado de diagndstico

da malaria (ANDRADE et al., 2010c).
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A analise em rede pode ser utilizada como mais uma maneira de se
identificar biomarcadores confiaveis de gravidade ou resisténcia. Uma
estrutura inferencial por rede €& gerada a partir dos valores de cada
biomarcador em um programa de anadlise de dados, sendo que este
programa seleciona os padrdes de distribuicdo dos mediadores associados
com cada grupo clinico e identifica interacbes entre as moléculas. Cada
biomarcador é selecionado como um alvo e o programa procura entre 0s
outros marcadores quais estdo associados com o alvo, usando para isto o
teste de correlacdo de Spearman. Como resultado, cada biomarcador é
representado com um icone e as moléculas relacionadas com o alvo
selecionado séo ligados por um trago. A abordagem por redes pode ser
usada para visualizar a interacdo entre SNPs; um estudo associou
polimorfismos em genes relacionados com a resposta imune e a malaria na
placenta por analise em rede (SIKORA et al., 2011). As analises em redes
Bayesianas (RB) também ¢é usada para modelar os efeitos dos
biomarcadores e suas interacbes em diferentes desfechos. As RB sao
modelos probabilisticos que descrevem dependéncias condicionais
estatisticas entre multiplas variaveis (PINEDA-PENA et al., 2014) e essas
dependéncias s&o representadas em uma figura aciclica, que representa o
componente qualitativo das RB (DEFORCHE et al., 2006). Em estudo sobre
resisténcia transmitida por medicamentos em populagao positiva para o HIV,
identificou-se por RB que o subtipo B do virus é o marcador com melhor
predigdo para esta resisténcia (PINEDA-PENA et al., 2014). Deste modo, o

uso das redes no contexto dos biomarcadores pode ser uma ferramenta
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adicional para melhor visualizar as correlacdes e entender o padréo de

interagdes entre as moléculas.
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2. JUSTIFICATIVA

A malaria € um problema de saude publica no Brasil com milhares de
pessoas anualmente infectadas, em sua maioria, pelo P. vivax. Diversas sao
as manifestagdes clinicas associadas a malaria, incluindo malaria grave,
hiperbilirrubinemia isolada, malaria ndo-complicada e malaria assintomatica.
Neste espectro, a identificacdo de biomarcadores confiaveis tanto de
gravidade ou resisténcia sao indispensaveis para o auxilio no seguimento,
diagnostico e terapéutica da malaria. Esta situacdo € ainda mais necessaria
na malaria vivax, em que nao existe um critério padronizado de
sinais/sintomas de gravidade; e o0s portadores assintomaticos,
frequentemente encontrados na Regido Amazbnica Brasileira, sdo os

maiores obstaculos para a eliminagao local da doenca.

A resposta imune dos individuos com P. vivax permanece pouco
conhecida, e as vacinas até entdo formuladas ndo tém memoria imunologica
ou ndo sdo antigénicas. A melhor caracterizacdo do sistema imune na
malaria & pré-requisito para os esforgos de controle e eliminagdo da doenca.
Além disso, esta doenga exerce pressao seletiva significativa no genoma
humano, sendo a forca evolucionaria por tras da doenga falciforme,
talassemias e deficiéncia de glicose-6-fostato. A investigagdo de variagoes
genéticas permite identificar as vias moleculares criticas na patogénese e
imunidade, possibilitando a geracdo de estratégias novas voltadas para o

tratamento e/ou prevengao de doencgas.
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Esta Tese € composta por 5 artigos originais e 2 artigos de revisao que
permitem elucidar melhor a imunopatogénese da malaria pelo P. vivax com
enfoque na identificagdo de biomarcadores imunoldgicos e genéticos
associados aos diferentes desfechos clinicos da doenga. Nés identificamos
alteragdes genéticas que podem diminuir a defesa humana e aumentar os
efeitos nocivos do heme livre, sugerindo que para a identificacdo de novos
alvos terapéuticos nessa via € necessario entender o componente genético
humano. Compreender a resposta imune de individuos com malaria vivax &
um dos pilares para o desenvolvimento de vacinas eficazes; e nosso grupo
de pesquisa descobriu assinaturas imunoldgicas associadas com a infecgéo
pelo P. vivax por uma analise em redes, assim como encontrou polimorfismos

que podem influenciar esta resposta imune.

Em revisdo recente dos critérios definidores de malaria falciparum
grave, a OMS retirou a hiperbilirrubinemia isolada como fator de gravidade.
Contudo, pouco se sabe sobre a resposta imune desses individuos, e nés
verificamos que esta € parecida com aquela de individuos com malaria nao-
complicada, sugerindo uma doenga menos grave. Desta maneira, esses
dados podem ajudar profissionais de saude no manejo de pacientes
infectados pelo plasmodio e com hiperbilirrubinemia isolada. Ainda no
contexto clinico, sabe-se que diferentes doencas infecciosas podem ter
sintomas semelhantes, caracterizados por uma sindrome febril aguda. Este é
0 caso da malaria e da dengue, que podem ser confundidas na pratica clinica
ou em alguns casos podem, inclusive, estar associadas. No6s propomos um
algoritmo clinico baseado em dados laboratoriais simples (hemoglobina,

plaquetas, enzimas hepaticas) que pode auxiliar a equipe de saude no
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diagnostico diferencial dos casos de monoinfecgdes ou coinfecgéo

malaria/dengue em regides endémicas.

Em conjunto, os manuscritos desta Tese ajudam no entendimento dos
mecanismos imunopatoldgicos na infecgdo pelo P. vivax e podem guiar e
auxiliar futuros estudos sobre métodos diagndsticos, terapéuticas e vacinas

na malaria vivax.
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3. OBJETIVOS

3.1 OBJETIVO GERAL

Identificar os fatores de gravidade e resisténcia na malaria causada pelo P.
vivax por meio da avaliagdo de biomarcadores plasmaticos e genéticos
associados com a via do heme, hepcidina e resposta imune em individuos
com diferentes manifestagbes clinicas (sintomatica, assintomatica,
sintomatica com hiperbilirrubinemia, e grave), assim como nos casos de

coinfeccdo com dengue, da Regido Amazodnica Brasileira.

3.2 OBJETIVOS ESPECIFICOS

- Associar niveis plasmaticos e polimorfismos em moléculas associadas a via
de metabolizacdo do heme com manifestagdes clinicas distintas de

individuos infectados pelo P. vivax;

- Comparar o padrao e complexidade da resposta imune e inflamatdria,
mensurada por biomarcadores sorologicos, em diferentes grupos de

pacientes com malaria vivax através de uma abordagem analitica por redes;

- Associar a frequéncia de SNPs em genes relacionados a resposta imune
com dosagens de marcadores inflamatérios e desfechos clinicos da malaria

vivax;

- Descrever as associagcbes entre os niveis da hepcidina e mediadores
imunes em individuos com malaria moderada, malaria com

hiperbilirrubinemia isolada e malaria grave, por P. vivax;
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- Descrever o padrdo da resposta imune (citocinas, quimiocinas) e

laboratorial em individuos coinfectados com o virus da dengue e o P. vivax.
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4. METODOLOGIA

Resumo geral da metodologia empregada para a amostragem dos

individuos estudados nos manuscritos Il, lll e IV

Os individuos das comunidades de Demarcacéao e Buritis do estado de
Rondénia, na Regido Amazoénica Brasileira, foram recrutados entre 2006 e
2007. Deteccgao ativa e passiva da malaria foi realizada: visita aos domicilios
em areas de transmissdo alta, e pessoas que procuraram atendimento
médico nos centros de diagnodstico da Fundagdo Nacional de Saude
(FUNASA) ou no Hospital Municipal de Buritis. Individuos de ambos os
sexos, com idade entre cinco a 70 anos, que moraram na area endémica por
mais de seis meses, foram convidados a participar. Os casos de malaria
foram diagnosticados localmente por microscopia e confirmado por reagao
em cadeia da polimerase (PCR) nested na FIOCRUZ, Salvador, Brasil. Os
critérios de exclusdo foram: infecgdo pelo P. falciparum, hepatites virais
(hepatites A, B, C, D) documentadas, alcoolismo crénico, infec¢cédo pelo HIV,
febre amarela, leptospirose, cancer ou doengas degenerativas crénicas, trago

falciforme e o uso de drogas hepatotdxicas ou imunosupressoras.

Os individuos sem sintomas clinicos de malaria foram ativamente
recrutados em suas residéncias por procura ativa, a maioria em comunidades
ribeirinhas, e tiveram amostras colhidas para o exame da gota espessa e
uma pequena aliquota de sangue em tubos com EDTA (acido etilenodiamino
tetra-acético) para diagnostico por nested PCR. Os diagndsticos desses
participantes foram realizados apds uma visita clinica e se o teste fosse

positivo para malaria, uma segunda visita apés 30 dias seria realizada para
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verificar o surgimento de sintomas sugestivos de malaria. Uma nova coleta
de amostras foi feita e uma segunda rodada de testes diagndsticos foi
realizada. Aqueles que permaneceram com nested PCR positivo para
Plasmodium vivax durante os 30 dias e ndo apresentaram sintomas clinicos
relacionados a malaria, como febre (temperatura axilar >37.8°C), calafrios,
sudorese, artralgia, cefaléia intensa, nauseas, vomitos, ictericia e astenia
grave durante este periodo foram considerados como casos assintomaticos
de malaria. Durante a primeira visita clinica (previamente aos resultados dos
testes diagndsticos), todos os individuos assintomaticos receberam
aconselhamento e foram orientados a procurar servigo de saude em um
centro de referéncia para malaria se os sintomas aparecessem durante o
periodo entre as duas visitas. Apdés a segunda visita clinica, todos os
pacientes que tinham o teste positivo para malaria por microscopia e/ou
nested PCR foram tratados conforme o guia de tratamento do Ministério da
Saude brasileiro (MS, 2014). As amostras de sangue para estudar os
biomarcadores foram coletadas durante a segunda visita clinica, antes do
inicio dos medicamentos anti-malaricos. Individuos sintomaticos foram
prontamente tratados. Um total de 530 individuos foi estudado, estratificado
nos seguintes grupos: ndo-infectados (n=176), malaria vivax assintomatica
(n=148), malaria vivax sintomatica (n=187), malaria grave sem mortalidade
(n=13), e malaria grave que evoluiram para o obito (n=6). As amostras de
sangue obtidas dos pacientes com as formas graves da malaria, incluindo os
casos que eventualmente morreram durante o acompanhamento, foram
coletadas durante a admissao hospitalar. A partir deste ponto, a metodologia

empregada variou de acordo com o estudo. No manuscrito I, alteragcbes
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genéticas e dosagens plasmaticas na via de metabolizacdo do heme sé&o
estudadas. No estudo lll, a resposta imune e inflamatéria, mensurada por
biomarcadores soroldgicos, em diferentes grupos de malaria vivax, é
investigada por uma abordagem analitica por redes. Por fim, o trabalho IV
estuda polimorfismos em genes relacionados a resposta imune (TNF, IL6 e
DDX39B) e suas relagbes com dosagens de marcadores inflamatorios e

desfechos clincos da malaria por P. vivax.

Resumo geral da metodologia empregada para a amostragem dos

individuos estudados nos manuscritos V e VI

Pacientes com uma sindrome febril aguda foram recrutados na
Fundacdo de Medicina Tropical Dr Heitor Vieira Dourado (FMT-HVD),
Manaus, entre 2009 a 2011. Os individuos foram testados para malaria por
visualizagao direta do parasita por gota espessa e os casos positivos foram
confirmados por PCR e recrutados aqueles com P. vivax. A infecgdo pela
dengue foi diagnosticada pelo PCR em tempo real nos individuos com menos
de seis dias de febre, e pela mensuragdo do anticorpo IgM nos pacientes
com mais de sete dias de febre. O sorotipo viral foi determinado por PCR em
tempo real. Individuos com sinais de disfungdo organica grave e aguda foram
classificados como malaria grave de acordo com 0s mais novos critérios
estabelecidos pela OMS ou com hiperbilirrubinemia isolada (bilirrubina total
>3mg/dL), uma complicagcdo observada em pacientes com complicagbes
decorrentes da malaria (WHO, 2010). Foram excluidos todos os pacientes

com diagnostico molecular e microscépico de malaria causada por P.
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falciparum ou coinfecgdo P. vivax e P. falciparum (infecgdo mista), assim
como os pacientes com diagndstico soroldgico positivo para hepatites virais
(A, B, C e D), HIV ou leptospirose. Também foram excluidos os individuos
com malaria vivax que desenvolveram hemolise por primaquina (pacientes
usando primaquina evoluindo com hemoglobina <10g/dL e contagem de
reticulécitos >1,5%, ou aumento dos niveis de bilirrubina indireta apos o uso
de primaquina). No total, foram recrutados 72 individuos com malaria
sintomatica moderada, 14 com malaria e hiperbilirrubinemia isolada, 17 casos
graves, 30 coinfectados com dengue e P. vivax, bem como 30 pessoas
apenas infectadas pelo virus da dengue. Durante a inclusdo dos pacientes
foram coletadas laminas com gota espessa de sangue e amostra de sangue
total e soro. As laminas foram organizadas em caixas especificas e os
demais em freezer — 80 °C. Todos os pacientes receberam o tratamento
antimalarico apropriado ou sintomatolégico, no caso da dengue, e foram
seguidos de acordo com rotina ambulatorial da FMT-HVD. A partir deste
ponto, as investigagdes variaram de acordo com o sub-estudo. No estudo V,
€ avaliado a resposta imune (citocinas e quimiocinas) e 0s niveis de
hepcidina em individuos com malaria e hiperbilirrubinemia isolada, malaria
grave e sintomaticos moderados. No manuscrito VI, por sua vez, € descrita a

resposta imunoinflamatdria dos casos de coinfecgdo dengue e P. vivax.
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5. MANUSCRITOS

5.1 MANUSCRITO |

The Host Genetic Diversity in Malaria Infection

Esta revisdo descreve o estado da arte da influéncia das alteragdes genéticas

no ser humano na evolugédo clinica da malaria.

Resumo dos resultados: alteragbes genéticas nos eritrocitos, mediadores
do sistema imune e nos mecanismos de citoaderéncia em seres humanos
influenciam no desfecho clinico da malaria. Alguns estudos sugerem que
efeitos combinados de um grupo de fatores genéticos nas hemacias e
resposta imune podem ser relevantes em mediar a resisténcia ou
susceptibilidade na infeccdo pelo Plasmodium. Contudo, resultados de
estudos em genética precisam ser interpretados com cautela visto que
diferencas na frequéncia e funcionalidade dos polimorfismos podem variar

conforme diferentes populagdes.

Este trabalho foi publicado no periddico internacional Journal of Tropical

Medicine.
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Populations exposed to Plasmodim infection develop genetic mechanisms of protection against severe disease. The clinscal
manifestation of malaria results primarily from the lysis of infected erythrocytes and subsequent immune and inflaimmatory
responses. Herein, we review the genetic alterations assocaated with erythrocytes or mediators of the immune system, which might
miluence malaria outcome. Moreover, polymorphisms in genes related to molecules mvolved in mechanisms of cytoadherence
and their influence on malaria pathology are also discussed. The results of some studies have suggested that the combinatorzal
effects of a set of genetic factors in the erythrocyte-immunology pathway might be relevant to host resastance or susceptibilsty
agamst Plasmodiion infection. However, these results must be mterpreted with caution because of the differences observed in
the functionality and frequency of polymorphisms within different populations. With the recent advances in molecular biclogy
techniques, more robust studies with reliable data have been reported, and the results of these studies have sdentified individual

genetic factors for consideration in preventing severe disease and the mdwvidual response to treatment.

1. Introduction

Malaria is one of the most important and prevalent infec-
tious diseases in the world. The World Health Organization
(WHO) estimated 225 million malaria cases worldwide with
781,000 deaths due to Plasmodium infection per year [1].
Four species of Plasmodium (P faleiparum, P vivax, P.
malariae, and P. ovale) are responsible for almost all human
infections [2].

Malaria has been associated to gene selective pressure
in the human genome, and it has been associated as
an evolutionary force of some genetic diseases, such as
sickle cell disease (SCD), thalassemia, glucose-6-phosphate
dehydrogenase {G6PD) deficiency, and other red blood cell
(RBC) genetic anemia with Mendelian inheritance. Haldane
(1949} suggested a "balanced polymorphism” where the
hemoglobin S (HbS) homozygote disadvantage i recom-
pensed through the resistance of the heterozygote (HbAS)

in regions where malaria is endemic [3]. Reports associating
several genetic disorders with malaria susceptibility or resis-
tance are on the rise, and studies of heritability indicate that
approximately 25% of the risk for severe malaria progression
1s determined through human genetic factors [4].

Genetic epidemiology may help in pointing out major
molecular pathways of some infectious diseases, such as
malaria, which involve a robust immune and inflammatory
response and the participation of erythrocytes and other
blood cells in its pathogenesis. The aim of this paper
to review the major genetic alterations in the human host
associated with the clinical spectrum of malaria infection
and disease development. We specifically address the areas of
inherited disorders in red blood cells (RBC) and mutations
in the genes of key molecules during the immune response
that confer an increase of susceptibility or resistance against
malaria. The multiplication of Plasmodion inside the RBC
and its subsequent rupture have been implicated in several



phenomena present in the malarial syndrome. A protective
effect against malaria infection has been associated with
genetic disorders involving the RBC, such as cytoskele-
ton disorders, surface antigen gene mutations, enzymatic
machinery deficiencies, or hemoglobin alterations [5]. The
immune response is critical for controlling Plasmodism
infection, and the balance between proinflammatory (Thi-
type) and anti-inflammatory (Th2-type) cytokines has been
implicated in both the control of parasite multiplication and
the development of symptoms. The genetic background of
the affected individual might also influence cytokine expres-
sion and disease outcomes [6, 7). Notably, the frequency of
genetic alterations differs depending on the population ori-
gin and structure, and some mutations might differentially
influence the disease outcome in different patterns.

Understanding the genetic alterations involving RBC
disorders and the immune response might provide insight
into the development of new strategies for host-genotype
treatment and/or the prevention of malaria.

2. Inherited Disorders of
Red Blood Cells and Malaria

2.1. Membrane and Enzymatic Disorders of Erythrocytes.
Several membrane-inherited disorders of RBC provide add:-
tional information concerning the pathogenesis of malaria.
Hereditary spherocytosis is a disorder characterized by the
loss of membrane lipid surface. This common hemolytic
anemia also reflects ineffective integral protein interactions
and is assoctated with lower parasitemia [8]. Other RBC
membrane inherited disorders include hereditary ovalocy-
tosis, elliptocytosis, pyropoikilocytosis, and acanthocytosis.
Elliptocytosis has been associated to resistance against
invasion by P faleiparson in humans and P knowlesi in
experimental models [9]. However, ovalocytosis 1s a RBC-
inherited cytoskeleton disorder most commonly associated
with malaria. A particular type of southeast Asian ovalo-
cytosis (SAQ), also known as Melanesian elliptocytosis or
stomatocytic elliptocytosis, s characterized by an inherited
dominant trait related to heterozygosity for a 27-pair dele-
tion in the gene encoding protein band 3 (SLCIATAZ7) in the
erythrocyte membrane [10]. Although SAQ homozygosity
has been associated with embryo mortality, its heterozygosity
s assocrated with the absence of clinical symptoms and
a lack of hemolysis. Ovalocytes are characterized as rigid
and more resistant to changes in the shape as a result
of low osmotic fragility and the low expression of several
RBC antigens [11]. SAO ovalocytes characteristics have been
associated with resistance to malaria infection, particularly
against P falciparaon merozoites invasion [11]. Patients
with elliptocytosis exhibit a similar degree of parasitemia
independent of disease severity [11-13).

The Duffy, also called Duffy antigen/chemokine receptor
(DARC), Fy glycoprotein, or CD234, is a RBC antigen
encoded by the DARC human gene that is considered to
be a nonspecific receptor for several chemokines. The P
vivax merozoite uses the Fy antigen to invade RBC [14].
The Fy antigen possesses two distinct alleles known as Fya
and Fyb, which result from a single point mutation in
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codon 42 {rsZ814778) that results in a glycine to asparagine
substitution within the protein. Another polymorphism
(=33T>C, no rs designation available) in the promoter
region of the DARC gene ablates DARC expression on
the surface of erythrocytes. Erythrocytes expressing Fya
exhibited 41-50% lower binding to £ vivax compared with
Fyb, and individuals with the Fya+b-phenotype showed
a 30-80% lower risk of developing clinical symptoms of
vivax malaria [15]. The RBC of individuals with the Fy-33
genotype are not susceptible to P vivax merozoites invasion
and are refractory to the erythrocytic stage of the disease.
However, the hepatic malaria stage has been observed in
these individuals, making them reservoirs for the disease
[14]. With regard to P. falciparum infection, more than one
receptor on the surface of RBC is responsible for merozoite
infection, which include glycophorin A, B, and C (GPA,
GPB, and GPC), protein band 3 and others {Y receptors,
E, Z, and X), whose molecular identity has not yet been
determined [16]. The genetic polymorphisms in the band
3 or GYPC gene are highly prevalent in malaria endemic
areas (Papua New Guinea) and confer resistance to severe
diseases [17]. Polymorphisms identified in other receptors
genes, such as GYPA and GYPB, have been shown to confer
only partial protection against the Plasmodium invasion of
RBC [18, 19]. Furthermore, in the Brazilian Amazon, an SNP
in the GYPB receptor gene (rs7683365) was associated with
host susceptibility to P. falciparum infection [17].

The GEPD deficiency and low levels of pyruvate kinase
are the most prevalent genetic alterations in RBC that can
influence malaria outcomes. G6PD 15 a metabolic enzyme
that catalyzes the first reaction in the pentose phosphate
pathway, providing energy for the RBC in the form of
nicotinamide adenine dinucleotide phosphate (NADPH).
NADPH enables RBC to counterbalance oxidative stress
through oxidant agents [20]. The G6PD gene is located on
the X chromosome and is therefore more prevalent in men
[21]. The G6PD deficiency is the most common cause of
hereditary hemolytic anemia and s more prone to oxidative
stress from the decreased production of NADPH. The clinical
picture of GEPD deficiency involves different degrees of
disease severity, which might include hemolytic anemia,
neonatal hyperbilirubinemia, and asymptomatic cases [22].
Approximately 400 million people living in tropical and sub-
tropical areas exhibit a G6PD deficiency, with a high diversity
of variants, including the common G6PD B (wild type),
G6PD A (nondeficient type), and G6PD A- (African deficient
type) [23]. It has been suggested that GEPD deficient RBC
might reduce intracelular parasite growth [24]. Moreover,
studies have shown that infected erythrocytes deficient of
G6PD were more phagocytosed by monocytes, which might
be associated with the reduction of the parasitic load
of the disease [24, 25]. Another enzyme associated with
energy production is pyruvate kinase (PK), which is also
an important factor in the susceptibility to malaria, and
its deficiency has been associated with the reduced survival
and increased phagocytosis of parasite-infected erythrocytes
[26]. PK deficiency is the second most common cause
of hereditary nonspherocytic hemolytic anemia in humans
[27]. PK catalyzes the rate-limiting step of glycolysis, and the
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energy for erythrocytes is derived from glycolysis, as RBC
lack mitochondria. The PK gene is highly pleomorphic and
includes 59 SNPs and several loss-of-function variants that
might be associated with decreased resistance to malaria [27].

2.2. Hemoglobin Alterations. Hemoglobin {Hb), the main
compound of erythrocytes, is a tetrameric protein that
consists of two pairs of unlike globin chains; each globin
chain is associated with one prosthetic group, called a heme
group. Hemoglobinopathies are inherited disorders of Hb
that can be classified into two major groups. The first group
involves structural alterations or variants of Hb, such as HbS,
HbC, and HbBE; the second group of hemoglobinopathies is
classified as synthesis defects of Hb and has been associated
with a decrease or absence of globin chain synthesis, with the
most common alteration related to the alpha and beta-globin
chains (alpha- and beta-thalassemia, resp.).

The alpha-thalassemia {alpha-thal) is the most common
genetic disorder in the human population and is caused
by the decreased or absent synthesis of the alpha globin
chain due to the deletion or nondeletion mutation of one
or both alpha-globin genes (HBAI and HBA2), located
on chromosome 16 [28, 29]. A 3.7-kilobase (Kb) deletion
determines the most common form of alpha-thal, also called
alpha'-thal, and there is unique potential for a rightward
crossover between the HBA genes. One study reported that
alpha®-thal increased the incidence of mild malaria [5].
However, several subsequent studies reported that alpha'-
thal was associated with a reduced risk of uncomplicated
malaria episodes [30] or a protective effect against severe
forms of malaria [31-35].

Beta-thalassemia is characterized by the decreased syn-
thesis of the beta-globin chain through a genetic alteration
in the bera-globin gene (HBB) of the human globin gene
cluster located on chromosome 11 [36]. The heterozygote of
this inherited trait is associated with a mild anemia and an
ineffective erythropoiesis, while the homozygote mutant is
associated with severe anemia and the risk of early death. The
beta-thalassemia trait is associated with a relative resistance
against P falciparion malaria [37] and protection against
severe malaria forms [38].

The presence of a single nucleotide mutation {£3334) in
the bera-globin gene (HBB) is associated with a structural
modification of the beta polypeptide chain GlusVal (HbS),
resulting in the variant HbS, which can be found in the
asymptomatic heterozygous state. This varant is commonly
known as the sickle cell trait {HbAS). In 1978, Friedman
suggested that the mechanism of resistance against Plasmod-
ium of RBC with HbS might be soldy due to intraerythro-
cytic conditions [39]. HbS polymerizes under deoxygenate
conditions, and parasites become severely affected; HbS
RBC become sickled, with the increased phagocytosis of
infected erythrocytes [40, 41]. The presence of HbS in
severe malaria patients is associated with less hemolysis
and reduced levels of free heme [42, 43]. Many studies
have described an association between the heterozygote
HDAS and protection against malaria, with more than 90%
protection against severe forms [44, 45]. A large genome-
wide association {GWA) analysis of severe malaria cases
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in four different ethnic groups in Gambia has confirmed
the role of HbS vanant in ressstance to malaria [46].
However, this study did not find new genetic associations as
a result of the need for population-specific data on genome
sequence variation. Therefore, it is difficult to design effective
multicenter replication studies without information about
sequence varation and haplotype structure in those African
populations [46]. Moreover, in another GWA study carried
out in Ghana, besides confirmation of previous reports on
protective effects of HbS and blood group O, two novel
resistance loct were described for severe malaria [47]. One
of the loci was identified on chromosome 1q32 within the
ATP2B4 gene, which encodes the main calcum pump of
erythrocytes; and the other locus was indicated by an SNP
on chromosome 16q22.2, possibly linked to a gene encoding
the tight-junction MARVELD3, which may have a role in
microvascular damage caused by endothelial adherence of
parasitized erythrocytes [47].

Hemoglobin C {HbC) occurs from a point mutation
leading to a Gluélys substitution at the sixth position
in the beta-globin polypeptide chain (rs33930165) [48],
and hemoglobin E (HBE) results from a substitution of
Glu2eLys at position 26 in the beta-globin polypeptide chain
(1533950507} [49]. HbC homozygotic individuals exhibit
mild hemolysis and splenomegaly, while the heterozygotic
state is asymptomatic [50]. The RBC from HbE homozygous
individuals is microcytic, with low hemoglobin concentra-
ttons, which reduces the possibility of merozoite invasion
and impairs parasite growth within the variant RBC [51].
The presence of both protective factors, HbC and HbE, has
been associated with a lower risk of developing severe forms
of malaria [48, 49, 51-54].

Genetic alterations in erythrocytes were probably the first
to be discovered as a result of the evolutionary pressure of
malaria in the human genome. Mutations affecting several
protection mechanisms related to RBC have been described
for HbS [55]. Furthermore, several polymorphisms within
the membrane cytoskeleton, surface antigen, and enzymatic
machinery and other hemoglobin alterations within RBC
influence the susceptibility and resistance against malaria.

2.3. Systenic Regulations of Heme. During the erythrocytic
stage of malaria, merozoites multply inside RBC, which
result in the rupture of this structure and subsequent release
of free Hb into the circulating blood. In the presence
of reactive oxygen species {(ROS), Hb releases its heme
prosthetic group. In addition, the Plasmodion is responsible
for the degradation of 604% to 80% of the total Hb [56].
Hb degradation contributes to heme release and ROS
generation, which are harmful to both erythrocytic schizonts
and the host [57]. Free heme is harmful to cells and tissues
and can induce oxidative stress, inflammation, cytotoxicity
[58], and cell death [59]). The Plasmodion has developed
a series of protective mechanisms against the deleterious
effects of free heme through the polymerization of heme
in hemozoin, a malarial pigment that counteracts the pro-
oxidative effects of iron (Fe) present in protoporphyrin [X
[56]. The host also displays mechanisms of protection against
free Hb cytotoxicity. Under homeostatic conditions, free Hb



is released from the intravascular lysis of RBC and rapidly
binds to haptoglobin {Hp). The CD163 receptor, expressed
on monocytes/macrophages in the red pulp of the spleen,
recognizes and internalizes the Hb/Hp complex [60]. Follow-
ing internalization of the Hb/Hp complex, heme s degraded
through the enzymatic action of heme-oxygenase (HO-1),
producing biliverdin, iron, and carbon monoxide (CO). The
beta chain (£) of Hp is approximately 40 kDa, and the alpha
1 chain (al), which is synthesized by the allele variant Hpl, is
approximately 8.86 kDa and s subdivided into 1S and IF; the
alpha 2 chain (a2), which is synthesized by the allele variant
Hp2, s approximately 17.3kDa [61]. These alleles have
different affinities for free Hb (Hpi.1 > Hp1.2 > Hp2.2) and
for CD163 {Hp2.2 > Hp1.2 > Hpl.1) [60]. The presence of
the Hp2.2 genotype has been associated with increased iron
redox activity and oxidative stress compared with the Hpl. 1
genotype [62, 63]. Furthermore, monocytes can internalize
the Hb/Hp2.2 complex, but not Hb/Hpl, and stumulate
the release of proinflammatory cytokines [64]. Thus, the
Hp2.2 has been associated with an increased susceptibility
to various inflammatory conditions, including malaria. We
have recently reported that subjects with the Hp2.2 genotype
display a higher risk of developing symptomatic mild malaria
(as opposed to asymptomatic) upon Plasmodiuom infection
[65].

The induction of HO-1 in experimental models of
malaria has been associated with increased resistance to
malaria as a result of HO-1 in controlling heme-induced
nonspecific tissue damage and inflammation [55, 66]. There
s an (GT)n repeat polymorphism microsatellite in the
promoter of the HMOXT gene, which is associated with
the increased or decreased synthesis of HO-1 in response
to different sumuli [67]). Individuals with lower {GT)n
dinucleotide repeats have a higher expression of HO-1, while
higher (GTn dinucleotide repetition is assocated with the
decreased synthesis of the protein [67)]. This polymorphism
has been described in several chronic degenerative diseases
[68-73], but 113 role in malana is controversial. The results
of some studies have shown that the presence of lower
(GT)n repeats in HMOXT gene is associated with a greater
chance of developing severe malaria, suggesting that the
increased expression of HO-1 is deleterious for human
malaria [74, 75]. We have shown that subjects with the long
form (=30 GT repeats) of the HMOX! gene polymorphism
have greater susceptibility to developing malaria and higher
inflammatory scores than individuals with the short form
[65]. However, studies in mice have shown that HO-1 s
highly beneficial for malaria by conferring host tolerance to
Plasmodieon infection. Sickle Hb induces the expression of
HO-1, which leads to CO production. CO binds with high
affinity to free Hb and prevents the release of heme from
hemoglobin, which reduces systemic levels of deleterious free
heme [55, 66]. Other HMOXI gene polymorphisms have
been described, which correspond to the single nucleotide
polymorphisms —1135G>A {no rs designation available) and
—413A>TG (no rs designation available}. However, only the
Last SNP seems to have functional importance [67].

Heme reduces the production of prostaglandin E2
(PGE2) and TGF-f from mononuclear cells through
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superoxide dismutase-1 (SOD-1}, an enzyme responsible for
the detoxification of harmful superoxide [76]. SOD-1 is a
powerful predictor of malaria severity in individuals infected
with 2 vivax with higher sensitivity and sensibility than TNF-
a levels [77], confirming the importance of this enzyme in
malaria pathogenesis. The preliminary data from our group
showed an association between several SNPs in the SOD-I
gene and different expressions of this enzyme in subjects with
malaria. Furthermore, those SOD-1 SNPs were associated
with malaria symptoms in individuals infected with P vivax,
indicating that the genetic predisposition of the individual
might alter the response of these subjects against ROS.

3. Immune Response

3.0. Toll-Like Receprors (TLR). Toll-like receptors are a
family of transmembrane proteins present in monocytes,
macrophages, and dendritic cells, which play a key role in the
innate immune response. TLR recognize pathogen associated
molecular patterns {PAMPs) through extracellular receptor
modules and initiate the inflammatory cascade through the
transcription of inflammatory cytokines, type 1 interferon,
and chemokines through NF-KB or interferon regulatory
factor dependent pathways [78, 79]. Furthermore, the stim-
ulation of TLRs also leads to dendritic cell maturation
and the induction of the adaptive immune response [80].
Each TLR has a unique pattern of expression, intracellular
localization, and signaling pathway, resulting in different
immune responses [81, 82]. The intracellular signaling of
TLR is mediated through at least five different adapter
proteins, including toll-interleukin 1 receptor domain con-
taining adaptor protein {TIRAP), mydoid differentiation
primary response gene 88 (MyD88), and toll-like receptor
adaptor molecule 1 (TRIF) [83]. TLR1, 2, 4, 5, 6, and 10
are found on the extracelular surface of cells, whereas TLR3,
7, 8, and 9, each of which s a nudeic acd sensor, are
located within the endoplasmic reticulum and cytoplasmic
vesicles [84]. In the context of malana infection, TLR2
and TLR4 have been reported to recognize P falciparim
glycosylphosphatidylinositol (GPI}, while TLR9 has been
reported to recognize Plasmodium DNA or the hemozoin
pigment [85-87].

Some common SNPs in TLR genes are functionally
important and affect the recognition of ligands and intra-
cellular signaling. These SNPs have been associated with
numerous infectious and parasitic diseases [88]. Several
studies have associated TLR gene polymorphisms with dini-
cal malaria and parasitemia levels. Two polymorphisms have
been described in the 5 untranslated region (UTR) of the
TLR2 gene, a 22-base pair deletion in the first untranslated
exon (A22), and an (GT)n dinucleotide repeat in the second
intron [89]. Both polymorphisms, the deletion and shorter
(GT)n repeats, are associated with reduced TLR2 reporter
activity and TLR2 expression [%)]. However, only the A22
heterozygous genotype was associated with protection from
cerebral malaria [91]. Other SNPs of TLR2 (Arg677Trp, no
rs designation available and Arg753Gln, rs5743708) were
not identified in the Plasmodium-infected population [92].
In the case of the TLR4 gene, the more frequent genetic
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alterations studied were two nonsynonymous cosegregating
SNPs {Asp299Gly, rs4986790 and Thr399lle, rs4986791) that
modify the ligand-binding site of the receptor [93]. The
TLR4 Asp299Gly was associated with an increased risk of
maternal anemia and infant low-birth weight in pregnant
women with malaria [94]. In addition, the risk of severe
malaria in children was increased 1.5-fold in the presence of
TLR4 Asp299Gly and 2.6-fold with TLR4 Thr3991le [92].

The TLRY gene has been associated with the patho-
geness of severe malaria in humans and experimental
models. Studies have demonstrated that TLRY-deficient
mice survived more during cerebral malaria and that the
antagonist-mediated TLRY inhibition conferred protection
against cerebral malaria in mice [95, 96]. A human study
analyzing the (rs187084, —1486C>T) polymorphism in the
promoter region of TLRY gene showed an increased risk
of low birth weight among infants from pregnant women
with malaria, whereas increased parasitemia was observed in
adults with mild malaria [84, 94]. However, in a large family
and population-based association study, Malawi and Gambia
showed that the effects of the four most common SNPs in the
TLRY gene, 15187084 (- 1486C>T), rs5743836 (1237C>T),
rs352139 (1174G>A), and rs352140 (2848G>A), were not
associated with severe malaria [97]. Smaller population stud-
tes in Brazil, [ran, and Ghana showed associations between
these polymorphisms and mild clinical malaria in their
respective populations, raising the possibility that the TLRY
gene polymorphisms might be associated with a milder form
of the disease [84, 98, 99]. The TIRAP/Mal interaction with
tumor necrosis factor receptor-associated factor 6 (TRAF6) 1s
responsible for mediating the downstream signaling of TLR2
and TLR4 to induce a proinflammatory response [100]. An
SNP mutation in the TIRAP gene (rs8177374; SI180L) has
been assoctated with both protection against malaria [101]
and susceptibility to the development of mild malaria [97],
but the association of the TIRAP gene polymorphism with
malaria remains controversial.

The importance of TLR in malaria infection has been
recently described, particularly with regard to TLR2, 4, and
9. Genetic alterations in TLR and their signaling pathways
remain controversial. Thus far, no conclusive evidence of
polymorphisms in these receptors that might influence the
disease outcome and effect host-genotype treatment have
been identified.

3.2, Cytokines. Malaria infection s marked by changes
in cytokine expression resulting from individual immune
responses. Proinflammatory Thl-type cytokines (IL-1, IL-
6, [L-8, IL-12, IFN-gamma, and TNF-a) are critical for
controlling the erythrocytic and hepatic stages of Plazmod-
tum infection [6, 7], but the excessive production of these
cytokines might also contribute to disease manifestations
and/or ussue damage, such as the brain in cases of cerebral
malaria It has also been suggested that anti-inflammatory
Th2-type cytokines (IL-4, IL-10, and TGF-beta) downregu-
late Thi-type cytokines and the proinflammatory response,
thereby preventing subjects from severe forms of malaria
[102]. Furthermore, the new concept of tolerance against
diseases has demonstrated protection against malaria. Unlike

52

resistance, tolerance does not affect the pathogen burden
but reduces tissue damage and other pathological effects of
disease caused by the pathogen or immune response [103].
This tolerance might be due to the genetic profile of the
affected individual, and HbS and HO-1 expressions are the
most described mechanisms in malaria [55, 66, 104].

TNF-a 15 a proinflaimmatory cytokine that has attracted
particular interest because of its ambiguous activity in host
defense and pathogenesis of cerebral malaria and other
serious complications [105]. High concentrations of TNF-
« are related to the pathogenesis of symptoms associated
with malaria, such as fever, and severe forms of infection,
such as cerebral malaria [106, 107). However, TNF-a has
also been associated with the presence of potent antipar-
asitic actvity, and persistent high levels of the cytokine
lead to a rapid improvement in fever and a reduction
in parasitemia [108, 109]. Genetic alterations in the TNF
gene have been described in several studies with different
populations in the world and sometimes with contradictory
results. Population differences in susceptibility or resistance
to malaria according to TNF SNPs may be a result of
diverse evolutionary pressure between ethnicities, as well as
different parasite strains and incidence of severe forms of
disease. In Gambia, the SNPs TNF —308G>A (rs1800629)
and TNF —238G>A (1s361525) were associated with an
increased risk of cerebral malaria and severe malarial anemia,
respectively [110, 111]. Studies in Gabon associated the
TNF —308G>A polymorphism with a shorter interval to
malaria reinfection and the TNF -238G>A polymorphism
with protection against mild symptomatic malaria [23, 112].
In Sri Lanka, the TNF —308A allele was associated with
severe malaria and other infections [113]. In another study
in Mynamar, the TNFPD allele haplotype (-238G; —308G;
—857T, es1799724; — 10317, rs17999%64) was assocated with
increased susceptibility to cerebral malaria because the
transcription factor OCT-1 binds to TNF —857T in the
TNFPD allele but not to TNF —857C in the TNFPA, B
and C alleles and interacts with the proinflammatory NF-
«B subunit transcription factor p65 at the adjacent binding
site [114]. Other studies have shown no association between
TNF gene polymorphisms and severe malaria in Kenya,
Malawi, Mali, Tanzania, and Indonesia [111, 115-117]. It
has been shown that lymphotoxin-a (LTa), which belongs to
the TNF family, plays an important role in malaria [116].
Since LTa binds to the TNF receptors TNF-R1 and TNF-
R2, TNF and LTa may exert their effects via the same
receptors. LTA polymorphisms may influence resistance to
malaria in humans, and two SNPs have been described: LTA
C+B0A (rs22397(0M) and LTA A+252G (rs909253). The first
ts an SNP that allows specific binding of the transcriptional
repressor ABF-1 and, therefore, considered to be a low LTa-
producing allele, has been associated with lower P falciparsion
parasitemia in malaria-endemic Burkina Faso but was not
associated with severe malaria in Gambia [118-120]. The
SNP r3909253 has been reported to influence LTa production
[121], but it was not associated with severe malaria in Sri
Lanka [113]. Both SNPs {rs2239704 and rs909253) were
reported to not be associated with severe malaria in a study
from Gambia, Kenya, Malawi, and Indonesia [111, 116].



The chromosomal region 5g31-33 contains several
important genes encoding molecules, such as cytokines,
growth factors, and growth factor receptors, which are
involved in immunity against Plasmodion infection [122].
The 5931-33 region contains genes encoding cytokines 1L-3,
IL-4, IL-5, IL-9, IL-12B, IL13, and other genes, such as the
invmunologically active interferon regulatory factos-1 [123].
Concerning the genetic control of blood infection levels,
linkage analyses studies have demonstrated the involvement
of the 5931-q33 region with parasitemia in populations
from Cameroon and Burkina Faso [124, 125]. Asymptomatic
parasite density was also linked to chromosome 5g31 in
a study from Senegal [126]. A genomewide linkage study
revealed three strongly suggestive lines of evidence for
linkage between mild malaria attacking both the 6p25.1
and the 12q22 regions and between the 20pligll region
and the prevalence of parasite density in asymptomatic
Senegalese children [127]. Furthermore, in this study, one
gene assoctated with malaria infection in the 5931-q33 was
also detected, confirming the importance of this genetic
region in the susceptibility to malaria infection [127].

Type 1 helper T lymphocytes may be protective through
the release of [FN-y, which activates macrophages to
destroy parasitized erythrocytes, promotes the production
of opsonizing antibodies, and helps to destroy parasites
during the hepatic cyde [128]. However, IFN-y also has
proinflammatory effects that may contribute to disease
severity [129, 130). Studies have reported associations
between IFNG gene polymorphisms and susceptibility to
disease. The first intron of the IFNG gene contains a highly
polymorphic CA-repeat microsatellite, whose 12 CA-repeat
allele is assocated with high levels of IFN-y production in
vitro [131], and it has been associated with an SNP allele
IFNG+B74T (1s62559044), which coincides with a putative
NFE-xf binding site [132]. In Gambia, no evidence of a
strong association between severe malaria and the 12 CA-
repeat allde and JFNG+874 (rs62559044) polymorphism
was observed [133]. However, 14 CA repeats (JENG CAlM)
were associated with CM in P faleiparion-infected chil-
dren, and IFNG —183G/T (no rs designation available)
and IFNG(CA)14/(CA) 14 genotypes were more frequent in
children with uncomplicated malaria than in children with
cerebral malaria from Mali [134].

Concerning IL-13, an SNP —1055T>C (rs1800925) has
showed a significant association with protection from severe
malaria in Thailand [135]. A fine association mapping in
the IL-13 gene using the same malaria subjects revealed that
only rs1881457 located in the promoter region, which is in
linkage disequilibrium with rs1800925, showed a significant
association with severe malaria [123]. Furthermore, two
SNPs (rs848, rs1881457) in IL-13 gene were found to be
significantly different between those who have experienced
one or more malaria attacks within past 10 years and those
who did not in Sri Lanka [136).

IL-12 s a proinflammatory cytokine that boosts ery-
thropoietic responses in infections with Plassmodion par-
asites. Low levels of IL-12 have been associated with the
pathogenesis of malaria in children and nonimmune adults
through the promotion of [FN-y release from cells of the
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innate immune system, while high levels of this cytokine
are assoctated with severe malaria [137]. IL-12 cytokine
s a dimer composed of a 35-kD subunit encoded by the
IL12A gene (chromosome 3p12-q13.2) and a 40-kD subunit
encoded by the JLI2B gene (chromosome 5931-33), which
exerts its effects on the immune response through receptors
encoded by ILI2ZRBI and ILI2RB2 [138]. A mutation in the
promoter region of IL12B, IL12B-pro {rs17860508) has been
associated with susceptibility to cerebral malaria [139, 140].
This polymorphism has been shown to affect gene expression
and the production of cytokines and nitric oxide (4 bp less)
[141]. Moreover, polymorphisms in JL12A (r32243140) and
ILI2RB1 {rsd29774) confer protection against severe malarial
anemia [138].

IL-4 1s a pleiotropic cytokine with multiple immune-
modulating functions in several cells [142]. IL-4 plays an
important role in IgE antibody antimalarial responses and
regulates the differentiation of precursor T-helper cells into
the Th2 subsets that regulate humoral immunity [122, 143].
Several polymorphisms in the IL-4 gene have been described,
and four polymorphisms were described in the promoter
region in association with total [gE production [144-146].
Despite the JL-4 —58%C>T (rs2243250) influence on IgE
levels, there was no association with severe malaria [122,
147]. However, a recent study that assesses the influence of
11 polymorphism in IL4 gene on predisposition to malaria
in Mali found a genetic association between IL4 VNTR
(rsB179190) and others IL4 mutations {-33C/T; 152243267,
rs2243268; rs2243282) with severe disease, supporting the
view that IL4 genetic alterations could be a risk factor for
malaria severity [129].

IL-1 is an endogenous pyrogen that plays an important
role in the innate immune response of the human host
to Plasmodiem infection [148]. Two different genes (JLIA
and ILIB) encode 1L-1, which are located in chromosomal
region 2q14, an area that also contains genes for [L-1
receptor types 1 and 2 (ILRI and ILIR2), the IL-1 receptor
antagonist {ILIRN), and other homologous genes that have
not been well characterized [149]. The rapid induction of 1L-
18 might help control invading malaria parasites through the
induction of an acute inflammatory response as part of the
first line of defense; however, the overproduction of 1L-18
might cause severe pathogenic effects [150]. Three different
SNPs in the promoter region of the IL1B gene (-3737G>A,
no rs designation available; —1464G>C, no rs designation
available; ~511A>G, r516944) have been associated with I1L-
18 plasma levels [151]. The JLIB —511A allele was associated
with an increased risk of severe malarial anemia and
reduced levels of [L-1§8 [123]. In another study conducted in
Gambia, significant associations between variations in JLIA
+4845G>T (1517561) and IL1B +3954C>T (rs1143634) were
associated with symptomatic malaria [148].

IL-10 is an anti-inflammatory Th2-type cytokine pro-
duced primarily by monocytes and lymphocytes, and 1L-
10 exhibits various effects in the regulation of the immune
response, including downregulating the expression of the
proinflammatory (type 1) immune response [152]. The
IL-10 gene is located on chromosome 1931-32 within
the promoter region and includes the well-defined SNPs
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IL-10 = 1082A>G (rs1800870), JL-10 —819T>C (rs1800871),
and JL-10 -592A5C (rs1800872) [153]. The SNP haplo-
type was associated with susceptbility to severe malarial
anemia and functional changes in the plasma concentra-
tons of IL-10, TNF-a, and 1L-12 [154]. However, other
studies have shown no evidence of association between
the polymorphisms in the IL-10 gene and malaria severity
[155]. A study in Gambia showed an association between
the haplotype of five SNPs (+4949G, rs3024500/4919C,
rs1518110/-627G, s1800872/—1117C, rs1B0089%6/—3585T,
rs1800890) and resistance to cerebral malaria and severe
anemia [156].

Several SNPs influence the levels of pro- and anu-
inflammatory cytokines in malaria infection and might lead
to an imbalance between these molecules that favor increased
host susceptibility to Plasmodion. Thus, polymorphisms in
the immune response might influence host disease tolerance
against malaria.

3.3, Immunoglobulin Receptors and Nitric Oxide (NO).
Receptors for the Fc fragment of IgG (FeyRs) provide
an important link between humoral and cellular immune
responses. There are three families of FeyR (L 11, and II). The
primary function of FegRs is the activation of accessory cells
against pathogens; thus, FegRs are essential molecules in the
host defense against infection [157]. Among the three classes
of FegR (FegRI, FegRIL and FegRIL), the low-affinity FegRII
class is the most broadly distributed [158]. The FeyRIIA
gene contains an important SNP with a G>A substitution
in the region responsible for encoding the ligand-binding
domain in which histidine (H) replaces arginine (R} at
position 131 in the extracellular domain {no s designation
available). Both allotypes bind to human IgG1 and [gG3, but
the FeyRIIA H131 allotype exhibits higher binding affinity to
the IgG2 and IgG3 than the FeyRIA R131 allotype, but none
effectively binds to 1gG4 [159]. The FeyRIIA HI31 allotype
is the only FeyR that binds with high affinity to 13G2, and
this allele is essential for the phagocytosis of microorganisms
opsonized with 1gG2 and the clearance of immune complexes
containing 1gG2 [164), 161]. Furthermore, a protective role
for IgG2 in malaria infections has been described, which
involves the activation of immune effector cells through
FeyRID [162]. The RRI31 genotype protects against high
levels of parasitemia, whereas the HHI3! genotype was
associated with susceptibility to severe malaria with high
parasite burden [158, 163, 164]. An additional study showed
an association between the FegRIIA-RRI31 genotype and
severe malaria [165].

NO 15 a highly diffusible, lipid soluble-free radical that
mediates the resistance of host severe malaria and other
diseases. The production of NO and the cellular expression
of enzyme-inducible nitric oxide synthase (NOS2) are asso-
ciated with protection against severe forms of malaria [166].
The protective effect of NO against Plasmodion reflects
parasite killing through reactive nitrogen metabolites and a
decrease of endothelial adhesion molecules [167, 168]. In
humans, NO is produced through the enzymatic conversion
of L-arginine to L-citrulline using three different NO syn-
thases (NOS), and NOS2 is induced through the response
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to pathogens and proinflammatory cytokines [166]. Several
polymorphisms in the NOS2 gene have been associated with
malaria severity. In Gambia, the SNP NOS2 -954G>C (nors
designation available) has been associated with resistance to
severe malaria [169], whereas in another group of Gambian
subjects, short forms of the polymorphic microsatellite
(CCTTT) in the NOS2 transcription start site were associated
with fatal malaria [170]. However, in Tanzania, nether
NOS2 -954G=C polymorphisms nor CCTTT repeats were
associated with severe malaria [171]. Another SNP in NOS2,
=1173C>T (no rs designation avatlable), was associated with
protection against cerebral malaria in children in Tanzania
and severe anemia in malaria individuals of Kenya [172].
However, no association between NOS2 polymorphisms and
susceptibility to malaria was described [166].

The FegR receptor and NO are important molecules
ivolved in malara outcomes, and several studies have
attempted 1o associate mutations in these genes with
increased susceptibility to develop severe forms of malaria.
However, the results are conflicting, and no conclusion has
yet been determined.

4. Mechanisms of Cytoadherence

One of the peculiar characteristics of P falesparun-mediated
malaria is the adhesion of infected erythrocytes to capillary
endothelium [173). This assocation contributes 1o the
pathology of falciparum malaria because it causes microvas-
cular occlusion and inhibits the immune response against
parasites [174, 175]. This adhesion is one of the possible
mechanisms underlying the pathogenesis of severe forms
of malaria, such as cerebral and placental malaria [176-
178]. The adhesion molecules include intercellular adhe-
sion molecule 1 {ICAM-1, CD54), platelet/endothelial cell
adhesion moleculel (PECAM-1, CD31), vascular cell adhe-
sion moleculel (VCAM-1), thrombospondin, E-selectin, P-
selectin, CD36, and chondroitin sulfate A [179]. Another
characteristic of the virulent phenotype that contributes to
the pathogenesis of P falciparson is its ability to form rosettes,
a property in which parasitized erythrocytes bind uninfected
erythrocytes to form dumps of these cells [180]. The mech-
anism responsible for the virulence of the rosettes includes
the microvasculature obstruction of the bloodstream in
high parasitemia, favoring the invasion of merozoites and
immune evasion [ 181-183]. The process of rosetting is medi-
ated through ligand binding of P faleiparion to erythrocyte
membrane proteinl (PIEMP1), which is expressed on the
membrane of an infected RBC among a variety of uninfected
RBC receptors, such as serum components, blood group
antigens A and B, glucosaminoglycans, and complement
receptor 1 {CR1) [184].

Autopsy studies of patients with fatal cerebral malaria
or severe malarial anemia showed the sequestration of
erythrocytes infected with Plasmodizom on brain vascular
endothelial cells with the increased expression of adhesion
molecules, particularly ICAM-1 [185]). The results of a
study in Killifi (Kenya) confirmed this association, showing
that the adhesion of infected erythrocytes was highest in
cerebral malaria compared with the asymptomatic control



group [186]. The [CAM-1 (CD54) is a member of the
immunoglobulin super-family, and its role in malaria sus-
ceptibility is not limited to an interaction with PEMP1
[187]. ICAM-1 binds lymphocyte function-associated anti-
gen (LFA)-1, facilitating the movement of leukocytes and
active nature killer cells beyond the blood brain barrier
during P faleiparsn infection [188, 189]. Two SNPs have
been described in the JICAM-1 gene, ICAM-I Killifi {£35491),
which results from substitution of lysine for methionine at
position 56 of the coding sequence, and a less well-described
polymorphism (rs5498, K469E) [187]. The ICAM-1 Killifi
polymorphism has been associated with both the resistance
[190, 191] and susceptibility to severe forms of malaria [192].
However, subsequent studies in Gambia, Thailand, Senegal,
Nigeria, and Kenya have reported no significant association
between malaria phenotypes and either the ICAM-1Kilifi or
the SNP identified in exon 6 {r35498) [187, 193-197].

Most P faleiparaon antigens bind to the CD36 molecule,
and thus CD36 is considered the most important endothelial
receptor for the sequestration of infected erythrocytes [186].
CD36 is an 88-kDa glycoprotein expressed on endothelial
cells, macrophages, and dendritic cells, among others. How-
ever, in contrast to [CAM-1, this molecule is not expressed
on the endothelial cells of brain capillaries [198]. CD36
serves as a receptor for several ligands, including low-density
lipoprotein cholesterol (LDL-C), collagen, thrombospodin,
and anionic phospholipids and participates in macrophage
fusion induced through IL-4 [199]. Mutations in the CD3s
receptor gene have been associated with protection against
or susceptibility to severe forms of malara. The CD36
deficiency might be induced through the two SNPs in the
CD36 gene (T1264G in exon 10, rs3211938 and G1439C
in exon 12, no rs designation available), which encode the
truncated proteins that were expressed at high frequency in
patients with severe malaria in Gambian, Tanzanian, and
Kenyan patients [199-201). This assocration was confirmed
in a study in India, showing an association of the presence
of the mutant allele in heterozygous individuals (1264T>G
in exon 10} with protection against severe malaria [202]. A
screening of CD36 gene in malaria patients from Thatland
tdentified two SNPs in the promoter region (- 14T>C and
=53G>T, no rs designation available) that were associated
with protection against cerebral malaria and one microsatel-
lite polymorphism in intron 3 with 12 TG repeats that has
been assoctated with the lower risk of cerebral malarea [203].
Genetic alterations in the CD36 gene influence the malaria
outcome, regardless of different conclusions concerning
the polymorphisms identified in this molecule, perhaps
reflecting differences among the populations and clinical
spectrums of the disease.

Platelet-endothelial cell adhesion molecule 1 (PECAM-
1/CD31) is expressed in hematopoietic and endothelial cells,
This adhesion molecule was identified as an endothelial
receptor for erythrocytes infected with P falciparaom [204].
The PECAM-1 gene is polymorphic, and several polymor-
phisms have previously been described in the extracellular
domain (exons three rs668 L/V, exon B rs12953 SN,
rs1131012 exon 12 R/G) and promoter region (GATA-2)
[205]. Homozygous individuals with L125V and S563N
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SNPs in the CD31 gene were associated with an increased risk
for developing cerebral malaria in Thailand [206]. However,
in Kenya and Papua New Guinea, no association of the L125V
SNP with malaria was observed [205]. Furthermore, an SNP
in the PECAM-I gene {exon 3 rs668 L/V) was identified
as a nisk factor for malara in an endemic region, but this
gene exhibited a significant association with protection from
disease in a nonendemic region [202]. The mutation in
exon 3 of the CD31 gene might affect the regulation of
inflammation because it is present within the first IgG-
like domain of the PECAM-1 molecule, which has been
associated with hemophilic adhesion and regulates leukocyte
transmigration [207, 208]. Thus, despite the influence of
genetic alterations in the levels of adhesion molecules,
polymorphisms might also alter molecular protein structure
and impair the binding affinity of other molecules involved
in the immunopathogenesis of malaria.

Complement receptor type 1 (CRI/CD35) is a mem-
brane glycoprotein expressed in various cells, including
erythrocytes, monocytes, B and T cells, monocytes, and
dendritic cells [209]. CR1 binds with high affinity to C3b
and Cab components and plays an important role in the
clearance of immune complexes [210]. CR1 also plays a role
in opsonization and the control of complement activation
[209]. The expression of CRI on erythrocytes has been
related to the formation of rosettes, a phenomenon that
results from the adhesion of PIEMP | on the surface of
infected erythrocytes with a variety of membrane receptors
on noninfected erythrocytes [180, 211, 212]. This process
contributes to the pathogenesis of severe malaria because it
causes the obstruction of cerebral capillaries and increases
susceptibility to severe malaria anemia [186, 213]. Further-
more, erythrocyte CRI binds immune complexes in the
bloodstream through a process of “immune adherence™ and
removes them through phagocyte capitation in the liver and
spleen [214]. Subjects with high levels of CR1 on erythro-
cytes are more likely to form rosettes and contribute to the
sequestration of cell clumps in the microvasculature of the
brain and other vital organs [180]. Moreover, high levels of
CR1 also carry immune complex, which might be recognized
by monocytes and endothelial cells w0 produce proinflam-
matory mediators [184]. The levels of CR1 on erythrocytes
are genetically determined and correlated with the HindlIll
restriction fragment length polymorphism (RFLP) mutation
in the CRT gene. Homozygous subjects for the 7.4 kb Hindlll
genomic fragment (the H allele) have high levels of CR1
on erythrocytes, whereas homozygous individuals for the
6.9-kb genomic Hindlll fragment (the L allele) exhibit low
expression, and HL heterozygous individuals show interme-
diary levels of CR1 in the membrane of erythrocytes [211].
The association of this polymorphism with the susceptibility
or resistance to malaria s contradictory. [n Gambia and
other African populations, a significant association between
the L allele and protection from severe malaria was not
observed [193, 215]. In Thailand, the LL genotype was
demonstrated as a risk factor for severe malaria [216], and in
Papua New Guinea, individuals heterozygous for the L allele
(HL) were correlated with protection against severe malaria
[217]. A new polymorphism in the promoter region of the
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Figure |: Influence of erythrocyte and immune response gene polymorphisms in malaria outcome. The diagram summarizes the major
genetic alterations identified in the erythrocyte and immune response pathways that influence malaria outcome. The up arrow indicates
susceptibality, and the down arrow indicates resistance to malaria. Contradictory or not confirmed results are represented by red font
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alterations. Considering the immune response, several polymorphisms in gene encoding the TLR receptors and in important cytokines
involved in malaria immunopathology are described in the literature. Furthermore, genetic alteratsons in the FegRIIA receptor and nitric
oxide synthase were also associated with resistance/susceptibility to malana.

CRI gene (rs$429942) was associated with higher levels of
CR1 on the surface of RBC and protection against cerebral
malaria in Thailand [218]. Different assocations between
the CRI genotype with malaria might be associated with
the endemicity of malaria in different regions and an under
or overestimation of the actual CRI levels and interactions
between CR1 and other genetic alterations [184].

5. Conclusion

Over the past several years, an increase in the number
of scientific publications associated with the genetic pre-
disposition to malaria and severe forms of this disease
has been observed. As a result of technological advances,
studies of SNPs were exchanged for studies with sophisticated
gene sequencing and analyses using advanced molecular
biology software. On the basis of the discovery of new
functional mutations that alter the expression of several
proteins fundamentally implicated in malaria pathogenesis,
it is possible to individualize patient care depending on
host genotype, as previously demonstrated [219]. However,

molecular epidemiology studies should always be interpreted
with caution because of the differences in the functionality
and frequency of the polymorphisms observed in different
populations as a result of diverse evolutionary pressure
between different ethnicities.

The clinical manifestation of malaria s primarily
described by the lysis of infected erythrocytes and subsequent
immune and inflammatory response. Thus, it is critical to
understand the role of genetic alterations in this pathway
that might influence the disease outcome and severity of
malaria. Furthermore, it should be observed that not merely
one genetic alteration but rather the combination of a set of
genetic factors might influence the susceptibility or resistance
to malaria (Figure 1). The results from research studies
have already shown that individual genetic factors must
be considered for the prevention from severe diseases and
individual responses to treatment.
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5.2 MANUSCRITO Il

Association between the Haptoglobin and Heme Oxygenase-1 Genetic
Profiles and Soluble CD163 in Susceptibility to and Severity of Human

Malaria.

Este trabalho investiga associagbes entre alteragcbes genéticas e
biomarcadores plasmaticos na via de metabolizagdo do heme com os

desfechos clinicos na malaria por P. vivax.

Resumo dos resultados: Repeticbes (GT)n longas do polimorfismo
microssatélite da HMOX1, o alelo Hp2 e o gendtipo Hp2.2 da haptoglobina
estdo associados com o grupo de malaria vivax sintomatica quando
comparado com malaria assintomatica e controles. Além disso, niveis
plasmaticos elevados de heme, haptoglobina, heme oxigenase-1 e sCD163

estdo associados com uma susceptibilidade maior para malaria aguda.

Este trabalho foi publicado no periddico internacional Infection and Immunity.
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Association between the Haptoglobin and Heme Oxygenase 1 Genetic
Profiles and Soluble CD163 in Susceptibility to and Severity of

Human Malaria

Vitor R. R. Mendonca,*" Nivea F. Luz,*" Nadja J. G. Santos,” Valéria M. Borges,"™* Marilda S. Gongalves,*” Bruno B. Andrade,”

and Manoel Barral-Netto™ =~

Centro de Pesquisas Gongalo Mondz, Fundal 30 Cewaldo Cnue (FCCRUZ), Sabadorn, Bana, Brazi®, Faouicdade de Medicina, Lrnversidace Federal da Bahia, Salvador, Bahia,
BeaziF, Instituto Nadional de Gidncia e Tecnclogia de rvestigagdo em Imunchoga (B-NCT), 530 Pauko, Brazi', Facuidade de Farmdda, Unkersdade Federd da 8ahia
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Intravascular hemolysis is a hallmark event in the immunopathology of malaria that results in increased systemic concentra-
tions of free hemoglobin (Hb). The oxidation of Hb by free radicals causes the release of heme, which amplifies inflammation. To
circumvent the detrimental effects of free heme, hosts have developed several homeostatic mechanisms, including the enzyme
haptoglobin (Hp), which scavenges cell-free Hb, the monocyte receptor CD163, which binds to Hb-Hp complexes, and heme
oxygenase-1 (HO-1), which degrades intracellular free heme. We tested the association between these three main components of
the host response to hemolysis and susceptibility to malaria in a Brazilian population. The genetic profiles of the HMOXI and
Hp genes and the plasma levels of a serum inflammatory marker, the soluble form of the CD163 receptor (sCD163), were studied
in 264 subjects, including 78 individuals with symptomatic malaria, 106 individuals with asymptomatic malaria, and 80 unin-
fected individuals, We found that long (GT)n repeats in the microsatellite polymorphism region of the HMOXI gene, the Hp2
allele, and the Hp2.2 genotype were associated with symptomatic malaria. Moreover, increased plasma concentrations of heme,
Hp, HO-1, and sCD163 were associated with susceptibility to malaria. The validation of these results could support the develop-
ment of targeted therapies and aid in reducing the severity of malaria.

Mal.'uu infection has high morbadity and mortality rates
worldwide. During the blood stage of malarial infection, he-
moglobin (Hb) 1s released from red blood cells that have ruptured
due to Plassradiunt multplication (27). This unique charactenistic
of the Plasmodium life cycle leads to increased concentrations of
cell-free Hb in the airculation because of intravascular hemolysis
and the possible release of the heme prosthetic group from hemo-
globin (25). Free heme s haghly harmiul to cells and tissues, as it
can induce oxidative stress, cytotoxscity and inflaimmaton (25),
and cell death {30). Patients with severe malaria may exhibit high
arculating levels of free heme, whach impairs regulatory responses
and can cause inflammatory imbalances (1). Under homeostatic
conditions, haptoglobin (Hp) can rapidly scavenge cell-free Hb by
forming the stable Hb-Hp complex, which 1s recognized and in-
ternalized by the CD163 receptor expressed by monocytes and
macrophages in the red pulp of the spleen. Once internalized, the
heme is usually degraded by the antioxidant enzyme heme oxy-
genase-1 (HO-1) (39). A thorough understanding of the factors
and pathways that control the accumulation of free heme and the
determinants of the unfavorable events that are tnggered by this
molecule can drive the development of novel therapeutic ap-
proaches to treat malana and other hemolytic diseases.
Haptoglobin s a tetramenic protein (a232) that is character-
wzed by a-chain heterogeneity due to an intragenic duplication
that resulted i two different alleles, Hp2 and Hp! (including two
subvanants, HplF and HplS). The diversity in the Hp phenotypes
causes different binding affinities for cell-free Hb (Hpl.l =
Hpl.2 > Hp2.2) and CD163 (Hp2.2 > Hpl.2 > Hpl.1) (39). Ad-
ditzonally, polymorphisms in the Hp gene have been assocaated
with different functional capabilities and organic responses, in-
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cluding alterations i immune regulation, oxidative stress, and
ron delocalization within monocytes (8, 9,31, 42-44, 54). Thus, 1t
15 necessary to conswder the strategies used to study the mecha-
nsms assoctated wath heme regulation by HO-1, Hp, and the Hp
receptor, CD163, and their contnbution to the susceptibility to
malana.

The haptoglobin receptor CD163 15 2 member of a group of B
cysteine-nich scavenger membrane receptors that is expressed on
monocytes and macrophages and has been hinked to inflamma-
tion. The soluble form of the CD163 receptor (sCD163) 15 a sur-
rogate for its cellular expression, and sCD163 levels are elevated in
many inflammatory processes (18, 29, 33, 45, 46, 50-52, 60), 66).
Only one study has shown that sCD163 levels are more elevated in
uncomplicated falaiparum malaria than in severe malanal anemia
and cerebral malana, and all malana patients have higher levels of
sCD163 than uninfected indivaduals (41).

In expenimental models of malana, the induction of HO-1 15
mostly associated with increased tolerance to Plasmodiunt infec-
tion (26, 53) as a result of the abihity of HO-1 to control nonspe-
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cfic tissue damage and immunopathology by reducing inflamma-
tion. However, a few studies have linked HMOX ! (Homo sapiens;
PO9601) gene polymorphisms to malaria susceptibility in humans
(40,59, 63). Notably, 2 (GT)n dinucleotide length polymorphism
has been assocrated with varied expression of HO-1 (24). It has
been suggested that there 1s a higher expression of HO-1 mRNAn
patients with short (GT)n repeats in the HMOX? gene than in
patients with long (GT)hr repeats (24). Although a recent study
showed an assocaation between short (GT)n dinucleotide length
and cerebral malana (63), other investigations have not found any
correlation between (GT)n dinucleotide length and malana sus-
ceptibality (40). Therefore, there 1s no defimtive evadence that
links the length of the (GT ) dinudeotide repeats in the HMOXT
gene with the seventy of human malaria.

The mam goal of this study was to investigate the Hp, HO-1,
and sCD163 pathways that are involved in heme metabolism dur-
ing malara-induced intravascular hemolysis by analyzing geno-
types and protein plasma levels in patients from the Brazhan Am-
azon. We tested whether different Hp genotypes and HMOX]
microsatellite polymorphisms are associated with susceptibility to
malana. We have demonstrated that indivaduals presenting with
symptomatic malaria more often have the Hp2. 2 genotype, which
has previously been assocaated with a lower Hp binding affinity for
cell-free Hb (39). In addition, we show that long (GT)n dinucle-
otide repeats in the HMOX] gene are associated with decreased
concentrations of plasma HO-1, elevated disease suscepubiity,
and increased plasmalevels of Hp and sCD163 in malara patients.
Furthermore, we address the association between sCD163 and
malana symptomatology. Thus, our findings expand to humans
the current concept from experimental models that the suscepti-
bility to malara 1s indeed closely linked to speahc determinants
involved in heme metabolism.

MATERIALS AND METHODS

Ethics. This study is part of 2 project that was previously approved by the
Ethical Committee of the Sso Lucas University, Ronddnia, Brazl All of
the participants or their legal guardians provided informed consent before
entering the study. The clinical mvestigations were conducted in accor-
dance with the principles expressed in the 1975 Declaration of Helsinki, as
revised in 2000.

Subjects. This study was a retrospective analysis of 264 subjects from
the localities of Demarcagio (8*10704.12%5, 62°46°52.55"W) and Buritis
(10°12°43"S, 63°49"44"W) in Ronddaia State in the Brazhian Amazon.
The subjects were studied between 2006 and 2007, The study sample in-
cludes 78 subjects with symptomatic malana, 106 subjects with asymp-
tomatic maliria, and 80 uninfected indmadwals. These indnaduals have
already been analyzed by our group in other studies {1, 5-7). Active and
passive case detections were performed using both microscopy and nested
PCR. The symptomatic individuals promptly recesved antimalaral treat-
ment, and those wath asymptomatic infection at the time of enrellment in
the study were followed for up to 50 days and subsequently classified as
suffering from either symptomatic or asymptomatic malara.

Genetic experiments. DNA was extracted from 200 pl of penpheral
blood using 2 standard Qiagen DNA blood minkit (Valencia, CA) ac-
cording to the manufacturer's protocol. The Hp genotypes were deter-
mined by allede-specific PCR as described by Yano et al. {70). The identi-
fication of the HplF, HplS, and Hp2 allddes was based on the analysis of
products from three independent PCRs. The PCR products were analyzed
by dectrophoresing them on 1% agarcse gels under nondenaturing con-
ditsons. The products were then detected by staining with ethadium bro.
mide and visualized under 2 UV bght.
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The 5"-fanking regron of the HMOX! gene, which contains (GTin
repeats, was amplified wath the forward primer 5 AGAGCCTGCAGCT
TCTCAGA-Y and the reverse primer 5" ACAAAGTCTGGOCATAG
GAC-3" according to the published procedure {37). The PCR products
were sequenced on an AB] Prism 3100 automated DNA sequencer using a
Bighye 03 Terminator sequencing standards kit (Applied Beasystems,
Faster City, CA). The size of each HMOX ) gene (GT)n repeat was calou-
lated using GeneScan Analysis software (PE Applied Biosystems). The
number of HMOXT (GT)n repeats in the DNA strands was determined,
and the frequency of repeats in patients was plotted. Assuming a codomi-
nant (additive) trait moded, the HMOX! genotypes were defined by the
average length of {GT)r repeats. The average length of the HMOX? gene
promoter {GT)r was calculated for each patient.

Plasma measurements. The plasma levels of interleukin 6 (IL-6), IL-
10, and tumor necrosis factor alpha (TNFa) were measured using a cyto-
metric bead array system (BD Biosciences Pharmingen, Franklin Lakes,
NJ) according to the manufacturer’s pratacol. All of the samples were run
in a single assay in the main laboratory at the Centro de Pesquisas Gongalo
Moniz, Bahia, Brazil The plasma levels of HO- 1 (Assay Designs, Ann
Arbor, MI), Hp (GenWay Buotech, San Diego, CA), and sCD16d (BD
Pharmingen, Franklin Lakes, NJ} were measured by enxyme-linked im-
munesarbent assay. Total heme levels were measured using a chromo-
genic assay according to the manufacturer's instructions (BioAssay Sys-
tems, Hayward, CA). The 415.nm and 576-nm UV visible spectra for the
plasma samples were taken with a Nanodrop apparatus to discrimenate
total heme from non-hemoglobin.bound heme (free heme), as previously
described (68). The plasma measurements of aspartate aminotransferase
(AST), alanine aminotransaminase (ALT), total bilirubin, hemoglobin,
creatinine, fibrinogen, and C-reactive protein (CRP) were performed at
the Federal Universaty of Bahia and Faculdade Sao Lucas, Brazil

Score-based laboratory assessment of clinical severity of malaria. To
infer the degree of systemic imnflammation and liver damage during ma-
laria, we used two previously published score systems (4): the hepatic
inflammatory {H1) score and the hepatic inflammatory parasitic {HIP)
scare. To determine the scores, the AST, ALT, fibrinogen, CRP, total
balirubin, and parasitemia levels were estimated in 580 people. This sam.
ple consisted of 183 noninfected, 195 symptomatic, and 202 asymptom.
atic indivaduals from the same area of endemiaty in which the current
study was performed. Receiver operator characteristic (ROC) curves were
calculated for each parameter with the aim of identifying the best cutoff
values to use to differentiate between those individuals with symptomatic
and those with asymptomatic malaria with the highest sensitivaity and
specificity and the highest likelihood ratio (4). One point was given for
cach parameter that was above the established cutoff, with scores ranging
from 0 to 6 and from 0 to 5, including or excluding parasitemia, for HIP
and HL, respectively. The individuals presenting wath higher scores also
referred to severe headaches, fatigue and asthenia, hypotension, and hy-
perthermia more frequently than those with Jower scores {4), implying
that higher score values are generally associated with an increased dinscal
sevenity of malara.

Statistical analyses. A chi-squared test was applied to evaluate the
association between the following qualitative vaniables within the pa-
tient malaria groups (symptomatic, asymptomatic, and noninfected ):
Hp genotypesialleles and short and Jong (<30 and =30 GT repeats,
respectively) HMOXT gene polymorphisms. The plasma levels of Hp,
heme, and sCD165 and the HMOX! gene (GT)r repetitions were com-
pared between groups using a nenparametric Kruskal-Wallis test wath
Dunn’s multiple comparisons. These tests were also used to analyze
the difference between Hp genotypes/alleles with Hp levels and the
association between sCD163, HMOX! GT repeat, HO- 1, and Hp with
the HI/HIP scores. A univanate linear regression analysis was per-
formed to assess the associations between Hp alleles/genotypes or
HMOX1 gene polymorphisms and symptomatic malaria. The Mann.
Whitney test was used to compare differences in plasma Hp levels,
plasma sCD6S levels, and HIJHIP scores between individuals with
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TABLE 1 Baseline characteristics of the individuals enrolled in the study

Genetic Suxggbmy to Malarty

Result by subject group
Symptomatic malana Asymptomatic malari
Characterstic (n = 78) (= 106) Noninfected {n = BO) P value
No. (%} male 39(50.00) 47 (44 34) 37 (46.25) 0.7468*
Median {1QR") age (yr) 36{27.75-50) 42 (32-49) 35 (25.25-45) 0.0307°
Median {1QR) no. of previous 6.5{1-13) 15(12-19) 125(625-17) <00001°
malarsa infection episodes
No. 1%} of indmiduals residing LECH
in the area for the
following no. of yr:
=2 26133.33) 24 (2264) 19(2375)
3o 10 17 {21.80) 7 (6.40) 19(23.75)
=10 35(44.87) 75 (70.76) 42 (52.50}

* Categonaed variahlea were compared uang 3 chi-aquare teat.
*IQR, interquartile range

* Ordinal variables were compared uang the Kruskal -‘Walks sext wth Dunn’s multiple-companson et

short or long HMOX? gene {GT)n repeats. The correlations between
Hp levels with parasitemia, ALT, and heme levels were analyzed by
Spearman’s correlation test. This test was also used to estimate the
significance of the correlation between HMOX 1 {GTIn repetitions and
sCD16S, Hp, Coreactive protein, and creatinine levels and Hl and HIP
scores. ROC curves were used to evaluate the power of sCD 163 ta
discriminate the individuals with symptomatic malaria from those not
infected with Plasmodium or those with asymptomatic malaria.
Within all comparisons, the differences in which P was <0.05 were
considered statistically significant. The statistical analyses were per-
formed using GraphPad Prism (version 5.0b) software (GraphPad
Software, San Diego, CA).

RESULTS

Baseline characteristics. The majonty of the individuals studied
were female (53.40%) adults (age, 39.95 years; standard deviation
[SD], £14.99) who had lived in the area of endemucity for more
than 6 months (73.86% more than 3 years and 57.58% more than
10 years). The patients mnfected wath the malana parasite {n =
184) were approximately the same age (39.68 years; SD, *14.33)
and included more females (53.26%) and individuals who had
lived in the area of endemicty for long penods of time (72.83%
more than 3 years and 59.78% more than 10 years). The majonty
of the indivaduals infected with a Plasmodnon sp. were asymptom-
atic at the time of the study and duning the 30 days of follow-up
(1 = 106). The individuals with asymptomatic malaria were also
older and had lived in the area of endemicaty for longer penods
than those with symptomatic infections {Table 1). Most of the
patients with symptomatic malaria presented with uncomplicated
disease, with only 5 cases of severe malana present. Plasmodanon
vivax was the main malanal agent (93.40% of symptomatic ma-
lara cases and 91.03% of asymptomatic cases), and Plasmodnon
falcrparum was detected in the rest of the malaria cases.
Haptoglobin genotype. The Hp2 1S genotype was the most
frequently detected genotype in all of the different study groups,
representing 41.25% (an = 33) of the noninfected indmviduals,
32.05% (nn = 25) of the asymptomatic malaria cases, and 37.74%
(1 = 40) of those with symptomatic infections (chi-square P <
0.035). The HpIS allele was observed more frequently in asymp-
tomatic cases and corresponded to 44.81% (n = 95) of the Hp
alleles seen in this group. The HpZ allele was the most commonly
observed allele in both the noninfected and symptomatic ma-
laria cases, representing 45.00% (n = 72) and 48.72% (n = 76)
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of the alleles in each group, respectively (Fig. 1A and B). Re-
markably, the Hp2 allele was assocated with a higher risk of
developing symptomatic malara than asymptomatic malana
upon Plasmodnon infection (odds ratio [OR| = 1.666, P =

A.. o p=0.02 E.‘ @ s
2 — £ [ Asprptoruas: metans pa0 2
@ 40 e B
g a
8 3
& g’
OReSF % .9F 15,0 1518 29F 215 23
Hp aleles Hp genolypes
C Odds Ratio ($5% CI)
i 15 —— 022 (0 A7-142) - p=0.06
2l —— 0,57 (0.44-1.03) - p>0 06
.
2| 2 —— 1.66 {1.09.2.54) - p=0.02
22 § ——@— 264 (1.26:5.67) - p0.91
g| 218 —_— 0.78 (042-1.44) - p0.06
Z| 21 —_—— 1.13 {0.44-2.88) - p=0 05
8 |1s1s ———— 050 (0.25-1.40) - p=>0.06
2| 1s4r [ -S— 0.96 {043-2.13) - p>0.06
-
1E1F . : mm.m
0.1 1 10
favors favars »
asympsomatic symplomatic
malaria malaria

FIG 1 Haptoglobin genetic profiles nfluence malaria susceptibility, We stud-
ied B0 uninfected healthy sabjects, 106 subjects with asymptomatic malars,
and 78 subjects with symptomatic Phrsmadiim infection. All of the study sub-
jects were from the Beazilian Amazon. (A} Percentage of individuals with
symptomatic (gray bars) or asymptomatic (whate bars) malaria carryng the
different haptoglobin (Hp) alleles, with both homoxygous and heterozygous
indnaduals considered for each allde. (B) Percentage of indmiduals with
symptomatic (gray bars) or asymptomatic (whate bars) malaria carmpng the
different Hp gemotypes. The differences between thve groups illustrated in pan-
ds A and B were compared using Fisher's exact test. (C) Univanate lincar
regression amalyses of the different Hp alldes and gemotypes were performed to
ostimate malaria susceptibility. The odds ratios, respective 95% confidence
intervals (95% Cls), and P values are shown in each panel.
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FIG 2 Assoaations between the systemic levels of haptoglobin and total beme and malana susceptibility. The plasma concentrations of Hp were measured in the
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outcome groups were compared (A) and correated with the degree of hepatic damage and inflammation, as evaluated by the severity scores described in
Matemals and Methods (B and C). The Hp levels in indmaduals with different Hp alleles {1?) or genotypes (E) were also compared. The systemic bevels of free heme
were compared in patients with different malaria outcomes {Fl, corrdated with the amounts of Hp in the plasma (G), and then compared among indivaduals with
variows Hp alldes (H). The data were compared using the Mann-Whitney test [comparmons between two groups), the Kruskal-Wallis test wath Dunn’s multiple
comparisons, or linear trend analysis {compansons between more than two groups). In pands B, C, and G, the data were amalyzed using Spearman's rank

correlabion test. P valwes are shown in each graph.

0.0228; Fig. 1C). That 1s, individuals who carry the Hp2 allele
have a greater chance of developing symptoms once they are
mfected by Plasmodium. In addition, the Plasmrodium-infected
imndividuals with the homozygous Hp2.2 genotype had an even
greater chance of developing malara symptoms (OR =« 2.636,
P« 0.0193; Fig. 1C). Thus, these findings show that the Hp2
allele and the Hp2.2 genotype are strongly associated with an
mereased susceptibility to development of malana-related
symptoms upon Plasmoednon infection.

We then tested whether the different Hp genotypes are indeed
associated with different systemic concentrations of Hp. Notably,
mcreased plasma levels of Hp were directly assocated wath the
clinical presentation of malaria, with symptomatic individuals ex-
hibating higher Hp levels than individuals with asymptomatic in-
fection or noninfected indmviduals { Fig. 2A). By using a previously
reported, laboratory-based score to standardize a reproducible
evaluation of the severity of P. vivax infection {4), we found that
the plasma haptoglobin values were indeed positively correlated
with the hepatic inflammatory HI and HIP scores (r = 0.184 and
P« 0,016 for Hl and r = 0.174 and £ = 0.014 for HIP; Fig. 2B
and C). Thus, the amount of Hp 1n the arculation increases dur-
ing symptomatac infection, and indivaduals with mflammation-
assoctated hiver damage present hagher bevels of Hp. Notably, those
mddividuals who were homozygous or heterozygous for the Hp2
allele displayed augmented plasma concentrations of Hp com-
pared with carriers of the HplFand HplS alleles (Fig. 2D). More-
over, of all the Hp2-containing genotypes, individuals with the
Hp2.2 genotype exhibited the highest systemic Hp levels (Fig, 2E)
Interestingly, the Hp2.2 genotype has been linked to a reduced Hp
binding affinity for cell-free Hb {39). Indeed, in the present study,
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the indivaduals wath symptomatic malara were more likely to
have the Hp2.2 genotype and higher concentrations of free heme
in the plasma than those with asymptomatic malana or uninfected
individuals (Fig. 2F). The plasma Hp levels were also posttively
correlated with the amount of free heme in the plasma (r =
0.2350, P = 0.038; Fig. 2G). These results suggest that indivaduals
with the Hp2 allele or the Hp2.2 genotype produce more Hp pro-
tein, probably to compensate for the lower affinaty that this Hp has
for free Hb in the circulation. Consequently, individuals carrying
the Hp2 allele need to produce more Hp protein to have the same
amount of free heme as individuals with the other Hp alleles (Fig.
2H). Thus, the Hb binding affinity of Hp seems to be more im-
portant than their Hp levels in determining an individual's sus-
ceptibality to symptomatic malana.

HMOX]I microsatellite polymorphism. Free heme 15 a potent
inducer of HO-1 (14), and we found that symptomatic patients
who presented with high levels of circulating free heme also dis-
played increased systemac concentrations of HO-1 compared with
nonmfected individuals or those with asymptomatic infections
(Fag. 3A). In addition, the patients wath both symptomatic and
asymptomatic malana had longer (GT)n dinucleotde repeats
than nonmfected volunteers (29.90 * 3.225, 28.74 * 2,987, and
28.01 = 2.868 repeats, respectively; P < 0.001; Fag 3B). The clas-
sification of the HMOXT polymorphism based on the number of
GT repeats vanes among studies and depends on the frequency
peaks of the repeats found in each study sample (21,37, 61). Inour
study, the number of {GT)n repeats ranged from 19 to 40, with
three frequency peaks at 28, 29, and 30 repeats (Fig 3C). The
inducibility of the HO-1 gene promoter 1s known to be negatively
correlated with the number of GT repeats (65), and we adapted
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with short or long (GT)n repeats in the HMOX! gene (data were compared usang a Mann-Whitney test). (F and G) The assocations between the number of
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previous classifications of the HMOX] gene polymorphisms (69)
to stratify the classification into two categones: a short form (<30
GT repeats) and a long form (=30 GT repeats).

The indviduals carrying a short form of the HMOX! gene
polymorphism were more likely to present with asymptomatic
malana, whereas those with longer repeats were mostly symptom-
atic (Fig. 3D). Thus, long HMOX1 GT repeats are associated with
an increased susceptibility to develop symptoms upon Plasmo-
duominfection. In agreement with a prevaous study (24), we found
that plasma HO-1 levels were consistently lower in the patients
who carry the long form of the HMOXT gene polymorphism than
the patients wath the short GT form (Fig. 3E). In contrast, the
patients wath the long GT form displayed higher levels of Hp (Fig.
3E), arguing that those mndividuals who have the long form and
low concentrations of HO-1 also have higher levels of Hp, possibly
as a regulatory mechanism against hemolysis. Although the symp-
tomatic patients presented with higher overall HO-1 levels than
uninfected individuals or those with asymptomatic malana, the
patients with longer (G )i repeats were more likely to have symp-
tomatic malaria and relatively lower levels of HO-1 than the pa-
tients with long repeats (Fig. 3A and E). There was no association
between the systemac concentrations of HO-1 and the Hp geno-
types (data not shown).

The indwviduals with =30 GT repeats had greater susceptibalaty
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for developing symptomatic malaria than did the individuals with
<30 repeats (OR = 3.35, conhidence mterval [CI] = 1.91 1o 5.88,
P« 0.0002). Intnguingly, we found an association between the
seventy scores and the number of GT repeats (Fag 3F and G) and
the HO-1 plasma values (Fig. 3H and 1). Thus, the patients with
the long form of the HMOX! gene polymorphism dusplayed
higher sevenity scores than did those carrying shorter HMOX! GT
forms. Despite carrying the long form of the HMOXT polymor-
phism more frequently, the symptomatic malana patents who
presented with increased inflammatory damage had higher sys-
temic concentrations of the HO-1 protemn. This finding suggests
that higher HO-1 levels are a counterregulatory response to in-
flammation, despite the fact that this genetic background is asso-
cated with a lower HMOX? induction. Thus, these observations
suggest that, like the Hp genotype, the long forms of the HMOXI
gene polymorphism can increase susceptibality to malana, but
with a different level of complexaty.

Systemic levels of the Hp receptor sCD163. The binding of Hp
to the CD163 receptor on the surface of monocytes or macro-
phages leads to the removal of the Hp complexes formed by cell-
free Hb and haptoglobin {39). The soluble form of the CD163
receptor, sCD163, 15 a surrogate marker of systemic inflamma-
tion, and increased levels of this marker are correlated with a poor
prognosis in a number of pathological conditions. In thas study,
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FIG 4 Soluble CD163 and susceptibility to malarm. (A) The systemic concentration of sCD 163 was quantified in all subjects and correlated wath differemt
malarm outcomes (B and C) The systemic levels of sCD 163 were tested for associations with the hepatic inflammatory scores using Krusdkal-Wallis tests
with linear trend posttest analysis. (D) The plasma sCI 163 levels in individuals with short and long (GT)n repeats in the HMOX ] gene were compared.
The data were compared using a Mann-Whitney test. ROC curve analyses were performed to depict the power of sCD163 to disciminate individuals with
symptomatic malana from those not mfected with Plasmodrum (E} or from those with asymptomatic makina (Fl. AUC, area under the curve, The cutoff
values for sCD163 bevels were established by C statistics and are shown in cach graph. (G} A univanate Jogistic regresston analysis was performed to test
assocrations between sCD163 concentrations above the established cutoff values, and the sCIV63 concentrations were used to determine the chance of
developing malina-related symptoms by comparison with the sCD163 concentrations for the uninfected individuals (first ling sCIN63 cutoff, 710.4
ng/ml) or indimduals with asymptomatic malarsa (second hine; sCIM63 cutoff, 709.3 ng/ml). The odds ratios, respective 95% confidence intervals (95%

Cls), and P values are shown in cach panel

the indwviduals with symptomatic malana had higher systemic
sCI163 levels than did those with symptomless infection or non-
mfected individuals (Fig. 4A). In addition, the sCD163 levels were
positively correlated with plasma Hp levels (r = 0.2477, P ~
0.0028), and there were no associations between sCD163 concen-
trations and the Hp genotypes of the patients (data not shown).
The sCD163 levels were also correlated wath the plasma concen-
trations of TNF (r = 0.2095, P < 0.0101), [L-6 (r = (.1991, P «
0.0146), C-reactive protein (r = 0.2618, £ = 0.0012), and creats-
nine (r = 0.2693, P < 0.0009). The laboratory scores that suggest
malana severity (HI and HIP) were positively correlated with
sCD163 (HI r = 0.1831and £ <« 0.0249; HIP, r < 0.1726 and P ~
0.0353; Fig. 4B and C). These findings indicate that sCD163 15
indeed assocaated wath systemic inflammation and malaria symp-
tomatology.

Interestingly, the systemic sCI2163 concentrations were post-
tively correlated with the number of (GT)n dinucleotsde repeti-
tions n the HMOXI gene polymorphisms (r = 01646, P ~
0.0441), and indivaduals wath =30 GT repeats had higher levels of
sCD163 than did those wath <30 GT repeats (Fig. 4D). Although
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we found a positive association between HMOX!? gene polymor-
phisms and systemic sCI163 levels, we could not detect a corre-
lation between this soluble marker and the plasma concentra-
ttons of HO-1 or free heme levels (data not shown). This
finding supports the idea that sCD163 plays a role in the onset
of malara symptoms, and this effect may not be directly asso-
crated with the genetic profiles of the Hp and HMOX! genes.
Indeed, plasma sCD163 levels could discriminate those pa-
trents with symptomatic malarnia from noninfected individuals
(Fig. 4E) and those with asymptomatic malana (Fig. 4F). Uni-
vanate logistic regression analysis confirmed the association
between high sCD163 levels and a susceptibility to develop-
ment of malaria symptoms (Fig. 4G). Interestingly, the indi-
viduals who were carniers of the Hp2.2 and long HMOX T (GT)n
repeats and exhibited high systemic concentrations of sCD163
were more likely to have symptomatic malaria than the indi-
viduals without any of the three potental nisk factors, eg.,
Hpl.1 or Hp2.1 carriers with short HMOXT (GT)n repeats and
low systemic concentrations of sCD163 (chi-square P «
0.0055). These data indicate that a combined contribution of
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these three factors involved in the detoxification of free heme
(Hp, sCD163, and HO-1) contributes to the determination of
malaria susceptibihity.

DISCUSSION

To our knowledge, the present study is the first to simultane-
ously assess genetic alterations and the plasma concentrations
of different key components of the detoxification of free heme
i malana patients. In addition, we are the first to report an
association between the Hp and HMOX] genes and sCD163
levels and susceptibility to disease in the context of Plasmodnon
vivax infection. From a climcal standpoint, the infections
caused by £, vivax and P. falciparim are unequal and happen as
the result of different host immune and inflammatory responses.
The malaria caused by P. faleiparum s more frequently assocaated
with acute life-threatening comphications, whereas vaivax malana
15 usually muld and nonlethal. These differences may be assocaated
with the differential induction of the host’s defense mechanisms
for circumventing the deletenious effects of heme. Our study does
not address these differences, and additional epademiological and
mechanistic studies are necessary to answer this question. Our
results demonstrate that individuals with the Hp2.2 phenotype
have a higher risk of developing symptomatic (as opposed to
asymptomatic) malaria upon Plasmodium infection. The presence
of the Hp2.2 genotype has been associated wath an mncrease in
redox-active iron and oxidative stress compared wath the presence
of the Hpl.1 genotype (9, 47). Moreover, the Hb-Hp2.2 complex,
but not other Hpl complexes, can be internalized by monocytes
and stimulate the release of promflammatory cytokines (57). In-
deed, the Hp2.2 phenotype has been associated with susceptibalaty
to several inflammatory conditions, including malana (11, 20, 22,
28, 36, 55, 58). Haptoglobin is considered an acute-phase protein
that increases 2- to 4-fold dunng the response to acute inflamma-
tion {35). We observed that heme and Hp levels were higher in
those mndividuals with symptomatic malana than those with
symptomless infection or those not infected wath Plasmodnon.
Interestingly, the subjects with the Hp2 2 genotype presented with
augmented systemic concentrations of Hp compared with those
carrying the Hpl allele. Although acute and severe hemolysis will
always lead to a reduction in Hp clearance, as seen in severe ma-
lara {32), the response to chronic or low-level hemolysas, which is
commonly seen in muld vivax malana, s difficult to predsct. Evi-
dence suggests that, unlike the Hb-Hp -1 complex, the Hb-Hp2.2
complex can stimulate the release of [L-10 and [L-6 {31) and that
[L-6 expression increases the synthesis of Hp. [t 15 also possible
that the higher Hp production in individuals with the Hp2 allele
acts as a compensatory mechanism for the lower affinity of thas Hp
for cell-free Hb (39).

We describe herein that subjects wath the long form (=30 GT
repeats) of the HMOXI gene polymorphism have greater suscep-
tibality to developing symptomatic malana than indmviduals with
the short form (<30 repeats), suggesting that the HMOX] gene
polymorphism s involved in susceptibility to Plasmodiom infec-
tion. The indivaduals who carried longer (GT)n dinudeotide re-
peats and had symptomatic infections also had higher Hland HIP
inflammatory scores, suggesting an association between the
HMOX] gene and the control of inflammation. Sambo et al. (59)
found that shorter GT repeats in the HMOXT gene are assocaated
with patients with cerebral malaria as opposed to patients with
uncomplicated malaria or a noninfected control group. However,
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this difference was not seen when comparing the group of cerebral
malana patients with patients exhibiting other severe forms of
malana. The malaria patients in thas study were mostly infected by
P, vavax and more frequently exhibited the noncomplicated forms
of the disease. Furthermore, another study also reported an asso-
clation between short (GT)n dinucdeotide repetitions in the
HMOX] gene and human cerebral malana caused by P. falapa-
raom, suggesting that higher expression of HO- 1 1s detrimental for
malana (63). Nevertheless, increased concentrations of HO-1
have been strongly assocated with protection agamnst malaria in
mice. This protection manly occurs through the production of
carbon monoxide (CO) gas, which binds to cell-free Hb with very
high affinity. This interaction results in the formation of carboxy-
hemoglobin, which prevents heme release and an increase in in-
travascular free heme (26, 53).

In general, we found that the indmiduals with symptomatc
malana had higher plasma HO-1 concentrations than did individ -
uals with symptomless infection or noninfected subjects. HO-1 15
an intracellular enzyme, and the source of this molecule in the
plasma 1s unclear. A reasonable explanation would be the release
of HO-1 after cellular lysss during inflammation. Additionally,
elevated plasma HO-1 levels have been reported with other dis-
eases, such as vasculitis in Henoch-Schonlemn purpura (19), he-
mophagocytic syndrome from hematological disorders (38, 49),
type 2 diabetes (13), and prostate cancer (16). We speculate that
HO-1 could play an anti-inflammatory role by degrading heme,
which would dictate the severity of malana. However, this effect
remains to be established. Some studies using experimental mod-
els of malana suggest that deleting the HMOXT gene or pharma-
cologically inhibiing HO-1 activaity in mice accounts for the
pathogenesis of malara, as these mice will not have the enzyme
responsible for the detoxification of deleterious free heme (25). In
contrast, our results show that individuals with symptomatic ma-
lara have higher plasma HO-1 levels than do those with asymp-
tomatic mfection. In symptomatic indivaduals, the increased
amounts of free heme and the cytokine storm that is assocaated
with inflammation could be inducing increased levels of HO-1 as
a counterregulatory response, especially considening the fact that
HMOX] gene expression 1s highly inducible by heme (64). Nev-
ertheless, we have also found a group of symptomatic subjects who
were more likely to be carriers of Jong {GT)n dinucleotide repeats
inthe HMOXT gene microsatellite and had lower systemac levels of
HO-1. In particular, those individuals with the long form of the
HMOX] polymorphism are generally those who have lower ex-
pression of the enzyme as a result of the genetic factor. In our
study, the indivaduals waith symptomatic malana who presented
with low expression of HO-1 were akso the ones who carned the
long form of the HMOX? (GT)n polymorphism. In these cases,
the genetic factor s probably preventing the counterregulatory
increase in HO- 1. Furthermore, malana symptomatology may be
assoctated with erther increased or decreased expression of HO-1.
High HO-1 levels may result from a counterregulatory response to
infection and the cytokine storm and can lead to the increased
synthests of tron (a heme catabolism product), which can also be
harmful to humans (63). Low HO-1 levels can result from a ge-
netic component that results in a higher concentration of delete-
rious free heme in the circulation and is associated wath symptom-
atic malaria (25, 26). Our results argue that both high and low
levels of HO-1 may be associated wath a greater chance of devel-
oping symptoms after Plasmodium infection. Our group s cur-
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FIG 5 Heme metabolism and makaria outcomes. The diagram illustrates a summary of the major mechansms that are triggered by hemolysis during malaria.
(A) Under homeastatic conditions, the free Hb that is released by dead red blood cells is rapadly scavenged by haptoglobin, and thes molecular complex 1s removed
from the circalation by the haptogloban-Hb receptor CD163 an the surface of monocytes and macrophages The Hb is processed insade these cells in an event that
releases heme, which s further metabolized by the antioxidant enzyme HO-1. Duaring an acute malanial attack, there 3s an accumulation of circulating free
hemoglobin that is not compensated for by the amount of Hp available in the blood. The excess of free Hb is then oxidieed by free radicals, rdeasing free heme,
Free heme is very toxic to the cells and induces inflammation, macrophage activation, and oxidative stress. The host homeostatic responses triggered by heme
include the induction of Hp, CDY163, and HO- 1. {B) We found that the mtensity of the malaria-related symptoms is assocated with the levels of arculating free
heme The indwiduals who developed symptoms after Plasmoviaom infection exhibited higher levels of Hp, saluble CIY163, and HO-1. Nevertheless, this
counterregulatory response is not sufficient to reduce the amount of free heme in the plasma, which also maght explain the higher inflammatory scores estimated
in symptomatic patents. These susceptible mdividuals carried the Hp2 allele or the Hp2 2 gemotype more frequently than did other mdividwals, In addition, they
mare freguently carried long GT repeats in the HMOX! polymorphism, which are paradoxically asociated with a refatively lower plasma HO-1 concentratyon,
The individuals with clmical immunaty against malaria who remained asymptomatic upon Phrsmoadinm infection tended to carry the Fipl S allde and have short
GT repeats in the HMOX ) polymorphism meore frequenty than the symptomatic indivaduals. These protected individuals still had modest elevations in the levels
of free heme and haptoglobin, with no differences in the concentrations of sCIV 63 and HO-1 compared with nonmfected indnaduals

rently performing mechanistic studies to better understand the
effects of HO-1 1n human malaria.

This study revealed that plasma sCD163 levels gradually in-
creased in correlation with the seventy of the malana infection.
sCI163 has been sdentified to be an anti-inflammatory mediator
that mhibits human T-lymphocyte activation and proliferation,
and the binding of Hb-Hp complexes to sCID163 has been shown
to suppress the supply of heme 1ron that is available to hemolytic
bacteria (34, 67). Interestingly, several inflammatory processes are
associated with elevated levels of sCD163 (18, 29, 33, 45, 46, 50—
52, 60, 66), including falciparum malara (41). Therefore, because
symptomatic malara 1s associated with a higher inflammatory
response, the increased sCD163 concentrations in the symptom-
atic group probably serve as a counterregulatory mechanism
against inflammation. Consistent with the inflammatory response
seen dunng malaria infection, our results found a positive corre-
lation between the levels of sCD163, TNF-a, and acute-phase pro-
teins such as C-reactive protein and Hp. Indeed, sCD163 levels
have already been posttively correlated with TNF-a levels in fal-
cparum malaria (41) and C-reactive protein in diabetes (50).
TNF-a 1s able to induce the hepatc synthesis of Hp and regulates
the expression of CD163 1 monocytes and macrophages (41).
1L-6 and IL-10 stimulate the expression of membrane-bound
CD163 and have been positively correlated with sCD163 levels
(17, 62). In thas study, sCD163 levels were correlated wath [L-6
levels; however, sCD163 levels dad not correlate with 1L-10 levels.
Furthermore, sCD163 was positively correlated with HI and HIP
scores, confirming the relationship between thas molecule and in-
flammation in malarna

1452 ivasmorng

Studies that simultaneousdy evaluate the different steps of the
heme detoxification process may help to explan some of the con-
troversies surrounding the effects of alterations i specific ele-
ments of this pathway. We have demonstrated that the indivaduals
carrying the Hp2.2 genotype and the longer HMOX] gene (GT)n
dinucleotide repeats who also presented wath hagh systemic con-
centrations of sCD163 have a greater susceptibalaty to developing
clinical malaria than do those without these three potential nsk
factors. As shown in other studies (10-12, 15,22, 23,40, 41, 48, 56,
63) as well as in our work, genetic alterations in the HMOX1? and
Hp genes and changes in sCD163 levels are all important elements
during Plasmodnom infection. A summary of the determinants
mnvolved in heme metabolism and our major findings 15 depicted
in Fig. 5. The majority of the malana cases in our study were
caused by P vivax, which limats our ability to compare our results
with most of the findings in the current literature, which has fo-
cused on falaparum malana. Research aimed at understanding
the key factors involved in the immunopathogenesis of suscepti-
bility to vivax malaria has been relatvely neglected and made a bow
prionty. There are clear ssmilanties in the diseases caused by P.
falciparum and P. vivax. Both infections cause hemolysis, for ex-
ample. However, there are important and well-described differ-
ences between P.ovivax and P. falopanon that result in different
parasitemua thresholds for triggening severe malaria (2). The dif-
ferent clinical outcomes of these diseases make 1t important to
expand the studies investigating the factors that are assocaated
with the susceptibility to infection and disease seventy i £, vivix
malana. Thus, studies assessing larger populations of £. vivax-
infected individuals are needed to cdanfy the roles that sCD163,
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Hp, and HO-1 play in heme metabolism during human malara
mfections. The vahdation of the results presented in the current
study may provide new resources for the development of future
targeted therapies that could aid 1n reducing malana seventy.
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5.3 MANUSCRITO Il

Networking the host immune response in Plasmodium vivax malaria.

Este trabalho investiga a interacdo entre biomarcadores plasmaticos
relacionados a respote imune e inflamatoria por uma abordagem analitica de

redes, tentando buscar padrdes associados com a infecgéo pelo P. vivax.

Resumo dos resultados: Individuos ndo-infectados demonstraram diversas
interacbes estatisticamente significante nas redes, incluindo associagbes
entre os niveis de IL-10 e IL-4 com a quimiocina motivo C-X-C ligante
(CXCL)9. Participantes com malaria assintomatica tiveram varias correlagdes
significativas envolvendo a IL-4. Individuos com malaria moderada ou malaria
grave sem mortalidade, por sua vez, apresentaram uma perda notavel de
interacbes nas redes e o TNF foi a molécula com mais associagbes
significativas com os outros parametros. Por fim, os casos de malaria grave
com Obito foram associados com correlagdes sisgnificativas entre o TNF,

alanina aminotransferase (ALT), HO-1 e SOD-1.

Este trabalho foi publicado no periédico internacional Malaria Journal.
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Abstract

HO-1 and S0D-1.

Background: Flasmodium wvax malaria clinical outcomes are a consequence of the interaction of multiple parasite,
environmental and host factors. The host molecular and genetic determinants driving susceptibility to disease
severity in this infection are largely unknown. Here, a network analysis of large-scale data from a significant number
of individuals with different dinical presentations of P. vivax malaria was performed in an attempt to identidy
patterns of association between varicus candidate biomarkers and the dinical outcomes

Methods: A retrospective analysis of 530 indwiduals from the Brazilian Amazon, including P. wvax-infected
individuals who developed different clinical outcomes {148 asymptomatic malaria, 187 symptomatic malaria, 13
severe non-lethal malania, and six severe lethal malaria) as well as 176 non-infected contrals, was performed. Plasma
levels of lver transaminases, bilirubins, creatinine, fibrinogen, C-reactive protein, supercxide dismutase (SOD)-1,
haem oxygenase (HO)-1 and a panel composed by multiple cytokines and chemokines were measured and
compared between the different clinical groups using network analysis.

Results: Non-infected indviduals displayed several statistically significant interacticns in the networks, including
associations between the kevels of IL-10 and IL-4 with the chemokine CXCL9. Individuals with asymptomatic malaria
displayed muitiple significant interactions involving IL-4. Subjects with mild or severe non-lethal malaria displayed
substantial loss of interactions in the netwaorks and TNF had significant asscciations more frequently with other
parameters. Cases of lethal P wvax malaria infection were associated with significant interactions between TINF ALT,

Conclusions: The findings imply that clinical immunity to P. wwax malaria is associated with multiple significant
interactions in the network, mostly involing IL-4, while lethality is inked to a systematic reduction of complexity of
these interactions and to an increase in connections between markers linked ta haemolysis-induced damage.

Keywords: Malaria, Plasmodium wvivax, Biomarkers, Network analysis

Background

The vast majority of human diseases do not result from
single molecular changes, and malaria is certainly
induded in this group. Besides factors related to the
Plasmodium parasite itself, malaria is a consequence
of multiple host molecular and genetic alterations
compounded by environmental factors [1]. Most of the
studies in malaria immunopathogenesis are focused on
the identification of one or a small group of candidate
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of Niergy and rfectious Diseases, Natioral Institutes of Health, Bethesda, MD
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molecules related to disease severity. The cytokine bal-
ance seems to influence malaria outcome, with TNF,
IFN-y and [L-10 emerging as key players in both experi-
mental models and in human observational studies
[2-6]. Recently, host factors associated with oxidative
stress, such as the enzymes superoxide dismutase 1
(SOD-1) and haem oxygenase (HO)-1, as well as
molecules that are linked to metabolic adaptation to iron
overload during malaria-triggered haemolysis, have been
identified as very potent biomarkers to distinguish
individuals developing more severe forms of vivax mal-
aria [7-9]. However, the pattems of interaction between
these multiple factors within the dinical spectrum of
human malaria are largely unexplored. The situation is
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even worse concerning the infection caused by Plasmo-
diton vivax, which has been relatively neglected for
many years and recently re-emerged as a potentially le-
thal disease [6,10-13].

The use of a comprehensive approach to exploring the
relationship between groups of molecules likely to be
related to the severity of the disease manifestations may
contribute to a better understanding of the patterns of
susceptibility to disease severity or disease tolerance. In
this study, network analysis of a large dataset from a sig-
nificant number of individuals presenting with different
clinical manifestations of vivax malaria was performed in
an attempt to identify patterns of association between
various candidate biomarkers and the clinical outcomes.
The findings from this exploratory study demonstrate a
new level of complexity connecting several mediators
involved in the immunopathogenesis of vivax malaria.

Methods

Study design and participants

The present study is a retrospective analysis of a databank
containing clinical, epidemiological and immunological
data from 530 individuals from the Brazilian Amazon
(Ronddnia, Brazil) recruited between 2006 and 2007, as
part of a project aimed at describing determinants of sus-
ceptibility to vivax malaria that was finalized on 2010. In
this project, both active and passive malaria case detection
were performed. These included home visits in areas of
high transmission (active case detection), and study of
individuals seeking care at the diagnostic centres of Brazil-
tan National Foundation of Health (FUNASA) or in a mu-
nicipal hospital in Buritis, Rondonia, Brazil (passive case
detection). Individuals of both sexes, ranging in age from
five to 70 years, who had resided in the endemic area for
more than six months, were invited to participate. The
details of the recruitment, diagnosis approach and clinical
definitions of asymptomatic infection or severe malaria
caused by P. vivax used in the project were published pre-
viously [6-9,14-17]. The exclusion criteria were as follows:
Plasmodium faleiparwn infection documented by both
microscopy and nested polymerase chain reaction (PCR),
documented viral hepatitis, chronic alcoholism, human
immunodeficency virus type 1 infection, yellow fever,
leptospirosis, cancer and chronic degenerative diseases,
sickle cell trait and the use of hepatotoxic or immunosup-
pressant drugs. The malara diagnosis was made in a
reference centre from the National Foundation of Health
in the endemic area and confirmed with nested PCR as
previously described [141517].  Individuals  without
symptoms were actively recruited in their residencies by
active search, mostly in remote riverine communities and
had thick blood smear samples and a small aliquot of
blood in EDTA tubes collected for diagnostic screening by
nested PCR. The diagnesis in those individuals was
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performed after the clinical visit and if a positive test for
malaria was found, a second visit within 30 days was
performed in order to search for appearance of malaria
symptoms. A new sample collection was made and a sec-
ond round of diagnostic tests was performed. Subjects that
remained with positive nested PCR for Plassodiem within
this period of 30 days and presented no malaria-related
symptoms, such as fever (axillary temperature >37.8°C),
chills, sweats, myalgia, arthralgia, strong headaches, nau-
sea, vomiting, jaundice, and severe asthenia during this
period were considered as asymptomatic malaria cases.
During the first dinical visit (previously to the results of
the diagnostic tests) all the asymptomatic individuals
received counselling and were oriented to seek for health
cire in a malia reference centre in case symptoms
appeared during the period between the 2 clinical visits.
After the second clinical visit, all the patients that had
positive makaria screening with microscopy and/or nested
PCR were treated following the treatment guidelines of
the Brazilian Ministry of Health. The plasma samples used
to assess the biomarkers were collected during the second
dinical visit, before the initiation of anti-malarial drugs.
Symptomatic individuals were promptly treated. Data
from a total of 530 individuals were analysed, and the
individuals were stratified into the following categories:
non-infected  (n=176), asymptomatic vivax malaria
(n=148), symptomatic vivax malaria (n=187), severe non-
lethal vivax malaria (n=13), and severe vivax malaria
associated with mortality (n=6). The plasma samples
obtained from patients with severe forms of malaria,
including the cases that eventually died during the follow
up were collected at the hospital admission and the
procedures are described elsewhere [6]. Demographic
characteristics of the study participants are shown in the
Table 1.

Ethics statement

Written informed consent was obtained from all par-
ticipants or their legally responsible guardians, and all
dinical investigations were conducted according to the
principles expressed in the Declaration of Helsinki. The
project was approved by the institutional review board
of the Faculdade de Medicina, Faculdade Sao Lucas,
Rondonia, Brazil, where the study was performed.

Laboratory measurements

Several mediators were selected based on the assessment
of the overall inflammatory status and immune responses
in malaria. All the biomarkers that were measured in all
the patients, and were contained in the databank, were
included in the analysis and no pre-selection was done.
Plasma measurements of aspartate amino-transferase
(AST), alanine amino-transaminase {ALT), total bilirubin,
direct bilirubin, creatinine, fibrinogen and C-reactive
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Table 1 Demographic characteristics of the participants

gt?e Jollo

Endemic Asymptomatic Symptomatic Severe malaria P-value
controls malaria malaria Survivors Deaths
n=176 n=148 n=187 n=13 n=6
Make (%) 72{409) 0 |73 93 (497) 7538 3 (5000 Q504
Age - years <0001
Median 32 40 3 22 27
KR 2445 3249 2742 16-30 1344
Years re<iding n the e <000
Median 126 1.8 76 26 3
KR 32-43 35-164 06-101 0548 0352
Pasites/ul <0001
<500 176 145 49 Q 0
(100%] [98.0%) 262%l
500-5,000 0 3H20%) 2 4 1
[44.9%) G08%] (16.7%)
5.001-50,000 0 0 50 6 3
267%) (46.1 %} (50%)
>50,000 0 0 K 3 2
.14 23.1% (33.3%)
KR interquarsie range.

Table 2 Distribution of cytokines levels in the study subjects stratified by Plasmodium vivax malaria clinical outcome

Biomarker Endemic Asymptomatic Symptomatic Severe Severe P value P value
controls malaria malaria malaria: malaria 1 2
Survivors Deaths
n=176 n=148 n=187 n=13 ne6
L-1f L% 40 14 T4 1554 <0001 <000
pa/mL {3517) (22-72) (62-255) 6238 (48-293)
-4 234 22 2989 01 64 <0001 s
pa/mL (123-a0) {12-344) (148102 (125-41) [1811%)
L6 &4 103 a2 785 m2 <0001 <0001
pa/mL {5.2-X1) (15-214) (2351055 (S6-105) [41-140)
IL-8 a3 36 200 124 ) <0001 <0001
pa/mL i4.7-11) 2352 (55-1025) 1667 [ns211)
IL-10 120 620 1250 1402 105 <0001 (349
pa/mL {7-204) (113894 (65.3-455.1) (85-550) [P3-134)
IL-12p70 17 135 x7 a7 100 <0001 Qasx0
pa/mL 4.9-14) (?7-183) (124-305) (51205 15-15)
FN-y E¥R 543 1024 2124 1816 <0001 <0001
pa/mL (1162} (23614204 (420-32404 (B0-465) [ASELYy]
TNF-a (&} 24 185 12 EN <000 <000
pa/mL K-10.5) 10-10.3) (18.1-805} (32.5-84) (15-762
TGF-p 238 898 1 486 402 <0001 <0001
pa/mL {1.3-31) (354-1938) (245-264.7) (32-580) (26-445)

Nose: Dota represent medon values and Intesquartibe ranges. P value 1 was obtained using Kruskat-Walls test, whereas P value 2 was calculoted using Linear

rand post 1eiL

KR interquartie range.



Mendonga et of. Maloria Journaf 2013, 12:69
Mrpsfwwew malaradjoumal comicoment’1 2/1/69

protein (CRP) were made at the clinical laboratory of
Faculdade Sio Lucas and at the Pharmacy School (Federal
University of Bahia, Brazil). The cytokines [L-18, [L-4, [L-
6, IL-8, IL-10, IL-12p70, IFN-y, TNF and the chemokines
CCL2 (MCP-1), CCL5 (RANTES), CXCL9 (MIG) and
CXCL10 (IP-10) were measured using the cytometric bead
array (CBA) (BD Biosciences Pharmingen, San Diego, CA,
USA). The flow cytometric assay was performed and
analysed by a single operator, and standard curves were
derived from cytokine standards. The experiments were
performed according to the manufacturers’ instructions.
ELISA kits were used to measure the soluble TNF recep-
tor 1 (sSTNF-RL; R&D Systems, Minneapolis, MN, USA),
transforming growth factor (TGF)-§ (R&R Systems),
SOD-1 (Calbiochem, San Diego, CA, USA) and HO-1
(Assay Designs, Ann Arbor, M1, USA) according to the
manufacturers’ protocols. In order to compare the distri-
bution of the biomarkers according to the clinical groups,
the laboratory parameters were categorized in cytokines
(Table 2), surrogates of inflammatory damage (Table 3)
and chemokines and other proteins (Table 4).

Network analysis

The inferential network was generated from the values of
each mediator measured in the plasma samples, in which
it was observed that patterns of the concentrations and
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dinical classification of the subjects were based on the dis-
ease outcomes. The systemic levels of each mediator were
input in the DimReduction software [18]. As a result, the
DimReduction software selected the pattems of distribu-
tion of the mediators associated with each clinical group.
Moreover, the same software was applied to identify links
of interaction between the mediators. Following this ap-
proach, each mediator is selected as a target and the
DimReduction software performs a search within the
other mediators for those that are associated with the tar-
get in terms of entropy. As a result, the features related to
the selected target are linked. This process is repeated by
considering each mediator at a time and the result is
the inferred network among the input values. The
DimReduction default parameters values were kept fixed
during all the experiments.

In order to analyse the structure of the biomarker
networks, the network density was adopted, which is, in
the context of this work, the ratio of the number of
edges inferred in the network over total number of pos-
sible edges between all pairs of nodes. The density meas-
ure is defined as follows: density = L/(IN {N-1)/2), in
which L is the number of observed edges and N is the
total number of the nodes in the network. The density is
normalized, ranging between 0 (no edges in the net-
work) and 1 (all possible edges presents).

Table 3 Assessment of inflammatory damage in the study subjects stratified by Plasmodium vivax malaria clinical

outcome
Biomarker Erdemic Asymgptomatic Symptomatic Severe Severe P value P value
comtrols malaria malaria malarix malaria: 1 2
Survivors Deaths
n=176 n=148 n=187 n=13 n=6
Tetal bilrubin mo/dl o a8 1.2 12 21 <0001 <000
0.51.1) (05-1.2) [08-15) (1.525) 12-32)
Drect bilrubin mg/dL 03 a4 o4 () 11 <0Lo1 <0LoMm
(0.2<104) 03-08) 103-05) (04-1.3) 03-1.%
Indirect bliruban mg/dL 04 Qa3 Qaz (R 12 <0001 <0om
0.318) 0204) 04-1.2) (0813 105-1.3)
AST UL 433 504 6/ aop P <DLon <0LoMm
(34-563) (355-87%) 181.5-500) 87-302) (160-330)
ALT UL 409 449 180 00 2788 <0001 <0Lom
(33554} (32-694) 1123-434) (190-304) 75342
Creatinine mg/dL 12 12 13 17 24 <0001 <000
(1.1-13) (10-1.3) [12-14) (1.3-25) [15-25)
CRP mgL 52 ’5 155 132 EZ R <DLo1 <o
(38497 42125 82-225 wr-als) (164-50.7)
Fbrincgen mg/dL 2340 323 3745 4155 airz <0001 <0om
(1498-30%) (2104-3775) 234-4850) (374-238) (3485-53048)

Nose: Dota represent medan values and Intesquartibe ranges. P value 1 was obtained using Kruska-Wallls test, whereas P value 2 was calculated using Linear

rand post teid
CRP: C-reactive protein,
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Table 4 Distribution of chemokines and other proteins levels in the study subjects stratified by Plasmodium vivax

malaria clinical outcome
Blomaker Endemic Asymptomatic Symptomatic Severe Severe P value P value
controls malaria malaria malaria: malarix 1 2
Survivors Deaths
n=176 n=148 n=187 n=13 n=6
cq2 &0 B52 653 647 879 0Nz Q7
ng/ml (21-124) (18-141.4) (230-1454) (43-127) (34.7-139)
CCLs 210 244 25.3 21 32 0007 Qa1%
pgiml (15457 [134-38 [158-70.2) [20-337) (254832
o9 03 as 22 35 45 <0001 <0001
nglmi #0.2-05} 0308 104-94) 0.6125) 0399
X0 &0 194 774 N7z 1833 <0001 <0001
pomL (25-198) (102-250) 253-3607) (28-564) (30.0-3955)
STNF-RI 02 as 06 Q08 22 <0001 <0001
ngimi 1-04 DA4-06) 104-0.7) 0709 (1.7-30
SO0 42 a0 %0 726 824 <0001 <0001
ngimi 126-68 136-104 [188-340) [71-80.4) (766-1005)
HO-1 9 295 355 429 402 <0001 <0001
nglmi (255-32) (263-352) [29.7-448) [38.5-45) (434-57.3)

Nose: Dota represent medon values and Intesquartibe ranges. P value 1 was obtained using Kruska-Wallls test, whereas P value 2 was calculsted using

Linear trand post test

Statistical analysis

In the exploratory analysis of the data, frequency
tables were constructed and the Chi-square test was
applied to evaluate the association between gualitative
variables. The quantitative variables were tested for
Gaussian  distribution within the total sample using
D'Agostino and Pearson omnibus normality test. The
variables with normal distribution were compared be-
tween the groups by one-way ANOVA with linear
trend or Bonferroni's multiple comparisons post-test.
Further analysis were based on non-parametric tests
only, considering the small number of individuals
located in the two groups with severe vivax malaria.
In this context, Kruskal Wallis test was used to assess
the differences between the clinical groups and
Mann-Kendall test was used to estimate liner trends.
Only results from the non-parametric analyses are
shown. Correlations between parasitaemia and the
biomarkers from the networks were assessed using
the Spearman rank test. For each analysis, P<0.05 was
considered statistically significant. The graphics for
the network analysis were customized using the
Ingenuity Systems Pathway Analysis software (Ingenu-
ity Systems, Redwood City, CA, USA). The statistical
analyses were performed using the programs Graph-
Pad Prism 5.0 (GraphPad Software Inc, USA), STATA
9.0 (StataCorp, TX, USA), and [MP 9.0 {SAS, Cary,
NC, USA).

Results

The plasma concentrations of most mediators measured
were statistically different among the clinical groups,
and many markers displayed linear trend to increase or
decrease according to the degree of disease severity, as
detailed in the Tables 2, 3 and 4. In the network analysis,
densities of biomarker networks were observed, ranging
between 0.021 and 0.032 in the different groups (Figure 1
and Figure 2A). The groups of non-infected individuals
and those with asymptomatic malaria presented higher
connectivity among the molecules, 0.030 and 0.032
respectively, compared to the groups of individuals
with symptomatic infection {symptomatic malaria: 0.023;
non-lethal severe disease: 0.021; and lethal malaria:
0.027) (Figure 2A).

In the group of non-infected individuals, CCL5 and
CXCLY9 had several significant interactions, and the
latter was linked to the regulatory cytokines IL-10 and
IL-4. In addition, CRP, ALT and [L-10 also presented
relatively high connectivity, arguing that a fine tune of
interactions involving these markers may influence the
resistance against P vivax infection. [n those individuals
in which infection did not lead to the onset of symp-
toms, the number of significant interactions was similar
to the group of non-infected people (19 significant hits
in the group of uninfected individuals and 18 hits in
asymptomatic malaria), but the number of associations
involving mainly 1L-4 and to a lesser extent IL-1§ was
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greatly increased in these individuals, leading to a totally
different pattern of connectivity in the network (Figure 1).

In contrast, the patterns of connections between the
mediators seen in the groups of individuals with symp-
tomatic malaria were dramatically diverse than in the
groups without the disease. The group of subjects with
mild malaria displayed a substantial loss of the number
of significant interactions in the network and the pro-
inflammatory cytokines [FN-y, TNF and CCL5 had the
highest number of connections (Figure 1). IFN-y was
associated with indirect bilirubin, creatinine, AST
and TNFE, arguing that this cytokine could be driving
inflammation (Figure 1). A number of other significant
connections were detected between pro-inflammatory
mediators, such as [L-12 and CXCLY9. TNF-a was
associated with IFN-y, sTNF-RI, SOD-1 and HO-1,

implying a potential interplay between those mediators
in the pathogenesis of malaria-related symptoms. Intri-
guingly, the number of significant interactions and
the overall complexity of networks were systematically
reduced in the group of patients with severe forms of
malaria (Figure 1). In the group of individuals who
survived severe malaria, TNE IL-4 and direct bilirubin
seemed to have a distinguished pattern of connections,
albeit, no dear clusters were evident and there was over-
all low connectivity between the markers studied. More-
over, in the group of individuals that succumbed to
infection and died, TNF, ALT, HO-1, SOD-1, 1L-10, IFN-
y and indirect bilirubin displayed more connectivity with
other biomarkers, which caused a small increase in the
complexity of the network when compared to the group
of individuals with non-lethal severe malaria (Figure 1).
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Because P vivax parasite counts in the blood displayed a
strong linear trend to increase according to the disease
clinical severity in the study population (Table 1 and
Figure 2A), the potential associations between parasit-
aemia levels and the pattern of expression of the differ-
ent biomarkers from the networks were investigated in
the groups of patients with elevated morbidity. In the
group of individuals presenting with severe non-lethal
malaria, parasitaemia displayed significant positive asso-
ciations with TNF, sTNF-RI, [FN-y, IL-10, CXCL9,
CXCL10, SOD-1 and HO-1, while negatively correlated
with the chemokines [L-8 and CCL2 (Figure 2B). Inter-
estingly, the number of significant associations involving
parasitaemia was greatly reduced in the group of
patients that died with severe vivax malaria (Figure 2C).
The positive correlations involving TNF and [FN-y
persisted in this group of highly susceptible patients who
died, while the regulatory cytokines IL-10 and TGF-p
were negatively correlated with parasitaemia (Figure 2C).

Discussion

The present study evaluated for the first time the density
and complexity of the network of interactions between
several markers strongly associated with host immune
responses in their relationship with markers of tissue in-
jury against P. vivax malaria in the context of the disease
clinical outcomes. The results presented herein demon-
strate that non-infected endemic controls exhibit a rich

and dense network of interactions among immune-related
markers and these involved in pathology. Such network is
drastically deranged in symptomatic individuals but it is
reconstituted in asymptomatic individuals. In this context
it is stressed that asymptomatic infection is a state
achieved by long-time residents in endemic areas and
strongly refated to several previous episodes of symptom-
atic malaria [6] being thus related to the development of a
partial resistance to infection and/or tolerance to disease
[19). As a consequence, the onset of symptoms is
prevented by limiting parasite burden and controlling in-
flammation. Such asymptomatic carriers develop just
enough immunity to protect them from malarial illness,
but not from malarial infection [1]. In the present study,
asymptomatic carriers displayed the highest density values
in the networks interactions, which argue that there may
exist a complex regulatory mechanism behind the suscep-
tibility to infection and tolerance and/or resistance against
malaria. The network density wvalues described in
this study are similar to another protein-protein and
metabolism-associated networks described previously in
many other clinical contexts [20], which suggests that im-
mune system may display similar homeostatic responses
involving  intrinsically complex regulatory  pathways.
Additional studies assessing network analysis of the im-
mune responses in other infections and clinical contexts
are needed to identify potential key common factors that
could be targeted in a therapeutic approach.
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The high connectivity exhibited by CXCL9 may be indi-
cative of an important role for this chemokine in exposed
but non-infected individuals since it correlates with pro-
tection against malaria in volunteers vaccinated by the
circumsporozoite protein-based vaccine [21). In addition,
both IL-10 and IL-4 had significant connections with
CXCLY, which also interacted with CCL2 and [FN-y in
those non-infected and with symptomless P. vivax infec-
tion, respectively. These interactions evidence a protective
role of IL-4 and IL-10 through a modulatory effect on
these pro-inflammatory  mediators.  Support  for  this
modulatory hypothesis comes from the description that
IL-10 and IL-4 can directly down regulate pro-
inflammatory cytokines such as [L-6, TNF and [L-1§ and
prevent severe forms of malarsa [22-26]. Studies with
mouse macrophages in vitro argue that IL-4 suppresses
the expression of CXCLY and other [FN-y inducible genes
via STAT 6 signalling [27]. Although interesting, a role of
a direct modulatory link between [L-10, [L-4 and CCL2
and/or CXCL9 and pro-inflammatory status of Plasmo-
diton infected individuals is yet unexplored mechanistic-
ally and deserves further investigation.

Extensive research has been done in the identification
of factors associated with severe forms of malaria, with
significant contributions to the understanding of the dis-
ease pathogenesis. [n the present study and not surpris-
ingly, [FN-y and TNF and the chemokine CCL5 were
demonstrated to be crucial biomarkers in the network
profile of those individuals with mild vivax malaria
CCL5 is a chemokine involved in the generation of in-
flammatory cellular infiltrates and its low levels are
linked to cerebral malaria and severe malarial anaemia,
maybe as consequence of thrombocytopaenia and the in-
fluence of haemozoin production [28-30]. The connect-
ity between IL-12 and CXCLY seen in the networks
from mildly symptomatic patients is also observed in the
context of cancer therapy, in which administration of
IL-12 increases the expression of CXCLY in peripheral
blood mononuclear cells as a response against the
tumour [31,32]. Interactions involving CXCL9 had an
intriguing pattem  between the study groups. This
chemokine was more associated with regulatory cyto-
kines in the group of non-infected controls, which may
suggest a potential influence over the resistance to infec-
tion. On the other side, CXCLY was linked to pro-
inflammatory [L-12 within symptomatic subjects, which
may be associated with the onset of dinical disease.

While networking the immune response in lethal cases
of severe P. vivax malaria, it was found an important
role for HO-1, an enzyme primarily responsible for the
host detoxification from harmful free haem and which
produces carbon monoxide (CO), free iron and biliver-
din. Higher HO-1 levels were described in patients with
symptomatic  vivax malaria and this enzyme may
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contribute (both very high and low levels) to disease
severity [8,33]. Lower expression of HO-1 may result in
greater availability of free haem resulting in severe mal-
aria, while high expression of HO-1 could lead to
increased synthesis of free iron, which also can be harm-
ful as can promote oxidative damage [33]. Furthermore,
SOD-1, previously associated with P wivax malaria [7],
displayed connectivity only in the groups of patients
with symptomatic disease, especially in those individuals
who died upon infection. Accumulation of SOD-1 with-
out a compensatory elevation of catalase of glutathione
enzymes could lead to accumulation of H,O; and the
production of more free radicals by Fenton’s reaction
[34]. Indeed, it has been described that both glutathione
and catalase might be reduced during severe malaria
[35] and high levels of SOD-1 could lead to the exacer-
bation of the oxidative stress and inflammation, aggra-
vating the outcome of the disease. In addition, the
release of haem during malaria  erythrocytic cycle
reduces the production of anti-inflammatory prostaglan-
din E, and TGF-f from mononuclear cells via SOD-1
[16]. Thus, SOD-1 connectivity seen herein in severe
malaria patients seems to be a response against the high
production of deleterious haem during the robust intra-
vascular haemolysis observed in severe malaria.

Furthermore, TNFE, IFN-y and 1L-10 also had important
interactions in individuals who succumbed to malaria in-
fection. [L-10 seems to modulate Thl-type responses to
Plasmodium antigens by downregulating TNF, and [FN-y
levels by dampening the release of 1L-12p70, thus resulting
in an impaired immune response that may lead to lethality
[5,36]. However, it has also been described that in cases of
uncontrolled inflammation with high production of pro-
inflammatory mediators may be associated with exhaus-
tion of the protective regulatory responses [6]. In response
to malaria infection, the patterns of expression of multiple
cytokines and the relative balance and interactions be-
tween these factors may be capable of mediating protect-
ive immunity or disease severity depending of the context
[37]. These findings infer that fine-tuning between all the
mediators s extremely important to prevent malaria
lethality.

A major observation from the analysis of the groups of
patients with mild or severe malaria was that the overall
complexity of the networks by means of a number of
significant interactions was reduced while compared to
what was seen in healthy subjects. Intriguingly, in the
group of individuals with asymptomatic malaria, the
complexity of the network was restored and several sig-
nificant interactions were detected, but with a clear cen-
tral role for IL-4 The potential anti-inflammatory effect
of [L-4 in the immune response during malaria is not
yet fully understood [38]. IL-4 seems to assist in
antisporozoite immunity and studies in mice infected
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with Plasmodium yoelii suggest that IL-4 is also required
for the development of CDE+ T lymphocytes [39] and
for the development of a memory response against liver
stage parasite [40]. Furthermore, [L-4 interferes with the
maturation of Thl cells and can reduce the production
of [FN-y in some experimental settings [41]. The high
number of interactions between IL-4 and others
biomarkers in asymptomatic individuals highlights a
possible importance of this molecule in modulating the
disease tolerance of individuals constantly exposed to
P. vivax and further investigations should address in
detail the importance of 1L-4 in symptomless malaria. A
summary of the results with regard to the complexity of
the network connectivity in the context of the natural
evolution of vivax malaria is shown in Figure 1F.

In the groups of patients with severe malaria, P. vivax
parasitaemia displayed several positive interactions with
previously described inflammatory mediators that par-
ticipate in the immunopathogenesis of malaria, such as
TNE, IFN-y and [L-10 [1,6,7] in addition to TGF-f. Sur-
prisingly, liver transaminases, bilirubins, creatinine and
CRP were not correlated with parasitaemia. The lack of
direct interactions between parasitaemia and laboratory
surrogates of inflammation-driven tissue injury and oxi-
dative stress suggests that the parasite burden may influ-
ence more stringently the host immune response rather
than induce lethal tissue damage itsell This idea, if
validated in other studies, reinforces the argument that
susceptibility of disease severity in vivax malaria might
be a case of dysfunction of the host homeostatic system
caused by an inflammatory imbalance driven by lack of
resistance against P vivax.

Conclusion

In summary, the systematic analysis of several mediators
of inflammation measured simultaneously was able to
characterize the overall pattern of immune response of
patients with P. vivax malaria according to disease sever-
ity and clinical outcome. This approach also revealed
other levels of complexity of the disease, involving intri-
cate associations between unigque markers, such as TNF,
IFN-y, IL-4, HO-1 and SOD-1. [L-4, despite being at low
systemic levels, seems to be a central mediator with sev-
eral significant interactions in individuals with asymp-
tomatic malaria. In addition, connectivity involving
CXCL9Y and IFN-y was more prevalent in the groups of
individuals non-infected or with mild manifestations of
the disease while associations involving SOD-1 and
HO-1 were more evident in more severe and lethal
cases. In severe malaria, parasitaemia seems to positively
associate with pro-inflammatory mediators, and the sim-
ultaneous negative correlations involving the regulatory
cytokines IL-10 and TGF-p argue that there is a
deregulated balance of the host immune response that is
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skewed towards amplification of inflammation. Networ-
king analysis may represent a potential tool to under-
stand the interactions between several mediators in the
context of malarial disease severity. The identification of
critical factors driving malaria pathogenesis can guide
future therapeutic approaches.
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5.4 MANUSCRITO IV

DDX39B (BAT1), TNF and IL6 gene polymorphisms and association with

clinical outcomes of patients with Plasmodium vivax malaria.

Este estudo analisa a associagdo entre SNPs em genes relacionados a
resposta imune (DDX39B, TNF e IL6), mediadores inflamatorios plasmaticos
(IL-6, TNF, CXCL10 e proteina C reativa) e os desfechos clinicos da malaria

vivax.

Resumo dos resultados: O alelo G do polimorfismo DDX39B-22C>G foi
associado com a manifestagdo clinica amena da malaria, enquanto que o
alelo C foi um fator de risco para complicagcbes da doenca. Participantes
heterozigotos para TNF-308 (GA) e DDX39B-348 (CT) tiveram niveis
plasmaticos maiores de TNF do que os homozigotos selvagens. Individuos
com a combinacdo de gendtipos GC/CC/GG/GG e GG/CT/GG/GG (DDX39B-
22/DDX39B-348/TNF-308/IL6-176) tiveram um risco diminuido e aumentado
para malaria sintomatica, respectivamente, quando comparados com o grupo
assintomatico e nao-infectado. A combinagédo de genotipos (GC/CC/GG/GG)
associada com risco maior para malaria foi associada com niveis séricos

diminuidos de TNF e IL-6.

Este trabalho foi publicado no periédico internacional Malaria Journal.
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Abstract

Background: DDX398 (BAT{) encodes an RNA helicase known to requlate expression of TNF and IL-6. Elevated
evels of these two cytokines are associated with increased severity of clinical malaria. The aim of this study was to
investigate the relationship between single nucleotide polymorphisms (SNPs) in the DDX398, TNF and IL6 genes and
the clinical outcomes of patients with Plasmadwum vivax malaria

Methods: Cross-sectional investigations were carned out in two regions of the Brazlian Amazon where several studies
on the pathcgeneasis of vivax malaria had been performed. Indwviduals were categorzed according to infection status
as well as dlinical presentation into the following groups: uninfected, asymptomatic infection, mild infection, or
complicated infection. Polymarphisms were identified using PCR restriction fragment-length palymarphism analysis
and the restriction enzymes NGl or Neol. The plasma levels of cytokines were datermined using ELISA

Results: The G allele of DOX308-22C > G was associated with absent or decreased manifestations of malaria and the C
allele was a risk factor for disease complications. Study participants heterozygous for TNF-208 (GA) and DDX395-348 (CT)
had higher TNF levels than wild-type partidipants. Haplotypes that included ODX398 (-22C > G and -348C > T} and TNF
pelymarphisms were not directly associated with mild or complicated malaria infections; howeser, haplotypes AGC,
ACC, GGT, AGT and ACT were assccated with increased TNF levels. Participants with genotype combinations GCACC/
GGQ/GG and GGALT/GGAGG (DDX298-22/COXIFSE-348/TNF-308/1L6-176) had decreased and increased risk of mild malana,
respectively, compared with asymptomatic and uninfected participants. GCAOC/GGAGG was linked to decreased TNF
and IL-6 levels.

Conclusions: This is the first study to describe patients with DDX298 and L6 SNPs who had vivax malana These
findings support the postulation that a set of mutations in immune-related genes is asscciated with inflammatory
mediators and the dinical cutcomes of patients with malaria.

Keywords: DDX398 (BATT), Sngle nucleotide polymaorphisms, Immune response, Plasmadivm wivax, Malaria

Background

Plasmodium vivax malaria is a major worldwide threat,
with two to three billion people remaining at risk of infec-
tion [1]. The clinical outcomes of patients with vivax mal-
aria range from asymptomatic infection to complicated,
and potentially lethal disease [2]. The risk for progression
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of severe Plasmodium  falciparium  malaria has  been
thought to be partly accounted for by host genetic factors
[3). These genetic factors are likely to involve several gen-
etic alterations in immune mediators as well as molecules
involved in mechansms of cytoadherence and haemoglobi-
nopathies [4]. Understanding the key host genetic determi-
nants of susceptibility to malaria is critical for developing
better therapies and vaccine strategies.

The nuclear protein HLA-B-associated transcript 1
(BAT1) is an RNA helicase encoded by the DDX398 gene
(DEAD [Asp-Glu-Ala-Asp] box polypeptide 39B, also
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known as BATT). BAT1 has been described as a negative
regulator of inflammation by modulating expression of
proinflammatory cytokines, such as TNF and [L-6, which
suggests that it plays a protective role in several immune-
medated disorders [5]. The -22C> G and -348C > T poly-
morphisms in the promoter region of DDX398 have been
shown to affect its transcriptional activity and the binding
of nuclear transcription factors such as YY1 and Octl oli-
gonucleotides at the respective positions -348 and -22
relative to the transcription start site of DDX398 [6]. TNF
(=TNFalpha or TNFA) and [L-6 are key medators associ-
ated with malaria symptoms, and their levels are increased
in proportion to the severity of disease [7-12]. The hypoth-
esis that DDX398 may have an effect on the clinical presen-
tation of malaria by its modulation of the expression of
proinflammatory cytokines involved in the pathogenesis of
the disease is appealing, but has not yet been tested.

Single nucleotide polymorphisms (SNPs) in the TNF
(-308G > A) and JL6 (-176G > C) genes may regulate
the plasma levels of these cytokines; however, the mech-
anism of regulation is not yet fully understood [13-15].
Given the major role of the host immune system in P
vivax infection, the aim of this study was to determine
whether mutations in the DDX398, TNF and /L6 genes
were associated with the clinical outcomes of patients
with vivax malaria. The frequency of SNPs in DDX398
(-22C>G and -348C>T), TNF (-308G > A) and L6
(-176G > C) were compared between P vivax-infected
study participants who exhibited different clinical out-
comes, including asymptomatic infection, mild malaria,
complicated malaria, and no infection. Associations be-
tween these immune-related mutations and plasma levels
of TNE, 1L-6, C-X-C motif chemokine 10 {CXCL10), and
C-reactive protein (CRP) were also tested. The results re-
ported here revealed that a combination of DDX398, TNF
and L6 host genotypes were associated with manifesta-
tions of malaria, mainly by altering plasma levels of TNF
and IL-6.

Methods

Study participants

This report describes series of patients from two distinet
studies. The first study performed retrospective amalyses of
cryopreserved heparinized blood samples from particpants
living in riverine communities of the state of Ronddnia, in
the Brazilian Western Amazon, who were recruited be-
tween 2006 and 2007, as previously described [7,16-23).
Malaria was diagnosed using two methods: 1) microscopic
examination of a thick blood smear performed by profes-
sionals at the Brazilian National Foundation of Health
(FUNASA); and 2) polymerase chain reaction (PCR) per-
formed at the Oswaldo Cruz Foundation (FIOCRUZ),
Salvador, Brazil, as previously described [16-18]. The study
included individuals who had been living in the endemic

§U;e20113

area for more than six months. Exclusion criteria included
conditions known to interfere with the parameters evalu-
ated in this report, such as coinfections and chronic dis-
eases: P faleiparum infection confirmed by nested PCR;
documented or referred viral hepatitis (hepatitis A, B, C, D
virus [HAV, HBV, HCV, HDV]); chronic alcoholism; human
immunodeficiency virus (HIV) infection; vellow fever; den-
gue; leptospirosis tuberculosis Hansen disease; visceral
leishmaniasis; cancer and/or other chronic degenerative
disease; sickle cell trait; and the use of hepatotoxic and im-
munosuppressant drugs. A total of 257 participants were
enrolled in this first part of the study. As reported previ-
ously, all asymptomatic partidpants infected with 2. vivax
who were identified by active case detection were moni-
toved for 30 days for the evaluation of makaria manifesta-
tions [16-18]. Participants who were positive for P vivax
infection but remained without acute febrile signs for
30 days were considered to be asymptomatic cases. Those
individuals with positive parasitaemia and with mild symp-
toms were considered to have mild vivax malaria. Thus, the
individuals from this region were divided into three groups
as follows: mild malaria (n=76), asymptomatic malaria
(n = 104) and uninfected controls (n = 77). All symptomatic
cases were treated following the guidelines of the National
Foundation of Health, Brazil, and received chloroquine for
three days and primaquine (0.5 mg/kg/day) for seven days.
The asymptomatic carriers were treated after the monitor-
ing period, as reported previously [17]. This first part of the
study was approved by the Ethics Committee of the S3o
Lucas University, Rondonia, Brazik and all participants pro-
vided written informed consent.

Participants with complicated Plasmodium vivax malaria

Because there was a small number and unavailable blood
samples of malaria cases (n =9) with signs/symptoms of
complicated disease among the first series of patients re-
cruited in Rondonia, in order to evaluate the role of
DDX39B (BAT1) polymorphism in complicated cases of
vivax malaria, a second series of patients (second part of
this report) was recruited from the state of Amazonas in
the Western Brazilian Amazon between 2009 and 2013.
Individuals of all ages who were hospitalized with an un-
identified acute febrile syndrome at the reference hos-
pital from the Fundacio de Medicina Tropical Dr Heitor
Vieira Dourado (FMT-HVD), Amazonas, Brazil, were
tested for malaria using microscopic examination of a
thick blood thick smear, and those with PCR-confirmed
P, vivax were recruited. Patients were excluded for the
following conditions: microscopic or molecular diagnoss of
P. falciparton or P. vivax and P. falciparient malaria (mixed
infection), serologic diagnosis of viral hepatitis (HAV, HBV,
HCV, and HDV), HIV, or leptospirosis. Patients with vivax
makarsa with  primaquine-induced  haemolysis  (patients
taking primaquine with decreasing haemoglobin levels
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to <10 g/dL and reticulocyte counts >1.5%, or increased in-
direct bilirubin levels after primaquine treatment) were also
excluded. The study participants from this second series
had either mild signs/symptoms of acute malaria {mild mal-
aria, n=69) or dinical complications, as listed in Table 1
(complicated vivax malaria, n = 31). Complicated vivax mal-
aria was defined according to the criteria for severe mal-
aria from the Wordd Health Organzation (WHO) or
based on the presence of hyperbilirubinaemia (serum total

§19030113

bilirubin > 513 umol/L) [24]. Although all the participants
in this second study were PCR positive, some of these
study patients with complicated malaria {just for this par-
ticular group) had already started therapy for malaria be-
fore blood samples were taken, which might have affected
the results of the laboratory and parasitaemia evaluations
shown in Table 1. This second part of the study was ap-
proved by the Ethics Committee of the FMT-HVD, and all
participants provided written informed consent.

Table 1 Characteristics of the second series of participants with complicated vivax malaria: Amazonas, Brazil

Chnical presentation at admission
Patient Gender Age Major Secondary Previous  Parastaemia Disease duration Haemoblogin  Total bilrubin
no. (years)  manifestation manifestation treatment (days) (g/dL) (pmol L)
1 M 59 hyperbilrubinaemi No 8222 ? 149 {0156
2 F 38 hyperlactemia Yes Q 10 105 3078
3 M n hyperbilrubinaemi No 32498 10 1o 5472
4 F i? hyperbilrubinaemia No L 7 L 51.30
5 L 18 hyperbilrubinaemi No 1,848 R 135 16587
[ L a5 wesere anaemia hyperblrubiraemia No 243 10 65 1389
7 F A0 wsere anaemia No 3359 10 0 27.35
8 M 64 cormdsian Yes 185 14 130 N
9 M 17 hyperbilrubinaemi No 226 4 s 53
10 M n hyperbilrubinaemi No 5537 15 135 16587
n 15 1 we/ere anaemia No Nz 9 50 455
12 M 24 hyperbilrubinaemi No 128 2 106 61.%
13 F 4 months comadskan prastration No 108033 7 1"z N
14 M 19 we/ere anaemia No Q 17 65 1539
15 M 5 respiratoey fallure No 310 5 1 455
14 F 35 weere araemia hyperbirubirasmia No 344073 1 42 1329
17 F 41 respiratoey fllure No 24415 8 59 3933
18 F 18 hyperbilrubinaemi No L 5 1nz? 61.%
19 M ER) wesere anaemia Yes Q ? 69 1348
X F 23 wesere anaemia Yes 204 8 64 484
N M 5 prastration No N 15 82 agq
2 M N hyperbilrubinaemi Yes 832 7 57 1026
23 M 12 respiratoey fallure Yes Q 4 78 1539
24 F 4 respiratoey fallure No 325 5 nz? 2407
25 M 37 respiratoey failure Yes Q 10 PR 1210
2% F 24 hyperbilrubinaemia No 254 £ 113 14022
b M 53 hyperbilrubinaemi No 454831 4 118 5945
28 F 34 hyperbilrubinaemia No Q 3 9 8550
24 F 15 wesere araemia Yes 88452 8 69 197
3 M 2 hyperbilrubinaemi No 3054 7 151 7353
N M 25 hyperbilrubinaemi Yes 27954 3 150 13859

Sevvere arvemb waes defined o haemogiobin leve s below 7 gL for aduks and below 5 g/dL for chidren and hyperbibrubinaem by serum sotal blbrubins 513 pmolL
Resginatory fadlure was defined s tachyprea, shonness of beeath, mentad confusion cincal sgns of hypocaemia (central andioe paripherid Cyandais). Prious Teaamant
Indicates participants who already started malana therapy before the blood sample collecton. *Total blrubin was not measured In these indvichals.
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Genotyping
DNA was extracted from 200 pl of peripheral blood

using a standard Qiagen DNA blood mini kit (Valencia,
CA, USA) according to the manufacturer's protocol. The
SNPs at positions -22 (C > G) (rs2239527; G ancestral
allele) and -348 (C>T) (rs2239528 ;C ancestral allele)
in the promoter region of DDX398 and at position -176
of IL6 (G >C) (r82234683; G ancestral allele) were typed
using PCR restriction fragment-length polymorphism ana-
lysis with the restriction enzyme Nialll (New England Bio-
labs), according to protocols previously published by
Ramasawmy ef al. [25] and Yakein et al. [26], respectively.
TNF-308 (G=>A) (rs1800629; G ancestral allele) poly-
morphism was also evaluated using PCR restriction
fragment-length polymorphism analysis with the restric-
tion enzyme Necol (New England Biolabs), as published
previously [27]. DDX39B and TNF PCR products were
electrophoresed on 10% polvacrylamide gels and /L6 prod-
ucts were separated by electrophoresis on 1% agarose gels
under nondenaturing conditions. The PCR products were
then detected by staining with ethidium bromide and visu-
alized under ultraviolet illumination.

Plasma measurements

The plasma levels of [L-6, CXCL10, and TNF were mea-
sured using a cytometric bead array system (BD Biosci-
ences Pharmingen, Franklin Lakes, NJ, USA) according to
the manufacturer’s protocol. CRP levels in plasma were
measured using the turbidimetric immunoassay method,
performed at the Federal University of Bahia and Facul-
dade Sao Lucas, Brazil.

Statistical analysis

Categorized variables (genotypes, alleles, haplotypes, and
genotype combinations) were compared using the Chi-
square test or Fisher exact test in 2x2 contingency tables
along with the relevant odds ratio (OR) and 95% confi-
dence interval (Cl). Univariate linear regression analysis
was performed to assess the associations between com-
binations of genotypes and malaria symptomatology. Or-
dinal variables were evaluated using the Mann—-Whitney
(between two groups) or Kruskal-Wallis test followed by
the Dunn multiple comparison test or trend analysis
(when more than two groups were compared). Hardy-
Weinberg equilibrium (HWE) was assessed for the dif-
ferent groups by comparing the observed number of dif-
ferent genotypes with those expected under HWE for the
estimated allele frequency. The power of this study was
calculated based on a medium effect size, a significance
level of 005, and four degrees of freedom (Chi-square
test). A power of 983% was found for the first series of
participants {n=257) and a power of 71.10% for the sec-
ond series of participants {n=110). Statistical analyses
were performed using GraphPad Prism (version 5.0b)
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software (GraphPad Software, San Diego, CA, USA) or R
version 2.15.1 (The R Foundation for Statistical Comput-
ing, Vienna, Austria).

Results

Baseline characteristics of first series of participants

All different groups of vivax malaria infection had a
slightly majority of women. Participants with asymptom-
atic malaria were older than the uninfected participants
and those with mild malaria (7 = 0.0264; Table 2). Partic-
ipants with asymptomatic malaria reported a higher
number of previous infections (median 15.0, interquartile
range (IQR) 12.00-18.75) than the uninfected participants
or those with mild infection (P <00001; Table 2). In
addition, participants with asymptomatic P, vivax infection
reported living for a longer time in the endemic area
(71.15% more than ten years) than those in the other
groups (P =0.0030; Table 2). These results were expected,
since this set of patients was a subsample of a larger cohoet
of individuals where similar results were found [7,16-23].

Single nucleotide polymorphisms

Genotype and allele distributions of JL6-176G > C and
TNF-308G > A polymorphisms were compared in the
main clinical groups and in participants stratified ac-
cording to mild vs asymptomatic vivax malaria infection,
infected ws uninfected and asymptomatic vs uninfected
(Table 3). No association was found between alleles or
genotypes of IL6 and TNF SNPs and the different clinical
outcomes of vivax makaria (Table 3). The distributions of
1L6-176G > C and TNF-308G > A genotypes in all categor-
ies were under HWE. Table 4 shows the results for
DDX398 polymorphisms (-22C>G and -348C>T) ac-
cording to the same categories of participants (Table 4). No
differences were observed for the SNPs DDX398-22C > G
and DDX39B-348C > T with regard to mild malaria,
asymptomatic makaria, or infection status. The dstribution
of DDX39B-22C > G in the asymptomatic participants was
not under HWE (x2=6.10, P =00134), suggesting those
participants reflect evolutionary selective pressure. The fre-
quencies of DDX398 genotypes were under HWE in all the
other categories of vivax malaria infection.

Association of single nucleotide polymorphisms with
inflammatory mediators levels

The SNPs were assessed regarding association with sys-
temic levels of TNF, [L-6, CXCL10, and CRP, which
have been associated with vivax malaria manifestations
[23]. Participants with the TNF-308 GA genotype or A
allele had higher levels of TNF than those with the GG
genotype or G allele (P =0.0347 and P = 0.0296, respect-
vely, Figure 1A.B). Participants with the DDX39B-348
CT genotype or T allele had higher concentrations
of TNF than those with the CC genotype or C allele
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Table 2 Baseline characteristics of the first series of participants enrolled in the first part of the study: Rondonia, Brazil

Uninfected Asymptomatic vivax Mild vivax P value
(n=77) malaria (n = 104) malaria (n = 76)
Male - no. (%) 3 |4675) a7 (4519 36 (4737 09548
Median (KQR*) age (yr} 3500 (2550-4500) 4200 (3200-43.00) 3600 (27 25-5000) D264
Median (KQR*) of previous malaria episodes 1200 (600-17.04) 1500 1200-1875) 600 (1.001275) <0L001"*
Time residing in the area {yr)
<2 17 (2208) 24 (2304) 24 (11 48 oo
Jta 10 19 (2467) 6577 16 (21.06)
>10 41 (5329 74119 36 (4727
* ICR, interg le range: **Categorized varables were compared weing Chi-square test: ***Ondingl varables were compared weing the Knuska-Walts sest with the
Durn muliple comparsen e

(P = 0.0215 and P = 0.0299, respectively, Figure 1A,B). Poly-
morphism at DDX398-22 appeared to correlate with serum
concentrations of CRP and CXCL10, but not [L-6. Partici-
pants with the DDX398-22 CC genotype exhibited higher
levels of CRP than those with the GC genotype (= 0.0395,
Figure 1C) but this difference was not observed in the allele
anmalysis (P =00622, Figure 1D). No relevant associations
were found between genotypes or alleles of DDX39B-22
C >G and plasma IL-6 levels (P=0.0496 and P = 07475,
respectively, Figure 1EF). Furthermore, participants carry-
ing the DDX398-22 CG genotype had lower CXCLI10 levels
than those with the GG genotype (P =0.02%4, Figure 1E),
although no difference was seen in the allele analysis
(P = 0.0898, Figure 1F).

Haplotypes and combinations of genotypes

DDX398 and TNF are located in the same major histo-
compatibility complex (MHC) region on chromosome 6,
and therefore assessment of the association of these poly-
morphisms with the outcomes of malaria can be per-
formed using haplotype analysis. The assessment of
haplotypes representing all possible combinations of TNF-
308, DDX398-22 and DDX39B-348 SNPs was unable to
identify significant association with any of the dinkcal cat-
egories of vivax malaria infection (Figure 2A). Nevertheless,
haplotypes were associated with differential expression of
inflammatory mediators in plasma, which could potentially
influence the degree of immunopathology and malaria
manifestations. TNF-308, DDX398-22, and DDX398-348

Table 3 TNF (-308G > A) and IL-6 (-176G > C) polymorphisms and outcome of vivax malaria infection: first series of

participants from Rondonia, Brazil

Genotype %2 Allele frequency X2 GG vs GA + AA g2
GGn (%) GAN(%) AAN (%) G (%) A (%)

TNF-308 polymorphism

Uninfected (n=77) E0(7792) 151948 22600  212p=07134" 135(8766) 1901234} 057 p=07509 09 p=06178

ASYMTOManc malaria (n=104) 78 (75000 25 {(4.04) 1095 181 (8702 27 (12564

Mild malria (n = 76) 54(71.05) 2 {2763) {132 129 (3487 231503}

Infecred vs uninfected p=03401*" p=06745* P=05316*

Mikd vs asympromatic p=06059*" p=4798 P=04323*

ASYMSTOManc v uninfected p=05866"" p=8749* P=07252*
Genotype %2 Allele frequency X2 GG vs GC+CC x2
GGn (%) GCni%) CCn (%) G (%) C %)

L6-176 polymorphism

Uninfected (n=77) 49(6364) Z23{2987) 549  216p=07068 121 (7857 3321431 161 p=04462 191 p=03854

Asymptomanc malaria in = 104) 60 (57690 38{3654) 6577 158 (75.96) 50 (2404}

Mild malaria (n = 76) 40(5263) 30{3947) 6{7.90 NO(FZ3T 42 2763)

Infected vs uninfected 156 p=04579 p=03655* p=02702*

Mild vs asympeomatic 130 p=05214 p=02618* p=0211*

Asymptomatic vs uninfected D28 p « 05435 p=0Cars* p = 0.4458*

i thise cases, Faher exact st was uied. "Analysis exduded genctype AR, x2: coallicent and P value maasured wiing Chisquane tst. Infected individuals

represent symptomatic plus asymplomatic coses.
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Table 4 DDX398 polymorphisms (-22C > G and -348C > T) and outcome of vivax malaria infections: first series of

participants from Rondonia, Brazil
Genotype X2 Allele frequency b7 CCvs CG+ GG Y2
CCn %) CGni{%) GGn %) C (%) G (%)

DDX398-22 polymorphism

Uninfected (n=77) 10(1289) 38 (4935) 29{3766) 675p=0149% 58037660 96(6234) 235p=03083 053 p=07660

ASyMSTomanic malania (n=104) 15 (1442) 64 (61 54] 25 (24.04) O (45050 114(54381)

Mikd malria (n =7 6] 13017100 34 (4474} 29{3816) 60 (3947 92 (6053)

Infected vs uninfected 148 p=04758 p=03251" p=02460*

Mild vs asymprcmatic 250 p=02339 p=06244" p=07028*

ASYMSTOManic s uninfected 358 p=01364 p=01625" p=08307*
Genotype Alele frequency CCwmsTC+TT 2
CCni%) TCni%) TTn (% C %) T (%)

DDX398-348 polymarphism

Urinfected (n=77) 64 8312 1200558 10130 199p=03691" 140 (50911 14909 100 p=06041 156 p=04586

Asymiptomatic malaria {n = 104) 83 (7981) 21 G0I% O K00 187 (89501 21 (000

Mikd malria (n = 76) 5705000 190GS500¢ O K0 133 (87500 1912500

Infected vs uninfected p=0237*" p=05342" p=04012

SYMBLOManic s asymplomatc p=02372*" p=03%" p=03108*

ASYMBLOManc vs uninfected p=05554" p=08578" p=07008"

i thise Cases, Faher exact st was uied. 'Mﬂrﬁi exduded genctype TT. x2 coefficknt and P vaks measured usng Chi-sguare 1t Wocd ndividuak

represent symptomatic plus asymplomatic coses.

haplotypes GGC and GCC were linked with lower concen-
trations of CRP and CXCL10, respectively, than other hap-
lotypes (P=0.0246, Figure 2B; P=00071, Figure 3G
respectively). Intriguingly, several haplotypes were associ-
ated with increased plasma TNF levels (Figure 2D). Thus,
because they were found to be associated with elevated or
decreased levels of CRP, CXCL10, and TNF, haplotypes
may be associated with the outcomes of vivax malaria
infection.

Analysis of combinations of genotypes was performed
to determine association with manifestations of vivax
malaria.  Participants with  DDX398-22/DDX39B-348/
TNF-308/1L6-176 genotype combinations GC/CC/GG/
GG and GG/CT/GG/GG had decreased and increased
risk, respectively, of developing manifestations of mal-
aria relative to asymptomatic participants (OR 0.41,
95% CI 0.17-098, P=0.0428; OR 4.77, 95% CI 1.10-
2059, p =0.0361; respectively, Figure 3A). Moreover,
the genotype combination GC/CC/GG/GG was associ-
ated with lower TNF and [L-6 levels than other genotypes
(P = 0.0070 and P = 0.0057, respectively; Figure 3B,C), sug-
gesting that this set of genotypes may protect against more
severe malaria because of association with reduced levels
of inflammatory cytokines.

Second series of study participants: DDX398
polymorphisms and complicated vivax malaria

An additional aim of this combined study was to specif-
ically evaluate the association between DDX398

polymorphisms and complicated P. vivax malaria. Pa-
tients screened in a reference hospital from the Brazil-
tan Amazon who manifested complicated malaria were
compared with those presenting with mild disease. Par-
ticipants with mild malaria had a median age of 36 years
(IQR 27-146) and 81.16% were male (n=56). Participants
with complicated disease had a similar age (median
31 years, IQR 18-41; P=00563) and there was a slightly
lower proportion of males {19 of 31 [61.29%], P = 0.0460).
Characteristics of the patients with complicated malaria
are shown in Table 1. Interestingly, the patients in this
study who were categorized with complicated vivax mal-
aria exhibited more often hyperbilirubinaemia (serum total
bilirubin >51.3 pmol/L), which has been reported to be a
common complication of patients with vivax malaria
[28,29].

There was significant difference in the distribution fre-
quency of the polymorphism DDX398-22C = G in the par-
ticipants with mild versus complicated malaria (x2=6.7
P =0.0347). The proportion of -22C homozygosity among
patients with complicated and mild malaria was 2580%
(n=8) and 725% (n=35), respectively (Table 5). Partici-
pants were categorized based on the presence or absence
of the G allele (genotypes GG and GC vs genotype CC)
and the G allele was significantly more frequent in patients
with mild vivax malaria than in patients with complicated
infection (P =0.0207, Table 5). No differences were seen
for the polymorphism DDX398 (-348C > T) regarding the
distribution of genotypes and alleles in patients with mild
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and complicated malaria (Table 5). The distribution of
DDX39B-22C> G genotypes in the patients with mild
malaria was not under HWE (x2 = 522, P=00222). The
DDX39B genotypes were under HWE in the patients with
complicated malaria.

Discussion

Immunity of the human host to malaria s likely to be me-
diated by T-cell recognition of Plasmodium sp. epitopes on
infected host cells via dlass [ and [I MHC antigens [30].
Given the importance of the MHC to the immune re-
sponse, genetic studies of the human MHC 1 have corre-
lated polymorphisms in this region with susceptibility to
makaria. The alleles A*30:01 and A*33:01 of MHC 1 were
found to be associated with malara severity in Mali
[30-32]. The DDX398 (BAT1) gene is located on chromo-
some 6 near the TNF gene in the same MHC region and

seems to influence expression of several immune-related
genes [6]. This study found that the C allele of DDX398-
22C > G is a potential risk factor of complicated vivax mal-
aria in the Brazilian Amazon. This finding may be expected,
as this allele has been associated with reduced binding to
transcription factors and expression of inflammatory cyto-
kines [5]. Haplotype analysis (induding DDX398 and TNF
polymorphisms) found that genetic alterations in these
immune-mediated genes may influence disease outcome by
altering TNF plasma levels. In addition, the genotype com-
binations GC/CCIGG/GG and GG/CT/GGIGG, corre-
sponding to the respective polymorphisms DDX398-22/
DDX398-348/ TNF-308/IL6-176, were assodated with a de-
creased or increased risk, respectively, of developing mild
vivax malaria, probably by altering TNF and IL-6 levels. To
the best of our knowledge, this is the first report assessing
the relationship between DDX398 polymorphisms and
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malaria outcomes, and also one of the few studies to
analyze the manifestations of P vivax infections in relation
to combinations of immune-related genotypes.

Plasma concentrations of 1L-6 have been found to be as-
sociated with severe disease and death from malaria, and
the IL6-176C allele was associated with increased expres-
sion of [L-6 in neonates and adults developing acute phase
reactions [14,15,33,34]. A study of sympatric ethnic groups
in Mali found that the frequency of IL6 CG/GG genotypes
was higher in non-Fulani ethnic groups, who have in-
creased susceptibility to malaria, in both symptomatic and
asymptomatic falciparum malaria cases [35]. However, in
our study, there were no differences in the distribution of

IL6-176G > C in the participants making up the different
dinical groups of vivax malaria, which may indicate that
this polymorphism plays different roles in £ vivax infection
and/or in a Brazilian population. Genetic changes in TNF
have been described in several studies of different popula-
tions throughout the world, and there have sometimes been
contradictory results [23]. The SNP TNF-308G > A has
been associated with increased susceptibility, resistance or
there has been no assocaation with severity to malaria
caused by P falciparwm [36-39]. A study of a population in
the Brazilian Amazon that was similar to our population
found that one TNF haplotype (TNF-1031T/-863A/-857T/-
38G/-238G) including the TNF-308G allele was associated
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Table 5 DDX398 polymorphisms (-22C > G and -348C > T) and complicated vivax malaria infections: second series of

participants from Amazonas, Brazil

Genotype %2 Alele frequency X2 CCvs CG+GG x2
CCni%) CGn(%) GGn (%) C (%) G (%)
DOX398-22 polymorphism
Mid malra (n = &) (725 41 15942) 22113335 6.72p=00347 51 (090) BN 6dM] pelDOc2st p=0.0207
Lomgicated malana [n - 31} 8 125280 16 151481) 7 2258) 12 (5160) 10 (48 3%}
Genotype Alicle frequency CCwsTCH+TT 2
CCni%) TCn(% TIn(%) C (%) T (%)
DDX398-348 polymarphism
Mikd malaria (n = 69) 55079710 142029 Q000 p=785" 124 (89850 1401014} p=07%5* p
Compicated malada (n=31} 26 (8387 501413 0 (000) 579193 5 (B07

*In these cases, Ficher exact test was used. "Analysts excluded genotype 1T, x2 coeffickent and P value measured usng Chi-square test.



Mendonga et of. Maloria Journafl 2014, 13:278
Mg wwew maarajoumal comicoment/13/1/278

with increased susceptibility to mild vivax malarsa [40]. Our
study did not find an association between TNF-308G and
dinical manifestations of malaria. It is noteworthy that
TNF-308G > A may not be a causal mutation, and that this
polymorphism could be in linkage disequilibrium with
other causal mutations located close to the TNF gene [41].
Thus, this polymorphsm may have a moderate effect or
may have an epistatic effect on DDX398 mutations [42].
Polymorphisms in DDX398 (BAT1) have been described in
several diseases with inflammatory profiles, including neur-
opathy, myasthenia gravis, allergies, Alzheimer disease,
myocardial infarction, hepatitis, rheumatoid  arthritis,
Chagas disease, among others [2543-48]. In this study it
was found that the G allele of DDX398-22C > G may be a
resistance factor to makaria and the C allele a risk factor for
disease complications. [t has been reported that DDX398
promoter polymorphsms alter the binding of transcrip-
tion factors (YY1 and Octl) and may affect the transcrip-
tion of this gene, and the sequences with -22G and -348 T
alleles were expressed more efficiently than sequences
containing -22C and-348C alleles [6]). An in vitro study
found that BAT1 appeared to decrease the expression of
TNF and [L-6 [5]; thus the G allele of DDX39B-22C > G,
which enhances the expression of BAT1, may be protect-
ive against complicated malaria by decreasing the expres-
sion of proinflammatory cytokines.

Although the polymorphisms described in this study are
not directly associated with the clinical manifestations of
makaria, they can indirectly influence dsease by altering the
levels of inflammatory mediators involved in disease immu-
nopathology. High plasma levels of TNF are related to the
pathogenesis of signs associated with malaria, such as fever,
and severe forms of infection, such as cerebral malaria and
severe anemia [49). Our study found that participants het-
erozygows (AG) for TNF-308G > A had higher plasma con-
centrations of TNF than homozygous participants with the
wild-type (GG) polymaoephism. The A allele of this SNP has
been associated with increased production of TNF in sev-
eral studies, and was often associated with the HLA-A1-
BB-DR3 haplotype of the MHC region [50-53]. In this study
results did not clearly demonstrate increased levels of TNF
in participants homozygous for the A mutation, probably
because of the small number of participants with this geno-
type who were recruited for the study. Furthermore, partici-
pants heterozygous (CT) for DDX398-348C > T had higher
plasma TNF than homozygous participants with the wild-
type (CC) polymorphism, suggesting that an additional gen-
etic mechanism appears to be associated with increased
levels of this cytokine, and consequently the clinical out-
come of malarsa infection. CRP is an acute-phase inflam-
matory protein, and this study findings indicate that
participants homozygouws (CC) for DDX398-22 (G > C) had
increased levels of CRP, supporting an association of the C
allede with risk of complicated malaria.

nge 0ol 13

A single-point mutation is often not sufficient for pre-
dicting the susceptibility or resstance of individuals to
malaria [4]. Another approach to investigating the differ-
ences in response to malaria infection is haplotype analysis
of mutant alleles. DDX398 is situated in the central region
of MHC on the short arm of human chromosome 6 and is
approximately 150 kb from the TNF gene. The NFKBIL!
gene, which encodes the inhibitor of xB-like protein
(IxBL), a protein of unknown function, is situated between
DDX398 and TNF [54]. Genetic variations in NFKBIL!
are associated with susceptibility to inflaimmatory condi-
tions such as periodontitis, chronic thromboembolic pul-
monary hypertension, rheumatoid arthritis, and malaria
[54-58]. Although DDX398 and TNF genes are near each
other on the same chromosome and appear to influence
the transcription of its gene products [5], this study did
not identify a haplotype with DDX398 (22C » G and 348C
> T) and TNF-308G > A polymorphisms that increased
the risk of clincal vivax malaria. However, many haplo-
types appear to markedly increase TNF levels, indirectly
contributing to malaria susceptibility. It is noteworthy that
conclusive findings from DDX398 and TNF haplotype
analysis are limited by the considerable distance between
these genes (approximately 150 kb). Similady, it is re-
ported here an analysis of susceptibility to dinical mani-
festations of malaria as a result of genotype combinations
found that CG/CC/GG/IGG and GG/ICTIGG/GG, corre-
sponding to the respective polymorphsms DDX398-22/
DDX39B-348/ TNF-308/1L6-176, were associated with de-
creased and increased risk, respectively, of developing
dinical manifestations of P. vivax infection. Intriguingly,
TNF-308 and /L6-176 genotypes were wild-type homozy-
gotes (GG for both) among the combinations, and changes
were related o DDX39B genotypes. The substitution of
DDX398 genotypes (-22 and -348) in the combinations
completely changed the risk of developing manifestations
of malaria, from susceptibility to resstance to illness from
vivax malaria infections. These results lend support to the
role of DDX398 as a regulatory gene that can alter tran-
scription factors and inflammatory cytokines and influence
the dinical outcome of inflammatory dseases [5,25]. More-
over, study participants with the genotype combination de-
scribed here that was associated with resistance against
manifestations of P vivax infection (CG/CC/GG/GQG) also
had lower levels of proinflammatory TNF and 1L-6, sug-
gesting that DDX398 confers protection against malaria
pathogenesis by reducing the inflammatory response.

This study was limited because of a small numbers of
participants, which may have reduced its ability to detect
significant differences between study groups. Indeed, the
detection of a small difference (effect size) between groups
at a significance level of 0.05 ideally would require at least
1,194 study participants. Therefore, our study results re-
quire validation in larger studies.
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Conclusion

Genetic alterations in the immune response against vivax
makaria may predispose individuals to disease complications
or protect them from clinical disease. The findings of this
study provide support that the C allele of DDX398-22C > G
is a risk factor of complicated vivax malaria, and different
haplotypes (induding DDX398 and TNF polymorphisms)
may influence disease outcomes by altering plasma levels
of TNF. Moreover, the results suggest that combinations
of genotypes (including 1L6-176G > C) are associated with
a decreased or increased risk of developing clinical mani-
festations of malaria and may also influence plasma TNF
and IL-6 levels. Further prospective studies should be able
to determine if these genetic determinants are critical for
protection against the development of clinical P. vivax in-
fection, and also identify individuals who are at risk of de-
veloping more complicated forms of malaria,
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5.5 MANUSCRITO V

Associations between Hepcidin and Immune Response in Individuals
with Hyperbilirubinaemia and Severe Malaria due to Plasmodium vivax

Infection.

Este manuscrito investiga as associagbes entre os niveis plasmaticos da
hepcidina e de citocinas/quimiocinas nos grupos de malaria grave, malaria

com hiperbilirrubinemia isolada e malaria moderada por P. vivax.

Resumo dos resultados: Os niveis elevados de IL-2 e IL-13 foram
associados com malaria grave quando comparados com o grupo de
hiperbilirrubinemia, e ndo foram observadas diferengcas na expressao dos
marcadores imunes entre os individuos com malaria modera e malaria com
hiperbilirrubinemia. Contudo, a hepcidina estava elevada em individuos com
malaria grave ou com hiperbilirrubinemia, e valores de cut-off deste horménio
conseguiram diferenciar estes grupos quando comparados com o grupo de
malaria moderada. IFN-y e TNF tiveram o numero relativo maior de
interacbes na rede dos participantes com malaria grave. Além disso, a
hepcidina foi positivamente correlacionada com IL-6, IL-10 e parasitemia no

grupo de malaria moderada e com IFN-y nos individuos graves.

Este trabalho foi publicado no periédico internacional Malaria Journal.
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Associations between hepcidin @

and immune response in individuals
with hyperbilirubinaemia and severe malaria
due to Plasmodium vivax infection
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Abstract

Background: Hyperbilirubinaemia (bilirubin >51.3 wmel/L) alene is not indicative of severe malaria, and the immune
respense underlying hyperbilirubinaemia remains largely unexplored. Liver damage associated with hyperbilirubinae-
mia may alter the expression of hepcidin, which regulates systemic iron by degrading ferroportin. For this study, the
association between hepcidin and the levels of oytokines and chemaekines in the serum of individuals with mild and
severe vivax malaria and subjects with malaria with isclated hyperbilirubinaemia was evaluated.

Methods: Cytockines/chemckines and hepcidin were measured in individuals with mild (n = 72) and severe (n = 17)
vivax malaria, as well as in the serum of subjects with vivax malaria with isclated hyperbilirubinaemia (n = 14) from the
Brazilian Amazon between 2009 and 2013 by multiplex assay and ELISA, respectively. The polymorphism 744 G > Tin the
ferroportin gene was identified by restriction fragment-length polymorphism analysis and the restriction enzyme Pvull.

Results: The polymaorphism at position 744 G > Tin the ferroportin gene was typed and no differences in the
distributions of genotypes or alleles were cbsenved between the study groups. Subjects with severe malaria had
higher levels of interleukin (IL)-2 and I1-13 than subjects with hyperbilirubinaemia. No differences in the expression of
immune markers were cbserved between subjects with mild malaria and those with hyperbilirubinaemia. Howewer,
hepcidin levels were higher in individuals with severe malaria and hyperbilirubinaemia than those with mild malaria
(p = 00002 and p = 00004, respectively) and cut-off values of hepcidin differentiated these groups from subjects
with mild malaria. Hepcidin was positively associated with IL6 and IL-10 levels and with parasitaemia in subjects with
mild malaria and with IFN-y in subjects with severe malaria.

Conclusions: Malaria in the presence of hyperbiliubinaemia produces a less robust inflammatory response com
pared to severe cases of malaria. Hepcidin levels are positively assodiated with immune markers in vivax malaria
outcomes.

Keywords: Malaria, Plasmodium vivax, Immune response, Hepcidin, Hypertilirubinemia

Background vivax is the most widespread malaria parasite and is
Malaria is a major health problem worldwide, and in 2013  responsible for the majority of malaria cases in South-
it was estimated to cause 584,000 deaths [1). Plasmodium  east Asia and South America [1]. Clinical outcomes from

Plasmodiwm infections can range from severe or mild

diseases to asymptomatic parasite carriers. The balance
espondence mbarrai@ahiafiocruzbr and interactions between anti- and pro-inflammatory
10 dv.“ '?"r\'v.ﬁlfg\a;.'a:) em imunologia, Instituto Nacional de Cénciae cytokines pl ay an important role in vivax malaria mani-
914, 330 Paulo, Brai festations [2]. Further, genetic alterations in genes related
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to immune response have been associated with clinical
outcomes (3, 4],

Hyperbilirubinaemia, which is also known as jaundice,
is often associated with malaria infection. It occurs as a
consequence of the intravascular haemolysis, dissemi-
nated intravascular coagulation and hepatocellular dys-
function [5]. However, recently, jaundice (serum total
bilirubin >3 mg/dL) is no longer considered a single
marker of malaria severity and the presence of hyperbili-
rubinaemia alone is not associated with a worse progno-
sis or a higher fatality rate in malaria [5-8]. Nevertheless,
hyperbilirubinaemia is a common complication associ-
ated with severe malaria syndromes and concomitant
jaundice can indicate more severe illness [9-12].

‘The rupture of red blood cells in the blood stream
during malaria infection is associated with an increase
in indirect bilirubin, but the primary schizogony of the
malarial parasite also leads to the rupture of infected
hepatocytes and elevates direct bilirubin levels. Both of
these factors contribute to hyperbilirubinaemia and clini-
cal jaundice [12-16]. In this context, the hepatocellular
damage observed in individuals with malaria and hyper-
bilirubinaemia may alter the hepatocytic expression of
hepcidin, which regulates systemic iron homeostasis by
degrading ferroportin, the only known human iron cell
exporter [17]. The degradation of ferroportin leads to
the inhibition of intestinal absorption of dietary iron and
accumulation of iron in macrophages leading to low iron
availability [17].

The immune response underying malaria-related
jaundice, which is defined by high productions of inter-
leukin (IL)-6, 1L-10 and interferon (IFN)-y, may influ-
ence hepcidin levels in hepatocytes and peripheral blood
mononuclear cells [18, 19]. Portugal et al. described that
increased hepcidin levels during a Plasmodium blood-
stage infection inhibited subsequent liver infection in a
rodent model [20]. Further, hepcidin levels are regulated
by inflammation, hypoxia, iron status, and IL-6 produc-
tion [21-27]. Hepcidin levels are increased in children
during acute P. falciparum uncomplicated malaria [23]
as well asymptomatic malaria caused by P2 falciparum
or P vivax [24]; however, children with severe falcipa-
rum malaria demonstrated to have very low levels of this
hormone [25-27]. Recently, hepcidin levels were demon-
strated to be the best predictor of iron absorption in chil-
dren under competing conditions, such as anaemia, iron
deficiency and infection [28]. This suggests a potential
utility for hepcidin in managing iron supplementation
programmes at the time of malaria infection because of
the inhibitory effect of hepcidin on the absorption of oral
iron.

Noteworthy, no previous studies involving hepcidin
in adults with symptomatic vivax malaria and in adults
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with severe malaria have been done so far, Hepcidin has
been found to be low in children with severe malaria
[25-27], but adults with severe malaria have not been
evaluated. In the present study, it was studied the asso-
ciations between hepcidin and the levels of cytokines and
chemokines in the serum of adults with severe and mild
vivax malaria, as well as in subjects with vivax malaria
with isolated hyperbilirubinaemia. The results herein
indicate that individuals with hyperbilirubinaemia alone
exhibit an inflammatory response similar to subjects with
mild infections without hyperbilirubinaemia, Of equal
importance is the finding that subjects with malaria and
hyperbilirubinaemia and subjects with severe malaria
have elevated levels of hepcidin; cut-off values of hepci-
din can differentiate these groups of subjects from those
with mild malaria. Further, hepcidin levels are associated
with immune responses in the different 2 vivax infection

study groups.

Methods

Study design and participants

Individuals with an acute febrile syndrome (age range,
4 months to 76 years; median age 36 years) who sought
care at the reference hospital at the Fundagdo de
Medicina Tropical Dr Heitor Vieira Dourado (FMT-
HVD), Amazonas, Brazil, were recruited between 2009
and 2013, Subjects were tested for malaria by thick blood
smear and those with P vivax infections confirmed by
PCR were invited to participate in this study. All patients
with vivax malaria who developed haemolysis due to pri-
maquine treatment (i.e., patients using primaquine who
experienced haemoglobin <10 g/dL and reticulocyte
count >1.5 % or an indirect increase in bilirubin levels
after using primaquine) were excluded. Patients with
microscopic or molecular diagnosis of malaria caused by
Plasmodiwm falciparm or P. vivax and P. falciparum co-
infection and patients with a serologic diagnosis of viral
hepatitis (A, B, C, or D), HIV, or leptospirosis were also
excluded. Participants were categorized into three groups
based on the severity of infection: mild malaria (n = 72;
without hyperbilirubinaemia), malaria with hyperbiliru-
binaemia (n = 14) and severe malaria (n = 17). Severe
vivax malaria was defined according to the criteria for
severe malaria established by the World Health Organi-
zation (WHQO); malaria with hyperbilirubinaemia was
defined by a serum total bilirubin level >51.3 pmol/L
with no other criteria for severe malaria [6]. Details of
subjects with severe malaria and hyperbilirubinaemia can
be found in Mendonga et al. [3].

Ethics statement
This study was approved by the Ethics Committee of
the FMT-HVD (protocol number: 2009/15243) and all
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outcomes [3, 4.

Hyperbilirubinaemia, which is also known as jaundice,
is often associated with malaria infection. It occurs as a
consequence of the intravascular haemolysis, dissemi-
nated intravascular coagulation and hepatocellular dys-
function [5]. However, recently, jaundice (serum total
bilirubin >3 mg/dL) is no longer considered a single
marker of malaria severity and the presence of hyperbili-
rubinaemia alone is not associated with a worse progno-
sis or a higher fatality rate in malaria [5-8]. Nevertheless,
hyperbilirubinaemia is a common complication associ-
ated with severe malaria syndromes and concomitant
jaundice can indicate more severe illness [9-12].

‘The rupture of red blood cells in the blood stream
during malaria infection is associated with an increase
in indirect bilirubin, but the primary schizogony of the
malarial parasite also leads to the rupture of infected
hepatocytes and elevates direct bilirubin levels. Both of
these factors contribute to hyperbilirubinaemia and clini-
cal jaundice [12-16]. In this context, the hepatocellular
damage observed in individuals with malaria and hyper-
bilirubinaemia may alter the hepatocytic expression of
hepcidin, which regulates systemic iron homeostasis by
degrading ferroportin, the only known human iron cell
exporter [17]. The degradation of ferroportin leads to
the inhibition of intestinal absorption of dietary iron and
accumulation of iron in macrophages leading to low iron
availability [17].

The immune response underdying malaria-related
jaundice, which is defined by high productions of inter-
leukin (IL)-6, 1L-10 and interferon (IFN)-y, may influ-
ence hepcidin levels in hepatocytes and peripheral blood
mononuclear cells [18, 19]. Portugal et al. described that
increased hepcidin levels during a Plasmodium blood-
stage infection inhibited subsequent liver infection in a
rodent model [20]. Further, hepcidin levels are regulated
by inflammation, hypoxia, iron status, and IL-6 produc-
tion [21-27]. Hepcidin levels are increased in children
during acute P. falciparum uncomplicated malaria [23]
as well asymptomatic malaria caused by £ falciparum
or P vivax [24]; however, children with severe falcipa-
rum malaria demonstrated to have very low levels of this
hormone [25-27]. Recently, hepcidin levels were demon-
strated to be the best predictor of iron absorption in chil-
dren under competing conditions, such as anaemia, iron
deficiency and infection [28]. This suggests a potential
utility for hepcidin in managing iron supplementation
programmes at the time of malaria infection because of
the inhibitory effect of hepcidin on the absorption of oral
iron.

Noteworthy, no previous studies involving hepcidin
in adults with symptomatic vivax malaria and in adults
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with severe malaria have been done so far, Hepcidin has
been found to be low in children with severe malaria
[25-27], but adults with severe malaria have not been
evaluated. In the present study, it was studied the asso-
ciations between hepcidin and the levels of cytokines and
chemokines in the serum of adults with severe and mild
vivax malaria, as well as in subjects with vivax malaria
with isolated hyperbilirubinaemia. ‘The results herein
indicate that individuals with hyperbilirubinaemia alone
exhibit an inflammatory response similar to subjects with
mild infections without hyperbilirubinaemia. Of equal
importance is the finding that subjects with malaria and
hyperbilirubinaemia and subjects with severe malaria
have elevated levels of hepcidin; cut-off values of hepci-
din can differentiate these groups of subjects from those
with mild malaria. Further, hepcidin levels are associated
with immune responses in the different 2 vivax infection

study groups.

Methods

Study design and participants

Individuals with an acute febrile syndrome (age range,
4 months to 76 years; median age 36 years) who sought
care at the reference hospital at the Fundagdo de
Medicina Tropical Dr Heitor Vieira Dourado (FM'T-
HVD), Amazonas, Brazil, were recruited between 2009
and 2013, Subjects were tested for malaria by thick blood
smear and those with P2 vivax infections confirmed by
PCR were invited to participate in this study. All patients
with vivax malaria who developed haemolysis due to pri-
maquine treatment (i.e., patients using primaquine who
experienced haemoglobin <10 g/dL and reticulocyte
count >1.5 % or an indirect increase in bilirubin levels
after using primaquine) were excluded. Patients with
microscopic or molecular diagnosis of malaria caused by
Plasmodiwm falciparam or P. vivax and P. falciparum co-
infection and patients with a serologic diagnosis of viral
hepatitis (A, B, C, or D), HIV, or leptospirosis were also
excluded. Participants were categorized into three groups
based on the severity of infection: mild malaria (n = 72;
without hyperbilirubinaemia), malaria with hyperbiliru-
binaemia (n = 14) and severe malaria (n = 17). Severe
vivax malaria was defined according to the criteria for
severe malaria established by the World Health Organi-
zation (WHOQO); malaria with hyperbilirubinaemia was
defined by a serum total bilirubin level >513 pmol/L
with no other criteria for severe malaria [6]. Details of
subjects with severe malaria and hyperbilirubinaemia can
be found in Mendonga et al. [3].

Ethics statement
‘This study was approved by the Ethics Committee of
the FMT-HVD (protocol number: 2009/15243) and all
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subjects provided written informed consent. All clinical
investigations were conducted according to the principles
outlined in the Declaration of Helsinki.

Plasma measurements

Blood was obtained by venipuncture; heparinized plasma
was separated and immediately used or stored at —70 °C.
‘The following clinical markers were measured in fresh
plasma samples at the clinical laboratory facility at the
FMT-HVD (Manaus, Brazil): haemoglobin (HB), haema-
tocrit (HT), platelets (PTL), aspartate aminotransferase
(AST), and alanine aminotransferase (ALT). Levels of
hepcidin in thawed plasma were measured by enzyme-
linked immunoassay (Assay Designs, Ann Arbor, M],
USA). Plasma levels of 1L-1p, 1L-2, 1L-4, 1L-5, 1L-6, 1L-7,
1L-8, 1L-10, 1L-12p70, 1L-13, 1L-17, IFN-v, tumor necrosis
factor (TNF), chemokines CCL2 and CCL4, granulocyte-
colony stimulating factor (GCSF), and granulocyte—
macrophage colony-stimulating factor (GMCSF) were
measured using a multiplex assay according to the manu-
facturer's protocol (Bio-Rad, Hercules, CA, USA).

Genotyping
DNA was extracted from 200 pL of peripheral blood
using a standard QIAGEN DNA blood mini kit (QIA-
GEN, Valencia, CA, USA) according to the manufactur-
er's protocol, The polymorphism at position 744 G > T
(rs11568350; G ancestral allele) in the ferroportin gene
(SLC40A 1) was typed by polymerase chain reaction-
restriction fragment length polymorphism (PCR-RFLP)
analysis with the restriction enzyme Pwull (New England
Biolabs, Ipswich, MA, USA) according to the protocol
previously published by Kasvosve et al. [29]. SLC420A1
PCR products were size-separated by electrophoresis on
3 % agarose gel under non-denaturing conditions, PCR
products were subsequently stained with ethidium bro-
mide and visualized under a UV light,

Network analyses

Networks were generated from Spearman correlation
matrices that contained values of each plasma marker
measured in the samples; values were input into JMP
10.0 software (SAS, Cary, NC, USA). Each marker was
selected as a target and the software performed a search
within the other mediators for those that were correlated
with the target and calculated a correlation matrix using
Spearman rank tests. The features related to the selected
target were linked, and the links shown in the networks
represented statistically significant Spearman rank corre-
lations (P < 0.05). To analyse the structure of the mark-
er's network, the density of each network was calculated
(range, 0-1). In the context of this study, the density was
the ratio of the number of edges inferred in the network
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over the total number of possible edges between all pairs
of nodes [2). The network's figures were customized
using the Ingenuity Systems Pathway Analysis software
(Ingenuity Systems, Redwood City, CA, USA) and Adobe
Ilustrator (Adobe Systems Inc.).

Statistical analyses

Chi square or Fisher exact tests were applied to evalu-
ate the associations between qualitative variables. The
D'Agostino-Pearson omnibus normality test was used to
test for Gaussian distribution of quantitative variables
within the total sample. Variables that were not normally
distributed were analysed with non-parametric tests. The
Kruskal-Wallis test with Dunn's multiple comparison
(when three groups were compared) and the Mann-Whit-
ney test (when two groups were compared) were used to
assess the differences among the clinical groups. Multino-
mial regression analyses adjusted for age and gender were
performed to test associations between the plasma meas-
urements (below or above the median values of the entire
study population) and the different clinical conditions
(mild malaria, hyperbilirubinaemia and severe malaria).
The receiver operating characteristic (ROC) curves and
C-statistics of markers were used to test the ability to dis-
tinguish between the different clinical groups. A hierarchi-
cal cluster analysis using Ward's method was performed to
test whether a combination of different immune-related
biomarkers could cluster the study groups separately,
Hardy-Weinberg equilibium (HWE) was assessed for
the groups by comparing the observed number of differ-
ent SLC40A1 genotypes with those expected under HWE
for the estimated allele frequency. Statistical analyses were
performed using GraphPad Prism 6.0 (GraphPad Software
Inc,, USA), SPSS 19.0 (IBM, Armonk, NY, USA), and ]IMP
11.0 (SAS, Cary, NC, USA). A p value <0.05 was consid-
ered statically significant,

Results

Baseline characteristics and SLC40A471 744 G > T distribution
of the study participants

Most of the study subjects were male: 77.78 % (n = 56) of
the mild malaria group, 7143 % (n = 10) of the malaria
with hyperbilirubinaemia group and 52.94 % (n = 9) of
the severe malaria group (p = 0.0592; Table 1), There were
no significant differences in age among the study groups
(p = 0.1274; Table 1). Parasitaemia levels were similar
among the groups (p = 0.2115; Table 1). Subjects with
severe malaria displayed lower levels of HB and HT than
subjects with hyperbilirubinaemia and subjects with mild
malaria (p < 0.0001 for both comparisons; Table 1). Individ-
uals with hyperbilirubinaemia had the lowest PTL values
(p = 0.0003) and the highest ALT values (p = 0.0039); AST
levels did not differ among the groups (p = 0.0686; Table 1),
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Table 1 Baseline characteristics, laboratory measurements, and distribution of SLC40A1 744 (G > T) polymorphism in the

study participants
Mild malaria Malaria with hyperbilirubinaemia  Severe malaria P-value
(n=72) (n=14) (n=17)
Male, n (56) 56 (77.78) 10{7143) 9(52.M) 0.0592**
Age fyear), median (IOR) 3600 (27.00-4550) 2600 (2025-3625) 37.00 (10.50-44.50) 0.1274%**
Parasitaemia (parasites/u L), median (IQR) 673 (842-9313) 2A51 (24711 855) 291 0-29,184) Q.2115%*
Laboratory measurements, median (IQR)
Haemoglobin (gfdl) 1320(1250-1428) 11.75(1038-11388) 7.10 5.50-1050) <0.0001°%**
Haematocrit §6) 4350 (4065-46.18) 34.10(3020-41.45) 23.10(19.75-31.90) <0.0001°%**
Platelets {per mm3) 108500 (71,250-132,25Q 33000 (18000-51,250) 64000 (33,500-202,000)  0.0003***
ASTQUA) 6750 (5000-9325) 6500 (3600-172.50) 00 2150-11230 0.0685%
ALT (IUA) 3400 (1925-5075) 10450 (3600-262.50) 41.50(13.25-7%.00) 0.0039%**
SLCAGAT 744 (G > T) n{%)
GG 71(9861) 14 {100.00) 16 54.12) 0.4108°**
Gr 1{139) 0(000) 1 5.88)
T 0(000) 0(000) 0§.00)
Gallele 141 {9930) 28(100.00) 33 07.08) 04199
Talkele 1{070) 0 {000) 1(2.94)

ALJ alanine aminotransferase, AST as partate aminotransferase, MR interquartile range

** Categorized variables were compared using the Chi square test

*** Ordinal variables we s compared using the Mann-\Whitney test for twogroups or the Krus kal-Wallis test with Dunn’s multiple compartson for three or more

groups

A very low frequency of the ferroportin-associated
polymorphism (SLC40A1 744 G > T) was identified
in the study subjects (Table 1). No individuals with the
homozygous mutant-type (TT) genotype were identi-
fied; one (1.39 %) heterozygous individual (GT genotype)
was identified in the mild malaria group and one (5.88 %)
was identified in the severe malaria group (p = 0.4108;
Table 1). No differences were observed in allele distribu-
tions among the study groups (p = 0.4199; Table 1), The
frequencies of SLC40A1 744 G > T genotypes met the
conditions for HWE in all categories of vivax malaria
infection.

The use of hepcidin levels to differentiate subjects

with severe malaria and hyperbilirubinaemia from subjects
with mild malaria

Plasma levels of hepcidin were higher in individuals with
severe malaria and hyperbilirubinaemia than subjects
with mild malaria (p = 0.0002 and p = 0.0004, respec-
tively; Fig. 1a). No difference in hepcidin levels was
observed between the hyperbilirubinaemia and severe
malaria groups (p = 09093). The ROC curves analysis
and the C-statistics allowed for the calculation of the
discriminatory power of hepcidin to distinguish subjects
with hyperbilirubinaemia from those with severe malaria
or mild malaria (Fig. 1b). Hepcidin levels >3.148 ng/
ml offered a sensitivity of 8571 %, a specificity of
76.39 % and an area under the curve (AUC) of 79.07 %

to differentiate mild from severe malaria (Fig. 1b). Hep-
cidin levels >2.406 ng/ml offered a sensitivity of 82,35 %,
a specificity of 70.83 % and an AUC of 78.02 % to dif-
ferentiate mild malaria from malaria with hyperbiliru-
binaemia (Fig. 1b). Hepcidin median and cut-off values
were established (Fig. 1b); an age- and gender-adjusted
multinomial logistic regression analysis was conducted
on the basis of these values to confirm the associations
between high hepcidin levels and susceptibility to hyper-
bilirubinaemia and severe malaria (Fig. 1c). Hepcidin lev-
els above the cut-off (3.148 ng/mL; OR 26405, 95 % CI
4789-145.596 ng/mL, p = 0.001) or median (1.810 ng/
mlL; OR 14.771, 95 % CI 2.563-85.120 ng/mL, p = 0.003)
values were associated with hyperbilirubinaemia more
frequently than mild malaria (Fig. 1c). Likewise, hepcidin
levels above the cut-off (2,406 ng/mL; OR 12.861, 95 %
C13.082-53.668 ng/mL, p = 0.001) or median (1.842 ng/
mL; OR 14,332, 95 % CI 2,754-74.582 ng/mlL, p = 0.002)
values were associated with severe malaria more fre-
quently than with mild malaria (Fig. 1c)., Hepcidin con-
centrations of subjects in the smaller groups within the
severe malaria group were not analysed due to the low
number of individuals and the low power.

The expression of immune-related biomarkers in each

of the study groups

A panel of 17 cytokines and chemokines (IL-1p, 11-2,
11-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12p70, 11-13, IL-17,
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IFN-y, TNF, CCL2, CC14, GCSF, GMCSF) and inflamma-
tory ratios (TNF/IL-10, IFN-y/IL-10 and (TNF + IFN-y)/
I1L-10) were used to build a heat map to identify unique
signatures that could highlight differences between the
study groups in a hierarchical cluster analysis (Fig. 2a).
Among the clinical groups evaluated, individuals with
severe malaria exhibited the highest median concentra-
tions of the majority of the immune markers (GCSF, IFN-
v, IL-7, IL-2, IL-12p70, IL-13, IL-17, TNF, IL-4, IL-8, IL-6,
IFN-y/1L-10, TNF/IL-10, CCL2, and (TNF + IFN-y)
I1L-10; Fig. 2a). Subjects with mild malaria exhibited the
highest plasma levels of 11-10 (Fig. 2a).

Multinominal regression analyses adjusted for age and
gender revealed that severe malaria was associated with
higher levels of 1L-2 (p = 0.025) and 1L-13 (p = 0.018)
than malaria with hyperbilirubinaemia (Fig. 2b). Severe
malaria was also associated with higher levels of IL-1p
(p = 0.008), IL-2 (p = 0.001), IL-4 (p = 0.041), IL-
12p70 (p = 0.010), 1L-13 (p = 0.004), IEN-y (p = 0.041),
TNF (p = 0049), IEN-y/1L-10 (p = 0.016), TNF/IL-10
(p = 0.016) and (TNF + IEN-y)/IL-10 (p = 0001) than

mild malaria (Fig. 2b). No differences in markers of
immune expression were observed between the mild
malaria and the hyperbilirubinaemia groups according to
multinomial regression analyses (Fig. 2b).

A network analysis of immune response

Cytokine and chemokine levels were used to build net-
works representing possible interactions between the
candidate biomarkers in each study group. The distri-
butions of plasma concentrations of the cytokines and
chemokines in each of the different clinical groups are
provided (see Additional file 1). The network analysis
revealed five negative correlations between candidate
biomarkers in the study groups; four of these interactions
were between 1L-10 and its inflammatory ratios (1L-10 as
a dividend), A majority of the statistically significant cor-
relations observed were positive (Fig. 3a). However, the
densities of the networks from each clinical group were
different. The mild malaria group exhibited the highest
density of interactions (network density: 0.605), which
may be due to the higher number of individuals in this
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group compared to the other groups. The hyperbilirubi-  0.253. P-values and Spearman rank values for each corre-
naemia group exhibited a network density of 0.28¢4 and lation of immune biomarkers according to study groups
the severe malaria group exhibited the lowest density of are detailed (see Additional file 2).
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Of the 20 immune-related biomarkers and inflam-
matory ratios assessed in the network analyses, five
cytokines (IFN-y, TNF, IL-1B, IL-6, and IL-12p70)
exhibited the most interactions (statistically significant
Spearman correlations) across all groups. 1IFN-y par-
ticipated in 13.82 % of all interactions, TNF in 13.36 %
of all interactions, 1L-1P in 15.21 % of all interactions,
IL-6 in 13,82 % of all interactions, and IL-12p70 in
1244 % of all interactions (Fig. 3b). In order to assess
if the number of network connections involving each
of these cytokines could highlight differences among
the clinical groups, the percentage of edges involving

each molecule as a portion of the overall number of
edges in the network was calculated. IFN-y and TNF
showed the highest relative number of network inter-
actions in the severe malaria group and IL-18 and 1L-6
showed the highest relative number of interactions
in the hyperbilirubinaemia group (Fig. 3b). 1L-12p70
showed the highest number of interactions in the mild
malaria group (Fig. 3c¢). These results suggest that
unique immune signatures involving plasma cytokine
and chemokine levels highlight differences that differ-
entiate mild malaria, malaria with hyperbilirubinae-
mia, and severe malaria.
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Next, the interactions between clinical laboratory
markers, parasitaemia, hepcidin levels, and immune-
related molecules were evaluated (Fig. 4). As expected,
in all study groups, HB levels were positively correlated
with HT and ALT was positively correlated with AST
(Fig. 4). Hepcidin was positively correlated with 1L-6
(r = 0.4339; p = 0.0015), IL-10 (r = 0.5154; p = 0.0002),
and parasitaemia (r = 0.3032; p = 0.0096) and negatively
correlated with IFN-y/IL-10 (r = —0.4369; p = 00017)
and (TNF + IFN-y)/IL-10 (r = —0.3776; p = 0.0075) in
the mild malaria group. Hepcidin was positively corre-
lated with parasitaemia (r = 0.5912; p = 0.0260) in the
hyperbilirubinaemia group and with IFN-y (r = 0.5324;
p = 0.0278) in the severe malaria group. P-values and
Spearman rank values for each correlation between
immune biomarkers, laboratory measures, parasitaemia,
and hepcidin levels are provided (see Additional file 3).
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Discussion

Relationships between plasma markers of immune
response and hepcidin levels during severe vivax malaria
and malaria with hyperbilirubinaemia are largely unex-
plored. The results of the present study indicate that
plasma hepcidin levels are higher in individuals with
severe vivax malaria and individuals with hyperbilirubi-
naemia than in those with mild malarig cut-off values of
hepcidin can discriminate malaria outcomes. However,
individuals with malaria with hyperbilirubinaemia had
plasma cytokine and chemokine levels similar to those of
individuals with mild malaria. Subjects with hyperbiliru-
binaemia exhibited a less robust inflammatory response
than subjects with severe malaria, which reinforces the
exclusion and adaptation of this condition in the most
recent WHO malaria severity criteria [6]. Hepcidin was
positively associated with IL-6, 1L-10, and parasitaemia
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in the mild malaria group and with IFN-y in the severe
malaria group, which suggests a possible role of immuno-
logical regulation in the expression of this hormone.

Jaundice is a clinical outcome often associated with
malaria infection, but the exact pathogenesis of this condi-
tion is not clearly understood [5]. The rupture of red blood
cells, ischemia due to adherence of parasitized eryth-
rocytes to the endothelial walls, and, to a lesser extent,
hepatocellular dysfunction can contribute to hyperbiliru-
binaemia [9]. The present study confirms that individuals
with hyperbilirubinaemia in the context of vivax malaria
have low levels of PTL and high levels of ALT, which sug-
gests that a degree of liver dysfunction associated with this
condition might influence hepcidin expression by hepato-
cytes [12-16]. Hyperbilirubinaemia is not itself a compli-
cation of severe malaria, but it is associated with higher
morbidity and mortality when it occurs concomitantly
with at least one other complication [5, 8, 11]. In this study,
individuals infected by P vivax with hyperbilirubinaemia
had lower levels of IL-2 and IL-13 than individuals with
severe cases of malaria; no differences in immune response
were observed between subjects with hyperbilirubinaemia
and those with mild malaria. Even though the hyperbiliru-
binaemia group demonstrated an overall low immunoin-
flammatory status, the immune response may still have an
important role in the pathogenesis of hyperbilirubi naemia.
In the network analysis, IL-1B and IL-6 were highly asso-
ciated with other inflammatory parameters. In fact, these
markers may regulate the quality of the immune response
and the high hepcidin levels associated with hyperbilirubi-
naemia. Levels of IL-6 have already been associated with
severe malaria outcomes, and jaundice has been demon-
strated to be independently linked to increased levels of
this cytokine [18, 30]. Furthermore, 1L -6 appears to be
correlated with hepcidin levels during malaria infection
[22,25-27].

Traditionally, malaria by P vivax has been considered a
benign infection, but, in recent years, P vivax malaria has
been increasingly associated with severe disease [31-33].
The immune response, with its balance of anti- and pro-
inflammatory mediators, seems to play an essential role
in severe vivax malaria [2]. As expected, in the present
study, individuals with severe vivax malaria exhibited
higher concentrations of immune markers. This group
also demonstrated a significant interaction between
IFN-y and TNFE Elevated levels of TNF and IFN-y are
related to severe forms of infection, such as cerebral
malaria and severe anaemia in P falciparum malaria
[18, 33, 34]. In contrast, subjects with mild malaria dis-
played herein higher levels of 1L-10 than subjects with
severe malaria. These findings confirm previous studies
that indicated a role of this regulatory cytokine in mild
malaria outcomes [33, 35].
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Hepcidin is the major regulator of iron levels, which it
accomplishes by degrading the ferroportin receptor and
inhibiting iron release from intracellular compartments.
Mutations in the ferroportin gene (SLC40A1) have been
linked to high iron stores and haemochromatosis in
humans influencing hepcidin levels [29, 36, 37]. In this
study population, the SLC40A1 SNP (744 G > T) was
rarely detected and it did not influence vivax malaria out-
comes, Several studies have shown that hepcidin levels
are increased in asymptomatic and symptomatic malaria
caused by P. falciparum or P. vivax [21-24, 38]. In this
study, higher plasma levels of hepcidin were observed
in subjects with severe malaria and malaria with hyper-
bilirubinaemia than in subjects with mild malaria. The
increased hepcidin levels in the malaria with hyperbiliru-
binaemia group may be a consequence of liver damage,
hepatocellular dysfunction, and the immune response
associated with hyperbilirubinaemia, Despite the pos-
sibility of liver dysfunction influencing hepcidin levels
[18, 19] in malaria with hyperbilirubinaemia group, it
was not observed a direct correlation between hepcidin
and ALT or AST levels, and other liver biomarkers can-
not be explored due to limitation of the volume of stored
plasma.

Recently, hepcidin was discovered to be the best pre-
dictor of erythrocyte iron incorporation, which suggests
a role for this hormone in the management of iron sup-
plementation programmes [28]. Hepcidin cut-off val-
ues may also be used to distinguish severe malaria from
mild malaria (without hyperbilirubinaemia) outcomes
in endemic settings, as demonstrated in this study. Fur-
ther, hepcidin cut-off values can be an additional tool
(biomarker) in addition to the WHO criteria to distin-
guish severe or hyperbilirubinaemia patients from mild
infection, Interestingly, some studies have reported that
individuals with severe falciparum malaria, defined by
severe anaemia and cerebral malaria, have low hepcidin
levels [25-27]. Such differences in hepcidin concentra-
tions may be explained by several factors. First, these
studies measured hepcidin in children, whose degree
of anaemia, which is defined by HB levels, is lower than
adults in a majority of severe cases; second, cytokine
levels in low-hepcidin severe malaria cases are lower
than in uncomplicated cases, which suggests a lack of
inflammation-driven stimulus for hepcidin production,
In the present study, subjects with severe malaria had a
robust pro-inflammatory response that may stimulate the
expression of hepcidin.

Hepcidin is upregulated in response to several infec-
tious and inflammatory conditions [39]. In a murine
model, the production of hepcidin during a blood-stage
infection can prevent a subsequent liver-stage infec-
tion; this inhibition was preserved in mice treated with
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anti-IL-6 antibodies [20]. Recently, it was shown that
IL.-10 and IL-6 are increased in primary macrophages co-
cultured with P falciparum-infected erythrocytes; 11-10
seemed to induce hepcidin in macrophages, which was
mediated by signal transducer and activator of transcrip-
tion 3-phosphorylation [40]. Also, malaria-infected red
blood cells induced hepcidin mRN A synthesis by periph-
eral blood mononuclear cells, which indicates the impor-
tance of circulatory immune cells on hepcidin production
[19]. Hepcidin was positively correlated with IL-6 and
IL-10 in the mild malaria group in the present study, I1-10
is a regulatory cytokine and the correlation between hep-
cidin and this cytokine can modulate the clinical disease
observed in mild malaria cases. Hepcidin was also asso-
ciated with parasitaemia in subjects with mild malaria
and hyperbilirubinaemia, which agrees with the results
of other studies [21, 23]. The association between para-
site burden and inflammatory response may explain the
relationship between hepcidin and parasitaemia, although
a direct effect of the malaria parasite on hepatic and/or
macrophage hepcidin production cannot be ruled out
[23]. Hepcidin was positively correlated with IFN-y in
subjects with severe malaria in the present study, which
further suggests a role of immune response in hepcidin
regulation. IFN-y is a proinflammatory cytokine involved
in malaria pathogenesis and symptomatology [33], and
the correlation between hepcidin and this cytokine may
influence malaria severity, Interactions between immu-
nological factors and hepcidin may be different according
to malaria outcomes; however, the small sample sizes in
the severe malaria and malaria with hyperbilirubinaemia
groups may have underestimated these associations.

‘This study was limited because of a small number of
subjects in the severe and hyperbilirubinaemia groups,
which may have underestimated the associations between
the markers studied herein, Further, unfortunately, others
iron parameters (i.e. ferritin, transferrin receptor) were
not analysed to better understand the relation of hepci-
din, immune response and iron metabolism.

Conclusion

Hyperbilirubinaemia is a common clinical feature often
associated with complications during malaria infection.
The cytokine and chemokine responses in hyperbiliru-
binaemia are similar to the responses in uncomplicated
malaria cases but less robust than the inflammatory
responses observed in severe vivax malaria. Hepcidin
levels are increased in cases of both severe malaria and
malaria with hyperbilirrubinemia, and hepcidin levels
are positively correlated with IL-6 and 1L-10 in the mild
malaria cases, and with IFN-y in severe malaria subjects.
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These findings highlight the importance of immune
response on hepcidin regulation, Hepcidin levels can be
used to define iron supplementation programmes, but
the findings from the present study suggest that hepcidin
canalso be used as a supplementary diagnostic marker of
malaria infection.
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5.6 MANUSCRITO VI

Unraveling the patterns of host immune responses in Plasmodium vivax

malaria and dengue coinfection.

Este trabalho estuda a resposta imune (citocinas/quimiocinas séricas) e
dados laboratoriais de individuos coinfectados com o virus da dengue e o P.

vivax.

Resumo dos resultados: Um modelo de curva ROC (caracteristicas de
operagdo do receptor) multi-paramétro, incluindo valores de hemoglobina,
hemataocrito, plaquetas e amino-transferases, teve uma alta performance para
discriminar os diferentes grupos do estudo (malaria, dengue e coinfecéo
malaria/dengue). Um algoritmo diagnostico usando as concentragées de
plaquetas, hemoglobina e transaminases distinguiu com sucesso o0s
participantes do estudo. Analise por rede da resposta imune demonstrou que
0 grupo coinfectado teve um perfil imune com papeis importantes para as

citocinas TNF, IL-6 e IFN-y.

Este trabalho foi publicado no periédico internacional Malaria Journal.
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Abstract

Background: Concurrent malaria and dengue infection is frequently diagnosed in endemic countries, but its
immunopathelogy remains largely unknown. In the present study, a large panel of cytokines/chemaokines and clinical
laboratory markers were measured in patients with Plasmodium vivax and dengue co-infection as well as inindividu
als with malaria or dengue monao-infections in order to identify biosignatures of each clinical condition,

Methods: Individuals from the Brazilian Amazoen were recruited between 2009 and 2013 and classified in three
groups: vivax malaria (n = 52), dengue (n = 30) and vivax malaria and dengue co-infection (n = 30). 2 vivax malaria
was diagnosed by thick bloed smear and confirmed by PCR; dengue cases were detected by IgM ELISA or NS1 pro-
tein. The plasma levels of cytckines and chemgkines were determined by multiplex assay.

Results: Individuals with malaria and dengue co-infection displayed lower levels of platelets and haemaoglobin than
those with malaria or dengue menc-infections (p = 00047 and p = 0.0001, respectively). The group of individuals co-
infected exhibited the highest median concentrations of IFN-y, IL-6, CCL4 than the meno-infected groups. Network
analyses of plasma cytokines/chemokines revealed that malaria and dengue co-infection exhibits a distinct immune
profile with critical roles for TNF, IL-6 and IFN-y. Further, parasitaemia levels displayed positive significant interactions
with IL-6, CCL4 and IL-10 in the group of patients co-infected with malaria and dengue. No differences were observed
in distribution of dengue virus serotypes and Aasmodium parasitaemia levels between the groups.

Conclusions: The findings described here identify unique patterns of circulating immunological markers in cases of
malaria and dengue co-infection and provide insights on the immungopathelogy of this co-merbid condition.

Keywords: Immune response Co-infection, Dengue, Plasmodium vivox, Malaria

Background

Malaria and dengue fever are the most frequent arthro-
pod-borne diseases in the world. Every year Plasmodium
infection is responsible for around one million deaths,
mainly in children [1]. It is estimated that two-fifths of
the world population are at risk of dengue fever with
50-100 million cases each year worldwide [2, 3]. Both
malaria and dengue fever exhibit dramatically similar
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geographic distribution (mostly in tropical and sub-tropi-
cal regions) and the detection of patients with concurrent
malaria and dengue infections is not rare [4-19],
Previous studies have reported a frequent presence of
malaria and dengue co-infections in different countries
and implied that this fact creates challenges for reliable
clinical diagnosis due to the overlap of major symptoms
with malaria or dengue mono-infections [4, 6-8, 11,
12, 14, 16]. Recently, observations from a case series of
patients with dual malaria and dengue infections per-
formed at the Brazilian Amazon indicated that co-
infection can potentially result in a more severe disease
presentation [10]. The status of host immune activation
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profile in patients with dengue and malaria co-infection,
which may explain the clinical features of this condition,
has not been systematically investigated.

The immunopathogeneses of dengue and malaria display
common features, which include the production of multiple
cytokines and the balance between pro-inflammatory and
anti-inflammatory responses may regulate the clinical spec-
trum of these infections [20-25]. Importantly, circulating
cytokines as well as other inflammatory mediators may be
used as biomarkers for an early diagnosis or for prediction
of unfavourable clinical deterioration and poor prognosis
or treatment responses [26]. Moreover, understanding the
key factors associated with increased morbidity may lead to
development of host-directed therapy focused on the mod-
ulation of pathological immune responses and better clini-
cal prognosis. The present study performs for the first time
a detailed exploratory description of the systemic immune
profile of individuals presenting with Plasmodium vivax
malaria and dengue co-infection as well as in subjects with
P vivax or dengue mono-infections,

Methods

Study designand participants

Outpatients with an acute febrile syndrome who sought
care in a reference hospital (Fundagdo de Medicina
Tropical Doutor Heitor Vieira Dourado, FMT-HVD)
in Manaus, in the Brazilian Amazon, were recruited
between 2009 and 2013, Malaria individuals were diag-
nosed by blood thick smear and those with P vivax con-
firmed by PCR were recruited. Dengue subjects were
diagnosed by: NS1 and RT PCR (Kit Platelia™ Den-
gue NS1 Ag, Bio-Rad, France) in individuals with fewer
than 6 days of fever, or by the detection of IgM ELISA
as descrided by Kuno et al. [27] in individuals with more
than 7 days of fever. All dengue-positive individuals were
recruited and had the identification of virus serotype by
RT PCR, Co-infected subjects with P wivax malaria and
dengue were also recruited. All patients with microscopic
or molecular diagnosis of malaria caused by Plasmodium
Jalciparum or P. vivax and P falciparum co-infection
(mixed infection), patients with serologic diagnosis of
viral hepatitis (A, B, C, and D), HIV, and leptospirosis
were excluded. Patients with complications of dengue or
malaria according to WHO criteria [28] were excluded
from this study. All malaria cases were treated follow-
ing the guidelines of the National Foundation of Health,
Brazil, with chloroquine for three days and primaquine
(0.5 mg/kg/day) for 7 days. Dengue patients were treated
according to their symptomatology. No individuals were
treated for malaria or/and dengue 30 days before the
blood collection and participation in this study.
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Ethics statement

All clinical investigations were conducted according to
the principles expressed in the Declaration of Helsinki.
Written informed consent was obtained from all par-
ticipants before enrolling into the study. This study was
approved by the Ethics Committee of the FMT-HVD
(protocol numbers: 2009/15243 and 39163/2012).

Plasma measurements

Blood was obtained by venopuncture at the study enrol-
ment and heparinized plasma was separated by centrifu-
gation and stored at —70 "C until use in immunoassays.
Circulating levels of several cytokines and chemokines,
including 1L-1B, 1L-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10,
11-12p70, IL-13, IL-17, IFN-y, TNF, CCL2, CCL4, GCSF,
GMCSF, were measured using a single multiplex assay
according to the manufacturer’s protocol (BIO-RAD,
Hercules, CA, USA). The clinical laboratory markers
haemoglobin (HB), haematocrit (HT), platelets (PTL),
aspartate amino-transferase (AST) and alanine amino-
transferase (ALT) were measured in fresh plasma/serum
samples at the Clinical Laboratory facility from the FMT-
HVD (Manaus, Brazil).

Network analysis

The inferential networks were generated from Spear-
man correlation matrices containing values of each
biomarker measured in the plasma samples. The val-
ues were input in JMP 10.0 software (SAS, Cary, NC,
USA). Each mediator is selected as a target, and the
software performs a search within the other media-
tors for those that are correlated, with the target cal-
culating a correlation matrix using Spearman rank
tests, As a result, the features related to the selected
target are linked. The links shown in the networks rep-
resent statistically significant Spearman rank correla-
tions (P < 0.05). In order to analyse the structure of the
biomarker networks, the network density was calcu-
lated, which is, in the context of this study, the ratio
of the number of edges inferred in the network over
the total number of possible edges between all pairs of
nodes [24], The density measure is defined as follows:
density = L/(N (N — 1)/2), in which L is the number
of observed edges (ie., Spearman correlations with
P < 0.05) and N is the total number of the nodes in the
network. The density is normalized, ranging between 0
(no edges in the network) and 1 (all possible edges pre-
sent). The networks figures were customized using the
Ingenuity Systems Pathway Analysis software (Ingenu-
ity Systems, Redwood City, CA, USA) and Adobe Illus-
trator (Adobe Systems Inc.).
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Data analysis

In the exploratory analysis of the data, frequency tables
were constructed and the Chi square test was applied to
evaluate the association between categorical variables.
‘The continuous variables were tested for Gaussian dis-
tribution within the total sample using D’Agostino and
Pearson omnibus normality test, All variables were not
under normal distribution, and non-parametric tests
were used instead. In this context, Kruskal-Wallis with
Dunn’s multiple comparison (when three groups were
compared) or Mann-Whitney tests (when two groups
were compared) were used to assess the differences
between the clinical groups. Multinomial regression
analyses adjusted for age and gender were performed to
test associations between the laboratory measures (below
or above the median values of the entire study popu-
lation) and the different clinical conditions evaluated
(malaria, dengue or co-infection). A hierarchical cluster
analysis using the Ward's method was performed to test
if a combination of different immune-related biomarkers
could cluster the study groups separately. The statistical
analyses were performed using the programs GraphPad
Prism 6.0 (GraphPad Software Inc, USA), SPSS 19.0
(IBM, Armonk, NY, USA) and JMP 11,0 (SAS, Cary, NC,
USA). A p value lower than 0.05 was considered statisti-
cally significant.

Results

Characteristics of the study participants

After clinical and microbiological assessments, indi-
viduals were grouped as vivax malaria (n = 52), dengue
(n = 30) and co-infected vivax malaria/dengue (n = 30).
Most participants from the malaria group were male
(80.77 %, n = 42) while the groups of co-infected and
dengue patients exhibited a predominance of females
(70.00 %, n = 9 for both; p < 0.0001). There were no
differences with regard to apge between the groups
(p = 0.0724; Table 1) and also no statistically significant
discrepancy in parasitaemia levels between the groups of
individuals infected with P vivax (p = 0.4912; Table 1).
Moreover, the majority of individuals infected with den-
gue had DENV?2 serotype with no differences in distribu-
tion of virus serotypes in the groups of individuals with
dengue or dengue and malaria co-infection (Table 1).

Differential expression of clinical laboratory parameters
reveals unique patterns of associations with infection
status

Univariate analyses revealed that individuals co-infected
with malaria and dengue exhibited lower levels of HB and
PTL than those with malaria or dengue mono-infections
(p = 0.0047 and p = 00001, respectively; Table 1). On
the other hand, plasma AST levels were elevated whereas
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ALT concentrations were decreased in individuals with
malaria mono-infection compared to those with dengue
or co-infection (p = 0.0186 and p < 0.0001, respectively;
Table 1). Multinominal regression analyses adjusted
for age and gender uncovered that higher levels of HB
(adjusted OR: 23.344 95 % CI 2.534-215.023, p = 0.005)
and PTL (adjusted OR: 8.065 95 % CI: 1.527-42612,
p = 0.014) were associated with dengue when compared
to malaria (Fig. 1). Furthermore, higher levels of HB
(adjusted OR: 6,264 95 % CI 1.535-25.553, p = 0.011)
and PTL (adjusted OR: 21.471 95 % CI 3.077-149.827,
p = 0.002) were associated with dengue mono-infection
compared with dengue and malaria co-infection (Fig. 1).
Higher levels of AST (unadjusted OR: 3.030 95 % CI
1.160-7.914, p = 0.024) and low levels of ALT (adjusted
OR: 0.219 95 % C1 0.069-0.695, p = 0.010) were associ-
ated with malaria mono-infection compared with the
malaria/dengue co-infection condition (Fig. 1).

Networking the immune response

A panel of 17 cytokines and chemokines was used to
build networks demonstrating the interactions between
the candidate biomarkers in each group (Fig. 2a). The
distributions of plasma concentrations of each cytokine
or chemokine amongst the different clinical groups are
provided (see Additional file 1). The network analysis
revealed an absence of negative correlations between
the candidate biomarkers in each one of the clinical
groups and only statistically significant positive correla-
tions were detected (Fig. 2a). Strikingly, the densities of
the networks from each clinical group were dramatically
different (Fig. 2a). The group of malaria mono-infection
exhibited highest density of interactions (network den-
sity: 0.661) followed by the groups of co-infected patients
(network density: 0.4338) and dengue mono-infection
(network density: 0.147) (Fig, 2a). P values and Spearman
rank values for each correlation between the immune
biomarkers according to study groups are detailed (see
Additional file 2). Moreover, the simultaneous assess-
ment of several immune-related markers revealed rela-
tive differences in plasma concentrations that resulted
in unique biosignatures, which could highlight differ-
ences between the study groups in an hierarchical cluster
analysis (Fig. 2b). Amongst the clinical groups evaluated,
the group of individuals with malaria and dengue co-
infection exhibited the highest median concentrations of
IFN-y, IL-6, CCL4 (Fig. 2b). The group of malaria mono-
infected patients exhibited a biosignature composed by
higher levels of 1L-10 and CCL2 whereas the group of
dengue mono-infected individuals displayed a signature
with high expression of 1L-4, 1L-7 and 11-12 in plasma
(Fig. 2b). Furthermore, TNF was found elevated in both
groups of malaria mono-infection and co-infection with
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Table 1 Demographic characteristics and laboratory measures of the participants
Malaria Co-infection Mal/ Dengue P value
Deng
(n = 52) (n=30) (n= 30) All groups Malaria vs. Dengue vs.
co-infection co-infection
Male-no. §6) 42 (80.77) 09 30.00) 09 (30.00) <0.0001* <0.00017 1000°
Mgd;iar]\ (COR) age 3600 (2625-4375) 31.11 (2080-4474) 42 50 (30.00-52.25) 007" M7 00574°
a

Maedian (OR) of 3,022 (9852-9,313) 4,262 (1595-12,199) - - 04912° -

parasitaemia

{parasites/ul)
Dengue sentypes-no. (%)

DENV1 3{(10.00) 1333 - - 02247

DENV2 18 H0.00) 21 {7000)

DENV3 1(333) 4(1333)

DENvV4 8{%67) 4{1333)
Median of laboratory measures (QR)

H?en(;o)globin 13.20{1250-1420) 1295 (1190-1445) 15.00 (13.40-15.95) 0.0047% 04819% 00038

g/dl
Haematocrit §6) 43.35 (4043-4598) 4205 (3780-4598) 43.90 {0.65-46.20) 0.5808" 0.3732% 03817°
Platelets by mm’) 102000 (65000~ 87500 (59000-114,2500 186,500 (124000~ ooom® 0.1079" <00001°
131,500) 239750)

ASTQUA) 6750 (5000-9100) 4700 (3150-7250) A7.00 ZBOD-147.004 00186° 0.0048° 09315°

ALT {IUA) 33.00{2000-4975) 6900 (4600-9550) 67.00 (29.50-119.00 <0.0001° <0.0001" 09043°
JQR interqua ntile range.

* Categorized variables were compared using Chi square test or Fisher exact test.

" Continuous variables were compared using Mann-Whitney for two groups or Kruska --Wallis test with Dunn’s multiple comparison test for three groups o more.

dengue vs. malaria

dengue vs. coinfection

malaria vs. coinfection
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Fig. 1 Discrimation of malaria, dengue and co-infection groups by laboratory measures. Differentiation between dengue vs malaria, dengue vs
co-infection and malaria vs co-infection groups were done by laboratory measures—HB haemoglobin, HT haematocrit, PTL platelets AST aspartate
aminotransferase, ALT alanine aminotransferase—through multinominal regression analysis with cakulation of odds ratios {OR) and 95 % confi-
dence intenals (K1), represented by the icons and bars, respectively @). Red icons represent OR adjusted for age and gender and blue icons wese
unadjusted (unhariate) (a).
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dengue whereas IL-13 was detected in higher amounts
in the groups of dengue mono-infection and co-infection
(Fig. 2b). While investigating the relationships between
changes in clinical laboratory markers and the inflam-
matory environment assessed by network densities, it
was observed that HB, PTL and ALT displayed a general
trend to decrease in concentration values according to
the increase of network’s complexities (Fig. 2c). Never-
theless, AST levels tended to increase following the den-
sity of correlations between the markers in the groups
(Fig. 2¢). No significant difference was observed in varia-
tions of HT levels and its associations with network den-
sities (Fig. 2c).

Amongst the 17 immune-related biomarkers assessed
in the network analyses, five cytokines exhibited the
highest number of interactions (statistically significant
Spearman correlations) when all the study groups were
considered together: IFN-y (participated in 7.40 % of
all interactions), IL-6 (8.88 % of all interactions), IL.-13
(7.10 % of all interactions), TNF (650 % of all interac-
tions) and IL-12p70 (6.50 % of all interactions) (Fig. 2d).
In order to assess if the number of network connections
involving each one of these five cytokines could highlight
differences between the clinical groups, the percentage of
edges involving with each molecule related to the overall
number of edges in the network was calculated. Interest-
ingly, IFN-y, IL-6 and I1.-13 displayed the highest relative
number of network interactions in the group of dengue
mono-infected patients, whereas 1L-12p70 exhibited the
highest relative number of interactions in the malaria
mono-infection group (Fig. 2d). TNF exhibited the high-
est number of interactions in the group of patients with
malaria and dengue co-infection (Fig. 2d). These results
argue that unique immune signatures involving plasma
cytokine levels are able to highlight differences that dis-
tinguish malaria, dengue or dual malaria and dengue
infection,

The next step was to uncover the interactions between
clinical laboratory markers and the immune-related mol-
ecules. In all the study groups, HB exhibited positive
associations with HT whereas ALT exhibited positive
correlations with AST (Fig. 3a). It was found that HB and
HT displayed several negative significant interactions
mainly with IL-4, IL-5, 11-12p70, and IL-17, whereas ALT
interacted negatively with IL-4 and IL-7 in the malaria
group (Fig. 3a). In the group of patients with malaria and
dengue co-infection, HB and HT displayed negative asso-
ciations with IL-7, whereas AST exhibited positive inter-
actions with CCL2, IL-13 and IL-8 (Fig. 3a). Noteworthy,
it was observed that only in the dengue mono-infection
group did PTL display interactions with immune mark-
ers (positive interactions with GMCSF, GCSF and 1L-8),
suggesting a major role for this molecule in this group
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(Fig. 3a). Furthermore, AST and ALT displayed nega-
tive associations with TNF in the network of the dengue
mono-infection group (Fig. 3a). In the P vivax-infected
groups, the associations between parasitaemia and
the immune markers were also studied (Fig. 3b). It was
observed that P vivax parasitaemia displayed positive
significant interactions with 1L-6, CCL4 and 1L-10 in the
group of patients co-infected with malaria and dengue,
while this parameter exhibited several positive correla-
tions with many immune markers (GCSF, CCL2, CCL4,
TNF, 1L-12p70, IL-10, IL-6, and 11-4) in the group of
malaria mono-infected subjects, suggesting a major role
for parasitaemia in the immune profile in this clinical
condition (Fig. 3b). P values and Spearman rank values
for each correlation between the immune biomarkers
and laboratory measures or parasitaemia are provided
(see Additional file 3).

Discussion

Malaria or dengue immunology has been studied exten-
sively in a diverse range of scenarios, however, the pro-
file of the immune responses in individuals co-infected
with Plasmodium and dengue virus has not been system-
atically explored. In the present study, a large panel of
cytokines and chemokines as well as several clinical lab-
oratory markers used to assess degree of disease sever-
ity and inflammation-driven tissue damage have been
investigated in plasma samples of patients with malaria,
dengue or co-infection in order to identify immune sig-
natures associated with each infection status. Network
analyses revealed that cases of malaria and dengue co-
infection exhibit a unique immune profile with a special
role for TNFE, 1L-6, IFN-vy, and IL-7. In addition, the anal-
ysis herein further revealed a signature profile in which
P. vivax parasitaemia levels display positive significant
interactions with IL-6, CCL4 and IL-10 in patients with
this co-infection, which was not observed in malaria
mono-infected individuals,

Some studies have studied laboratory measurements
in subjects with dual malaria and dengue infections [4,
6, 11]. HB and PTL are usually shown to be decreased in
individuals co-infected with malaria and dengue and AST
has been shown to be higher in individuals with malaria
compared with co-infected cases [4, 6, 11], These findings
are similar to the results described in the present study.
When dengue was compared to malaria mono-infection
or co-infected cases, the former had higher values of
HB and PTL. Malaria infection is frequently associated
with anaemia as its causative parasite has a blood stage
and causes intense intravascular haemolysis. One major
complication associated with both dengue and malaria
disease is thrombocytopaenia and the findings from the
present study indicate that . wivax infection may cause
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more severe thrombocytopaenia (with lowest values
in co-infected cases) compared to dengue fever mono-
infection [29-31]. Other studies have also reported
that platelet counts were lower in malaria patients than
dengue patients [15, 32]. On the other hand, laboratory
markers assessed in the current study showed similar
values between malaria mono-infection and cases of
malaria and dengue co-infection, with a major difference
in ALT levels (and in less extension to AST), which were
more elevated in the patients with co-infection, and no
significant difference was observed in parasitaemia lev-
els. The relationship of AST and ALT and parasitacmia
with clinical manifestations of mono- or co-infection
of malaria and dengue is not well established. A previ-
ous study showed higher levels of AST and ALT and
parasitaemia in malaria mono-infection compared to
malaria and dengue co-infection [11]. Nevertheless,
another report showed no differences in concentrations
of AST and ALT as well as levels of parasitaemia between

malaria mono-infected patients and those with malaria
and dengue co-infection [6]. Differences in patient popu-
lations and parasite strains could explain these discrep-
ancies. Parasitaemia levels may have an important role in
predicting hepatic damage and need to be considered in
malaria-infected subjects [25].

Heightened levels of TNF and IFN-y have been sys-
tematically associated with increased clinical disease
severity in malaria or dengue fever in many case series
(20, 21, 24, 25, 33-35]. An important role for TNF and
IFN-vy in the onset of malaria symptomatology as well as
in pathological processes associated with platelet con-
sumption, endothelial cell activation and haemorrhagic
manifestations during dengue fever have been described
previously [33, 36]. In the present study, increased TNF
levels observed in the group of patients with malaria
and dengue co-infection compared to malaria or den-
gue mono-infections, together with the significantly
higher number of interactions in the cytokine/chemokine
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networks, argue that this cytokine may play a critical role
in the pathogenesis of malaria and dengue fever comor-
bid condition. Noteworthy, TNF polymorphisms are
common and may play a role in TNF levels in the context
of malaria [37]. Moreover, amongst the clinical groups
assessed herein, cases of malaria and dengue co-infection
also exhibited the highest values of IFN-y and 1L-6. IL-6
has been implicated in the pathogenesis of severe cases of
dengue as this cytokine enhances the production of anti-
platelet or anti-endothelial cell auto-antibodies, as well
as the induction of tissue plasminogen activator, leading
to increased risk for bleeding [38, 39]. These findings on
immune markers support the idea that co-infected cases
may present with a more severe inflammation milieu and
disease status compared to malaria or dengue mono-
infections. Recently, it has been described that individu-
als with concurrent dengue fever and malaria from the
Brazilian Amazon and French Guiana exhibited more
severe disease clinical presentation than mono-infections
[6,9,10].

In the present study, plasma levels of IL-4, IL-7, 1L-
12p70, and IL-13 were more elevated in subjects purely
with dengue fever than in those with malaria mono-
infection or malaria and dengue co-infection. Note-
worthy, 1L-12p70 has been previously associated with
severity and protection during malaria [40-43], also
polymorphism in this gene can influence this cytokine
production during malaria [44]. IL-12p70 had the high-
est number of interacions in the malaria group and seems
to influence the inflammatory milieu in this group. In
addition, 1L-13 had the highest relative number of inter-
actions in the cytokine/chemokine network of the group
of dengue mono-infection. 1L-4 and 1L-13 plasma levels
were also previously found to be higher in dengue fever
compared to malaria cases [23]. The increase in plasma
expression of Th2 cytokines (i.e, IL-4, IL-13) may be
associated with augmentation of vascular permeability
and vascular leakage as seen in dengue haemorrhagic
fever [45, 46). Regarding malaria mono-infection, 1L-10
and CCL2 were the immune markers with more relevant
elevations in plasma. Maneekan et al. have described that
1L-10 was statistically higher in malaria patients than
in those with dengue fever [23]. Furthermore, 1IFN-y/
IL-10 ratio has been reported to increase proportionally
to malaria clinical severity [25], and it is possible that
cases of malaria and dengue co-infection presenting with
lower levels of IL-10 and higher levels of IFN-y may be
reflected in an increased disease severity. Further studies,
including a broader clinical spectrum of the infections
explored here, are necessary to address this question. In
a study about the immune profile of dengue fever and
parvovirosis, high levels of CCL2 tended to be associ-
ated with parvovirus B19 infection as the same way as
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observed herein with malaria infection [47]. Therefore,
different infectious agents disease may stimulate specific
features of the host immune responses, which may result
in unique immune signatures.

Although the group of individuals co-infected with
malaria and dengue displayed an intermediate density
of the immune network compared to the other clinical
groups, this group displayed the lowest values of HB and
PTL, thus indicating that the relationships between the
inflammatory markers may not be influenced directly by
the levels of these clinical laboratory markers. However, a
potential role for HB and HT in regulation of the inflam-
matory environment in malaria and dengue comorbidity
could not be entirely discarded, and the network find-
ings indicate that these parameters were negatively cor-
related with IL-7 in this group. It has been reported that
1L-7 plays an important role in CD4+ T cell immune
responses against the dengue virus and this cytokine
is also useful for maintaining the growth and antigen-
specific cytotoxic activity of CD4+ human cytotoxic T
lymphocyte clones [48]. In addition, AST seemed to be
highly influenced by immune molecules in the malaria
and dengue co-infected patients as this enzyme was posi-
tively correlated with CCL2, 1L-13 and 1L-8.

In the context of laboratory and immune markers
correlations, the group of individuals presenting with
malaria mono-infection displayed significant nega-
tive correlations between ALT and IL-4 and IL-7, Liver
enzymes are highly inducible by the activation of immune
responses and ALT was also correlated with TNF and
superoxide dismutase-1 (SOD-1) levels in another case
series of vivax malaria [49]. Furthermore, HB and HT
had several negative interactions with inflammatory
mediators (IL-17, 1L-12, 1L-5, IL-4) in the malaria group.
These interactions may be explained as HB and HT levels
as well as the immune response are directly influenced by
intravascular haemolysis of red blood cell rupture upon
Plasmodium sp. replication. Noteworthy, PTL positively
interacted with immune markers (GCSF, GMCSF and
11-8) only in the group of patients with dengue mono-
infection. It has been reported that exposure of mono-
cytes from healthy volunteers to platelets from patients
with dengue induced the secretion of 1L-8 [50]. Throm-
bocytopaenia is often described in dengue fever (about of
23,6 % of cases) and it may play a role along with immune
mediators in dengue immunopathology [51].

Parasitaemia was not different between the groups of
individuals with malaria mono-infection and malaria
and dengue co-infection, similardy to previous stud-
ies [6]. However, the network analysis uncovered that
parasitaemia displayed more statistically significant
interactions with cytokines/chemokines in the malaria
mono-infection than in the group of co-infected patients,
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The immune response of individuals with concurrent
dengue and malaria infections is also influenced by den-
gue viruses and this may explain the lower number of
interactions of parasitaemia in this group. Moreover,
one limitation of the present report was that some co-
infected individuals could have had undiagnosed asymp-
tomatic malaria, which can sometimes be diagnosed only
with molecular methods. It is well described that asymp-
tomatic malaria individuals control parasitaemia to very
low levels (sometimes only detectable by molecular tech-
niques) and this clinical immunity results in a reduced
intensity of the inflammatory response when compared
to symptomatic malaria cases [24, 25].

Conclusion

Altogether, the findings of the present study indicate that
concurrent malaria and dengue infections may cause
a more severe disease compared to mono-infections
as observed by laboratory and immune markers pro-
files, Overall, malaria and dengue co-infection displayed
lower levels of platelets and haemoglobin and a specific
immune signature with a special role for TNF compared
to dengue or malaria. This detailed description of the
immune response profile in subjects with malaria and
dengue fever co-infection and the results depicted herein
shed light into the immunopathology of this comorbid
condition, Further prospective studies with larger sam-
ples and experimental models would be necessary to
investigate the key mechanisms resulting in the biosigna-
tures identified here in patients with malaria and dengue
co-infection.
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5.7 MANUSCRITO VII

Immunoregulation in human malaria: the challenge of understanding

asymptomatic malaria.

Esta revisdo descreve o estado da arte dos fatores imunoreguladores

humanos relacionados a malaria assintomatica.

Resumo dos resultados: Ambas respostas imunes, inata e adaptativa,
parecem ter papel proeminente na malaria assintomatica. As atividades das
células Treg (com producdo de IL-10 e TGF-B) e células B (com ampla
resposta de anticorpos) sdo importantes nesta condigdo. Além disso,
moléculas envolvidas na via de detoxificagdo do heme livre (como a Hp e
HO-1) e no metabolismo do ferro (ferritina e ativagdo da JNK) tem emergido,
recentemente, como biomarcadores confiaveis, e estdo ajudando a

desvender a imunopatogénese da malaria assintomatica.

Este trabalho foi publicado no periédico Memarias do Instituto Oswaldo Cruz.
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Immunoregulation in human malaria:
the challenge of understanding asymptomatic infection

Vitor R de Mendonca', Manoel Barral-Netto'?/*
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Asymptomatic Plasmodium infection carriers represent a major threat to malaria control worldwide as they are
silent natural reservoirs and do not seek medical care. There are no standard criteria for asymptomatic Plasmo-
dium infection; therefore, its diagnosis relies on the presence of the parasite during a specific period of symptomless
infection, The antiparasitic immune response can result in reduced Plasmodium sp. load with control of disease
manifestations, which leads to asymptomatic infection. Both the innate and adaptive immune responses seem to play
major roles in asymptomatic Plasmodium infection; T regulatory cell activity (through the production of interleu-
kin-10 and transforming growth factor-f) and B-cells (with a broad antibody response) both play prominent roles.
Furthermore, molecules involved in the haem detoxification pathway (Such as haptoglobin and haeme oxygenase-1)
and iron metabolism (ferritin and activated c-Jun N-terminal kinase) have emerged in recent years as potential bio-
markers and thus are helping to unravel the immune response underlying asymptomatic Plasmodium infection. The
acquisition of large data sets and the use of robust statistical tools, including network analysis, associated with well-
designed malaria studies will likely help elucidate the immune mechanisms responsible for asymptomatic infection.

Key words: asymptomatic infection - immune response - biomarkers - networks

It is estimated that two-threebillion people are at risk
of contracting malaria, and nearly one million people die
from this disease each year (WHO 2014). The spectrum
of malarial disease can range from severe complications
to a mild symptomatic infection to an asymptomatic car-
rier infection. Such distinct manifestations result from
a combination of factors, including parasite virulence,
host susceptibility, host immune response, disease toler-
ance mechanisms, and environmental factors (Andrade
& Barral-Netto 2011, Medzhitov et al, 2012),

Although there is no standard definition of asymp-
tomatic plasmodial infection (API), individuals with
API harbour the parasite as evidenced by positive para-
sitaemia. However, these individuals do not develop any
symptoms during a defined period of time (Andrade &
Barral-Netto 2011, Lindblade et al, 2013). API is an sig-
nificant obstacle to malaria eradication efforts and rep-
resents a serious healthcare problem for the following
reasons: (1) serve as parasite reservoirs, which allow ma-
larial disease to be maintained within a population over
time as they can still transmit Plasmodium sp. to unin-
fected persons (Gouagna et al. 2004, Alves et al, 2005,
Schneider et al. 2007, White 2008), (ii) asymptomatic
carriers represent a serious risk to blood bank safety as
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API carriers can transmit malaria through blood trans-
fusions (Najem & Sulzer 2003, Fugikaha et al. 2007,
Scuracchio et al. 2011, Anthony et al. 2013, Brouwer
et al. 2013), and (iii) human immunodeficiency virus
(HIV )-infected individuals with API sometimes exhibit
increased viral load, which may enhance HI'V transmis-
sion and accelerate disease progression and severity in
endemic countries (Verhoeff et al. 1999, Whitworth et
al. 2000, French et al. 2001, Kublin et al. 2005).

API can be attributed to several factors, including
differences among Plasmodium sp. and host protective
mechanisms. APl is frequently associated with older
people living in endemic areas as they are likely to have
greater exposure to malaria and its vector in endemic set-
tings over time, thus acquiring a partial immunity (An-
drade et al, 2009, Ladeia-Andrade et al, 2009, Mendonga
et al. 2013). In the same context, individuals who have
had several previous episodes of symptomatic malaria
are more likely to become asymptomatic carriers upon
Plasmodium sp. infection (Andrade et al. 2009, Barbosa
ctal. 2014). Therefore, the immune response underlying
asymptomatic infection still needs to be elucidated.

Individuals from endemic regions can acquire partial
immunity to malarial parasites, and antidisease immuni-
ty may prevent the development of clinical symptoms of
disease despite the presence or the number of parasites.
Antiparasitic immunity (after a certain age) against Plas-
maodium sp. suppresses parasite load (Day & Marsh 1991,
Trape et al. 1994, Daubersies ct al. 1996). The immune
response in API is often described as discase resistance,
which is associated with a reduction in pathogen burden;
therefore, this protective mechanism reduces tissue dam-
age and immunopathology related to malarial infection
(Medzhitov et al. 2012). In contrast, some individuals
can control disease manifestation despite not being able
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to reduce levels of parasitaemia; this phenomenon is de-
scribed as disease tolerance (Medzhitov et al. 2012).

Immunity to malaria does not necessarily prevent
mfection; however, it does limit parasite density and
symptoms (Tran et al. 2013). API individuals can remain
infected for long periods even though asymptomatic
subjects can develop symptomatic disease if they have
a dysregulated immune response (Barbosa et al. 2014).
Several studies have reported very low parasitacmia
in individuals with API (Perkins et al. 2005, Minigo et
al. 2009, Andrade et al. 2010b, Villasis et al. 2012), and
many of them exhibited subpatent infections (i.e., infec-
tions undetected by microscopy) (Barbosa et al. 2014).
Asymptomatic carriers who are not diagnosed with con-
ventional malaria are a major challenge for malaria erad-
ication in low-endemicity settings (Bousema et al. 2014).
Taken together, these data illustrate the interaction be-
tween malarial immunity, parasitacmia, exposure, and
malaria outcomes in endemic areas (Fig. 1).

The immune system seems to play a major role in
malaria outcomes, and our object hereinis to uncover the
partial protective immune response to infection in APl
to unravel the mechanisms of disease resistance, Here,
we review both innate and adaptive immune responses
to Plasmodium infection as well as new approaches to
understand AP immunity,

Although not the main focus of this review, it is im-
portant to highlight that pathogen-related infections can
modulate the immune response of individuals with ma-
laria. In this context, asymptomatic infections have been
reported to be composed of multiple genetically distinct
Plasmodium sp. clones; multiclonal infections may be a
marker of immunity and confer protection against ma-
laria by inducing a broader immune response and toler-
ance to infection (Ntoumi et al, 1995, Felger et al, 1999,
Smith et al. 1999, Rono et al. 2013). Regarding others
pathogens, hepatitis B co-infection has been associated
with Plasmodium vivax asymptomatic infection and may
also boost the protective immune response (Andrade ct
al, 2011). Additionally, individuals co-infected with P,
vivax and hepatitis B virus (HBV) have an increased
HBYV viracmia yet a decrcased malaria parasitacmia
(Andrade et al, 2011), These patients also have lower lev-
els of pro-inflammatory tumour necrosis factor (TNF)
and a lower interferon (1FN)-y/interleukin (IL)-10 ratio
with higher levels of regulatory 11.-10 (Andrade et al.
2011). Pre-existent filarial infection also seems to atten-
uate immune responses associated with severe Plasmo-
dium falciparum malaria and protects against anaemia
(Doloet al. 2012). Co-infections with Ascaris lumbricoi-
des or Schistosoma hematobium exhibit a trend towards
a protective effect, whereas infections with hook worm
or Schistosoma mansoni lead to aggravation of pathol-
ogy and a higher incidence of malaria (Adegnika &
Kremsner 2012, Lemaitre et al. 2014).

Haemoglobinopathies, including haemoglobin S
(HbS), haemoglobin C (HbC), and a-thalassaemia, have
been associated with protection from malaria (Mendonga
ctal. 2012a). APIchildren with HbS and persistently posi-
tive smears exhibit a reduced median time for conversion
to smear-negative responses (spontaneous clearance) than
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Fig 1 understanding the natural evolution of malaria outcomes by
parasitacmia, immunity, and period of exposure in endemic arcas. [n
endemic settings, the natural evolution of malariais initisted when un-
infected individuals become infected for the firsttime, usually children
who then develop a severe form of the illness It is known that subjects
with severe malania have high parasitaemias and overall low protective
immunity against malaria, In subsegquent malanial infections, individ-
uals initiake a more robust immune response against the parasites and
exhibit lower levels of parasitacmia and milder forms of this disease.
After many years of exposure to malaria and its vector, okder people
become resistant to malaria by exhibiting higher levels of antiparasitic
immunity. Ad apted from Andrade and Barral-Netto (2011).

do children without the haemoglobinopathy (Billo et al,
2012). Mechanisms by which hacmoglobinopathies may
attenuate the pathogenesis of malaria caused by £ falci-
parum nclude modulation of the inflammatory response
and enhancement of cell-mediated and humoural immune
responses through pathways that may include haeme oxy-
genase-1 (HO-1), reduced levels of cerebral chemokines,
increased levels of nitric oxide, and higher IgG seroreac-
tivity to P. falciparum antigens (Taylor et al. 2013). Other
host erythrocyte polymorphisms also seem to influence
the susceptibility to malaria. It has been demonstrated
that a+-thalassaemia (Oppenheimer et al, 1984, Enevold
et al. 2007), southeast Asian ovalocytosis (Cattani et al.
1987, Foo et al. 1992), glucose-6-phosphate dehydroge-
nase (Mombo et al. 2003), and blood group O polymor-
phisms (Facer & Brown 1979, Martin et al. 1979, Shimizu
ct al. 2005) are associated with protection from malaria by
reducing parasitic densities,

Innate immunity

It has been reported that neutrophil antibody-de-
pendent respiratory burst (ADRB) activity is correlated
with acquired disease resistance to malaria in endem-
ic regions (Joos et al, 2010) In this study, individuals
with high ADRB indexes were 17-fold less susceptible
to malaria attacks than those without high ADRB ac-
tivity, and this ADRB activity was dependent on intact
merozoites and IgG opsonins but not on parasitized
erythrocytes or complement (Joos et al. 2010). Interest-
ingly, the production of reactive oxygen species (ROS)
by neutrophilic ADRB in response to P. falciparum an-
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tigen-specific IgGs was extracellular and indicated a key
role for CD32/FcyR11; however, the production of ROS
in response to whole merozoites was almost completely
within the cell, suggesting that the underlying mecha-
nism was phagocytosis (Kapelski et al. 2014). The innate
response to infected red blood cells (RBC) is also related
to the functional activity of monocytes (MO) through
their phagocytic activity, parasite killing through anti-
body-dependent cellular inhibition (ADCI), and supply-
ing of peripheral tissues with macrophage and dendritic
cells (DCs) (Chimma et al. 2009). Further, individuals
with the CDI4"CCR2 CX3CRI1' MO subset and the
highest mean levels of ADCI activity had lower blood
parasitacmia levels, suggesting an antiparasitic activity
associated with protection against malaria (Chimma et
al. 2009). The induction and maintenance of B and T-cell
responses requires functional DCs; these cells also have
an important role in malaria immunity, and it was re-
cently described that DCs from individuals with asymp-
tomatic Plasmodium infection have higher expression of
human leukocyte antigen-DR, which is required for an-
tigen presentation (Kho etal. 2015). In a similar manner
in a rodent model, DCs from nonlethal infections were
fully functional and capable of secreting cytokines and
stimulating T-cells compared to DCs from lethal infec-
tions, suggesting a major role for this cell in disease out-
come and immunity (Wykes et al. 2007). Cells of the
innate immune response are the first line of human de-
fence against pathogens and may be important in control
of the parasitacmia underlying cases of APL

Adaptive immunity

The innate immune system also helps direct the re-
sponse of adaptive immune cells (B and T-cells) in rec-
ognising and binding diverse antigens through a reper-
toire of cell surface receptors (Palm & Medzhitov 2009).
It has been demonstrated that CD4" and CD&" T-cells
arc important for malarial immunity in humans as well
as in mouse models (Nussenzweig et al. 1967, Clyde et
al. 1973, Schofield et al. 1987, Romero et al. 1989, Ro-
drigues et al. 1993, Tsuji et al. 1998, Hoffman & Dool-
an 2000, Stephens et al. 2005, Overstreet et al. 2008,
Schmidt et al. 2008, Roestenberg et al. 2009, 2011, Ste-
phens & Langhorne 2010, Friesen et al. 2010), In a clini-
cal trial of the RTS,SASOIE antimalarial vaccine, CD4"
T-cell production of TNE with or without IFN-vy, was
a potential immunologic correlate of protection against
disease in individuals from an endemic area (Olotu et al.
2011). CD4' cells from individuals with fewer previous
episodes of malaria were more inflammatory and had
greater TNF production, whereas responses from CD4”
T-cells from subjects with more frequent previous epi-
sodes of malaria were more typical of regulatory T-cells
in that they produced 11.-10 (Jagannathan et al. 2014). In
this report, the absence of pro-inflammatory CD4" T-
cells producing TNF was associated with asymptomatic
infection (Jagannathan et al. 2014). Thus, it suggests that
11.-10 production by T-helper 1 T-cells may help prevent
immunopathology by dampening the pro-inflammatory
response (TNF) and preventing the development of clin-
ical disease (Jagannathan et al, 2014),
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T regulatory (Treg) cells (CD4'CD25'FOXP3') ap-
pear to mediate their effects by direct cell contact or by
induction of the regulatory cytokines IL-10 or transform-
ing growth factor (TGF)-B (Thornton & Shevach 2000,
Powrie et al. 2003). Treg cells are induced following P.
falciparum and P. vivax infection and are associated
with a burst of TGF-p production and decreased pro-
inflammatory cytokine production (Walther et al. 2005,
Gongalves et al, 2010). Nevertheless, exposed asymptom-
atic controls (with or without parasitaemia) in a malaria-
endemic region of Indonesia had a lower frequency of
Treg cells (CD4'CD25 Foxp3'CDI127%) than did patients
with uncomplicated and severe malaria, suggesting a role
for Treg reduction in malaria protection (Minigo et al.
2009). Intriguingly, increased expression of TNFRII, a
marker of Treg activation, was found in Treg cells from
API subjects when compared with uninfected individu-
als, a feature that might be important for survival of the
parasites in asymptomatic carriers; however, TNFRII
expression was not measured in patients with mild or se-
vere malaria (Wammes et al. 2013). Congolese children
with asymptomatic infection have a higher prevalence of
polymorphisms in regulatory genes (STAT6 and ILI0RA),
which may influence Treg cells and malaria protection
(Koukouikila-Koussounda et al. 2013).

The humoural response is also important for ma-
laria protection because passive transfer of IgG from
immune African adults to children and nonimmune
adults with acute malaria rapidly reduces parasitaemia
and abrogates fever (Cohen et al. 1961, Sabchareon et
al. 1991). Not all exposure to malaria results in the gen-
eration of memory B-cells (MBCs) and IgG antibodies
against P. falciparum are short-lived and fail to boost
upon re-infection. Thus, immunological memory is a
challenge in many vaccine trials (Dorfman et al, 2005,
Bejon et al. 2006). Previous studies have described an
atypical MBC population (characterised by the expres-
sion of FcR1.4 and hyporesponsiveness) that is expanded
in P. falciparum-exposed adults and children from Mali
when compared with healthy United States of America
controls, suggesting that this atypical population may
contribute to the delayed acquisition and short-lived
nature of malarial B-cell immunity (Weiss et al. 2009),
Recently, it was described that atypical MBCs appear
to differentiate from classical MBCs, and express a
repertoire of inhibitory receptors and a deficient B-cell
receptor signalling, which leads to impaired B-cell pro-
liferation, cytokine production, and antibody secretion
(Portugal et al. 2015). Other B-cells subtypes also seem
to influence malaria resistance as Portugal et al. (2012)
demonstrated that the percentage of activated MBCs and
plasma cells was higher in the resistant Fulani ethnic
group compared to those in the susceptible Dogon ethnic
group, suggesting arole for B-cells in the protective im-
munity observed in the Fulani individuals. Individuals
with asymptomatic infection tend to have higher titres of
P. falciparum antigen-specific IgG than do individuals
with other malaria outcomes. This higher response has
been described as specific to several antigens, such as P.
Sfalciparum rifin on the surface of RBCs, recombinant
protein fragments of P. falciparum rhoptry-associated
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protein-1, P, falciparum merozoite protein (C-terminal
10 kD), P. falciparum CLAG 9 (composed of 3 subunits
named RhopHI, RhopH2, and RhopH3), and malaria-
infected erythrocyte variant surface antigens, includ-
ing P. falciparum erythrocyte membrane protein 1, 2.
falciparum merozoite surface protein 1 3D7 (MSP142),
P. falciparum VarQ rosetting variant, and P. falciparum
erythrocyte binding-like and reticulocyte binding-like
proteins (Alifrangis et al, 1999, Braga et al. 2002, Ab-
del-Latif et al. 2003, Kinyanjui et al. 2004, Villasis et
al. 2012, Costa et al. 2013, Moormann et al. 2013, Sagna
et al. 2013). Further, high antibody levels against glyco-
sylphosphatidylinositols, the anchor molecules of some
membrane proteins of Plasmodium species, is also ob-
served more frequently in children with asymptomatic
infections than in children with symptomatic infections
in The Gambia (de Souza et al. 2002). Asymptomatic
malaria carriers were also associated with high antibody
levels against human brain antigens and Escherichia coli
proteins as a result of polyclonal immunog lobin reactivity
(Fesel et al, 2005). Furthermore, our group described that
higher titre of IgG antibody against Anopheles darlingi
mosquito saliva is also associated with immunity in as-
ymptomatic P. vivax individuals from the Brazilian Ama-
zon Region as a result of higher exposure to the malaria
vector (Andrade et al, 2009). The intense production of
antibodies in asymptomatic malaria carriers represents an
active immune response and highlights the role of the hu-
moural immune response in mediating disease resistance,

Biomarkers

A biomarker is any parameter that can be used as an
indicator of a particular disease state or other physiological
state and can be generally classified as either biomarkers
for diagnosis or for discase severity (Andrade & Barral-
Netto 2011). In the context of API, biomarkers can help
investigators understand disease pathology by measur-
ing important parameters in various immune pathways
and may also be useful as markers of prognosis in cither
clinical or silent infection after Plasmodium sp. exposure
(Laishram et al. 2012). In recent years, our group and oth-
ers have been searching for human genetic factors and
plasma measures related to the immune response associ-
ated with asymptomatic infection, However, none of these
factors was sufTiciently power ful to be a prognostic surro-
gate marker of clinical protection or disease susceptibility
(Andrade & Barral-Netto 2011, Mendonga et al, 2012b),

Laboratory measures are commonly used in medical
practice as organ dysfunction parameters; individuals
with asymptomatic P, vivax malaria have lower levels of
aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), indirect bilirubin, and serum creatinine
as well as higher levels of Hb than do individuals with
mild or severe symptomatic /. vivax malaria (Andrade et
al. 2010b). TNF is a pro-inflammatory cytokine that has
attracted special interest because of its ambiguous activ-
ity in host defence and in the pathogenesis of cerebral
malaria and other severe complications (Kwiatkowski
2000). An increased TNF concentration is associated
with symptoms of mild malarial pathogenesis (i.c., fever)
as well as severe forms of infection, such as cerebral ma-

laria (Kwiatkowski et al, 1990, Karunaweera et al, 1992),
However, TNF-u has also been associated with the pres-
ence of potent antiparasitic activity as persistently cle-
vated levels of this cytokine lead to rapid improvement
of fever and reduction of parasitaemia (Mordmiiller et
al. 1997, Depinay et al. 2011). It is also noteworthy that
patients with asymptomatic P. vivax malaria have lower
levels of pro-inflammatory TNF and [FN-y and higher
levels of T1-10, a trend which is proportional to discase
severity (asymptomatic, mild, and severe) and which may
explain the immunological control of clinical discase.
However, parasite burden control may involve a more
complex host response in addition to the moderation of
TNF levels (Andrade et al. 2010b, Mendonga et al. 2013).
In another setting in the Brazilian Amazon, it was found
that asymptomatic carriers of low 7. vivax parasitaemias
also had lower levels of TNF and IFN-y than did symp-
tomatic P. falciparum or P. vivax subjects (Gongalves et
al. 2012). Furthermore, certain combinations of geno-
types in inflammatory-related genes (DDX39B, TNF and
I1.6) are associated with a decreased risk of mild malaria
compared to asymptomatic infection by reducing plasma
levels of T1L-6 and TNF (Mendonga et al. 2014),

The immune and organ dysfunction response during
malaria may be a result, at least in part, of the harmful
effects of free haem in the human host (Gozzelino et al.
2010). During parasite-induced intravascular hacmolysis,
great amounts of Hb are liberated; in the presence of su-
peroxide and other ROS, Hb releases its haem prosthetic
group (Bunn & Jandl 1968, Hebbel et al. 1988, Pamplona
ct al. 2007, Ferreira et al. 2008). Free hacm is a harm-
ful molecule and can cause cytotoxicity, inflammation,
oxidative stress, and even cell death (Ferreira et al. 2008,
Gozzelino & Soares 2011). Free haem levels exhibit a
linear increase according to disease severity in asymp-
tomatic P. vivax-infected subjects with the lowest haem
plasma concentrations (Andrade ct al. 2010a). In addi-
tion, haem is also elevated with malaria severity by P. fal-
ciparum, especially for cerebral malaria and acute renal
failure subjects (Dalko et al, 2015). In addition to enhanc-
ing pro-inflammatory mechanisms, free haem during 2.
vivax malaria also impairs prostaglandin E2 (PGE2) and
TGF-f production through superoxide dismutase (SOD)-
I-dependent mechanism (Andrade et al. 2010a). SOD-1
is also clevated proportionally with disease severity in
malaria patients and is useful for distinguishing mild and
asymptomatic /. vivax cases by ROC curve analysis (An-
drade ct al. 2010c). In addition, asymptomatic carriers
have higher concentrations of regulatory cytokines such
as TGF-p and PGE2 compared with mild and severe P.
vivax patients, and TGF-p and PGE2 are negatively cor-
related with SOD-1, which may be an additional defence
mechanism against disease manifestation (Andrade et al.
2010a). In P. falciparum malaria, bicyclo-PGE2 is also el-
evated in asymptomatic patients compared with patients
who have symptomatic disease (Perkins et al. 2005).

Over time, the human host has evolved protective
mechanisms against the deleterious effects of free haem
in the circulation. When Hb is released from ruptured
RBC upon Plasmodium sp. infection, it is scavenged by
haptoglobin (Hp) and prevents the release of haem. The
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complex Hp-Hb is recognised by CDI63 on the macro-
phage and hepatocyte surfaces in the spleen and liver,
respectively (Philippidis et al. 2004, Quaye 2008). Free
haem can also be scavenged by haemopexin, albumin,
al-microglobulin, and high and low-density lipoproteins
(Bunn & Jandl 1966, Miller & Shaklai 1999, Paoli et
al. 1999, Allhorn et al. 2002, Fasano et al. 2007, Tolo-
sano ct al. 2010). Different Hp phenotypes are known
to have different binding affinities for cell-free Hb
(Hpl.1>Hpl.2=Hp2.2) and CD163 (Hp2.2>Hpl.2>Hpl.1)
(Kristiansen et al. 2001). Our group has reported that
individuals with the fp2 allele are more likely to have
symptomatic /. vivax malaria, and this group also has
higher levels of Hp when compared with those of pa-
tients with asymptomatic infection, This probably repre-
sents a compensatory mechanism against the low bind-
ing affinity of Hp2 to free Hb (Mendonga et al. 2012b).
The Hp2.2 phenotype has also been associated with a
higher susceptibility to 2. falciparum infection in the
Dogon cthnic group living in Mali (Perdijk ct al. 2013).
Furthermore, soluble CDI163 (sCD163) (marker of recep-
tor activation) is also lower in asymptomatic patients
when compared with that in symptomatic subjects, and
a cut-off value of sCD163 may be used to distinguish be-
tween symptomatic and discase-free individuals (Men-
donga et al. 2012b). In Mali, sCD163 was increased in P,
Jalciparum infected individuals compared to uninfected
subjects (Perdijk et al. 2013). Inside the cell, haem isde-
graded by HO-1 to produce carbon monoxide (CO), la-
bile iron, and biliverdin. In murine models, HO-1 affords
protection against cerebral malaria by reducing neuroin-
flammation (including CD8" T-cell brain sequestration),
and exposure to CO may reduce severe complications
(Pamplona et al. 2007). HO-1 also seems to be one of the
mechanisms by which sickle cell disease confers protec-
tion against experimental malaria (Ferreira et al. 2011).
HO-1 plasma levels are higher in symptomatic cases (as
compared to asymptomatic individuals) as a regulatory
defence, and a microsatellite polymorphism (GT)n in
HMOX] regulates the expression of this enzyme (Men-
donga et al. 2012b). In addition, high HO-1 levels and
this microsatellite polymorphism were associated with
severe malaria, including death, in another study (Wal-
ther et al. 2012). However, other studies also have dem-
onstrated conflicting results and no association between
this FIMOX] microsatellite polymorphism and malaria
severity (Kuesap etal. 2010, Hansson et al. 2015).

Iron is produced by haem catabolism and also ob-
tained by dictary uptake; this metal is necessary for com-
plete Plasmodium development (Gozzelino et al. 2010).
However, intracellular labile iron is dangerous because it
converts to a free radical unless it is scavenged by fer-
ritin, which acts as a vital antioxidant molecule in several
experimental models (Balla et al, 1992, Cozzi et al. 2000,
Berberat et al. 2003). Ferritin serum levels are decreased
and associated with anacmia in a population from the
Brazilian Amazon exposed to P. vivax malaria; symp-
tomatic individuals from this group infected with 2. vivax
have lower levels of ferritin, which are directly propor-
tional to the hepatic damage score (Cardoso et al, 1994,
Gozzelino et al. 2012). It has been reported that ferritin

promotes disease resistance to malaria by preventing la-
bile intracellular iron from sustaining pro-apoptotic c-Jun
N-terminal kinase activation, and this tolerance requires
the expression of HO-1 (Gozzelino et al. 2012). Interest-
ingly, malarial tolerance mediated by ferritin production
is independent of the parasitacmia rate and represents a
host defence strategy to limit the fitness costs of infection
irrespective of pathogen burden (Medzhitov et al. 2012).

New approaches to understanding asymptomatic
infection

In recent years, large amounts of data have become
available as a result of the progress intechnological meth-
ods, such as multiplex measurements, genome-wide ge-
notyping, microarrays, RNAseq, and multicolour flow
cytometry (Tran et al. 2012). Genome-wide studies al-
lowed the discovery of important loci related to malaria
resistance and low parasitaecmia. Linkage of asymptomat-
ic parasitacmia to 5g31-g33 has been reported in humans
(Rihet et al, 1998, Timmann ¢t al, 2007) and, recently,
chromosomes 6p21.3 and 17p12 were correlated with re-
sistance in individuals from Burkina Faso (Briscbarre et
al. 2014). Equally important, the field of engineered hu-
moural immunity (with the production of human mono-
clonal antibodies) has allowed a better understanding of
the malaria immune response by facilitating several labo-
ratory methods (1.c., multiparameter flow cytometry).

To understand this large volume of information, new
approaches for data analysis have become more wide-
spread and multivariate (clusters, principal component
analysis, etc)), artificial neural, Bayesian, and network
analysis methods are some tools that can be used to char-
acterise a molecular signature of resistance or suscepti-
bility to malaria (Jayavanth & Singh 2003, Kiang ct al,
2006, da Cunha et al. 2010, Bachtiar et al. 2013). Many
studies have attempted to identify molecular signatures
associated with severe P. falciparum malaria, but few
have focused on the mechanisms behind asymptomatic
Plasmodium infection (Timmann et al, 2007, 2012, Jal-
low et al. 2009, Milet et al. 2010). Using a network ap-
proach, our group recently described the interactions
among cytokines, chemokines and other inflammatory
proteins associated with different P. vivax malaria out-
comes (Mendonga ct al. 2013). Network analysis allows
a better understanding of the inflammatory profile from
differentmalariagroups by allowing easy visualisation of
interactions between several markers and identification
of patterns of association that may indicate susceptibility
or disease tolerance signatures. Using network analysis,
ithas been demonstrated that patients with asymptomatic
P, vivax malaria have an overall reduction in pro-inflam-
matory cytokines (TNF, IFN-y, 1L-6) and markers of tis-
sue damage (ALT, AST, creatinine, bilirubin, and others)
and augmented levels of regulatory cytokines (TGF-f
and 1L-10) when compared with those of the symptom-
atic groups (mild and severe malaria) (Mendonga et al,
2013). Furthermore, 11.-4 had the highest number of
interactions between all the markers in the asymptom-
atic group, suggesting a possible role for this cytokine
in mediating . vivax malaria tolerance (Mendonga et al.
2013). Others studies have also used the same network
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Fig, 2: the immune response underlying asy mptomatic infection, Aspects of the immune response of asymptomatic malaria carriers were compared
to symptomatic patients, This response was didactically divided into immune cells including T regulatory (Treg) cells, CD4 T-cells, B<ells, neu-
trophils, and monocy tes (MOs) and biomarkers related to inflammation [interkeukin (IL)-10, transforming g rowth factor (TG F)-f§, prostaglandin E2
(PGEZ), interferon (1FN) <y, and tumour necrosis factor (TNF) and the haeme pathway [haeme, soluble CD163 (sCDI63), haeme ox ypenase-1 (HO-
1), and superoxide dismutase (SOD)-1]. Additionally, molecular networks in the context of asymptomatic infection ilh:sdrate the use of methods of
data integration in immunology. ADCL: antibody-dependent cellular inhibition; ADRB: antibody-dependent respiratory burst,

analysis for placental malaria and malarial anaemia, but
none analysed asymptomatic infection (Ong'echa et al.
2011, Sikora et al, 2011). In this context, cohort studies
with a large sample size and an extensive bioinformatics
approach are highly necessary to better understand the
interactions among the immune response pathways as-
sociated with asymptomatic infection tolerance.

Concluding remarks

It is noteworthy that APl is related to clinical dis-
case tolerance (i.c., absence of symptomatology) but is
not associated with immunity and inflammatory tol-
erance. Asymptomatic P. vivax infection is an active
and acquired state, and it can control parasitacmia and
limit organ dysfunction by an as yet poorly understood
immune mechanism. Asymptomatic individuals car-

rying the parasite are natural reservoirs representing a
challenge for malaria eradication, primarily in low and
moderate-endemic countries. The use of mass drug ad-
ministration or mass screening and treatment schemes
is controversial (Tada et al. 2012). Overall, biomarkers
related to the haem pathway and iron metabolism have
emerged in recent years as potential clues to unravel the
immune response of API, Despite this progress, there is
no reliable marker of prognosis in APL Immune cells, es-
pecially Tregs and B-cells, seem to play an important role
in protection from discase manifestation, Furthermore, it
has been observed that the immune response in individ-
uals with asymptomatic infection is usually associated
with a lower pro-inflammatory and a higher regulatory
production of biomarkers and host genetic alterations
that may contribute to malaria tolerance. Nevertheless,
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the acquisition of large-scale biological data along with
the use of robust bioinformatics tools, including a net-
work approach, will help investigators to understand the
immune response behind asymptomatic infection, The
major topics described here are summarised in Fig. 2.
Longitudinal studies of sequential episodes of malaria in
the same individual are necessary to better understand
the immune response of individuals with APl who are
able to clear their parasitaecmia compared with those who
are more likely to have a symptomatic disease or remain
symptomless despite the presence of Plasmodium sp.
With this understanding, better medical management of
API carriers, the development of malarial vaccines, and
strategies for malaria eradication will be facilitated.
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6. DISCUSSAO

Esta Tese apresenta uma coletanea de sete artigos que auxiliam na
compreensao dos determinantes imunoldgicos relacionados a gravidade e
resisténcia a malaria pelo P. vivax, e nos casos coinfectados com dengue, na

Regido Amazodnica Brasileira.

Alteragbes genéticas e nos niveis plasmaticos de moléculas
envolvidas na via de metabolizagdo do heme podem explicar a patogénese
associada a malaria. Diversos estudos, sobretudo em modelos
experimentais, tém associado moléculas na via de detoxificacdo do heme
com as manifestagcbes da malaria (FERREIRA et al., 2008; GOZZELINO;
JENEY; SOARES, 2010; SEIXAS et al., 2009). Nossos resultados indicaram
que o fendtipo Hp2.2 da haptoglobina esta associado ao risco maior de
desenvolver malaria sintomatica quando comparada com casos
assintomaticos. O Hp2.2 tem sido associado a maior susceptibilidade a
condigdes inflamatdérias diversas, incluindo a malaria (ATKINSON et al., 2006;
CHEN et al.,, 2011b; COX et al., 2007; FRIIS et al., 2003; KASVOSVE et al.,
2000). A presenga do genotipo Hp2.2 esta relacionada com o aumento no
estresse oxidativo comparado com o Hp1.1 (ASLEH et al., 2005; MELAMED-
FRANK et al., 2001). Além disso, o complexo Hb-Hp2.2, e ndo os complexos
com o alelo Hp1, podem ser internalizados por mondcitos e estimular a
producao de citocinas pro-inflamatorias (ROGERSON, 2006). A haptoglobina
€ considerada uma proteina de fase aguda e esta aumenta em resposta a
inflamagéo (IMRIE et al., 2007). Desta maneira, n0s observamos que os

niveis de heme e Hp estdo aumentados em individuos com malaria
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sintomatica quando comparados com os casos de malaria assintomaticos ou
grupo controle. O complexo Hp-Hb é reconhecido via CD163 expresso em
macrofagos e monocitos; este receptor pode também ser encontrado na
forma soluvel em condi¢gdes inflamatdrias. Nossos resultados demonstraram
que niveis plasmaticos de sCD163 aumentam gradualmente com a gravidade
da malaria. O sCD163 tem sido identificado como um mediador anti-
inflamatorio que inibe a ativagéo e proliferagdo de linfocitos T, e a ligacédo de
complexos Hp-Hp com o sCD163 parece diminuir o suprimento de ferro
(presente no heme) disponivel para bactérias hemoliticas (HOGGER et al.,
1998; WEAVER et al., 2006). Desta forma, os niveis aumentados de sCD163
encontrados nos individuos sintomaticos no nosso trabalho pode ser um

mecanismo regulatorio contra a inflamagao.

A HO-1, enzima responsavel por detoxificar o organismo do heme
livre, apresenta um polimorfismo microssatélite que pode alterar a sua
expressdo. Noés identificamos que individuos com o componente longo (>30
repeticbes GT) do polimorfismo da HMOX1 tiveram susceptibilidade maior
para desenvolver malaria sintomatica quando comparados com aqueles com
o componente curto (<30 repeticdes GT). Em contraste, outros estudos
encontraram repeticbes GT curtas em pacientes com malaria cerebral
comparados com grupos de malaria nao-complicada ou controle (SAMBO et
al., 2010; TAKEDA et al., 2005). Vale ressaltar que os pacientes com malaria
do nosso estudo sdo infectados pelo P. vivax e apresentam mais
frequentemente formas amenas da doenca. No que se refere aos niveis
plasmaticos da HO-1, nés encontramos que, em geral, os individuos com

malaria sintomatica tém concentragbes maiores que o0s demais grupos.
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Niveis elevados da HO-1 também ja foram descritos em outras doengas com
carater inflamatorio (BAO et al., 2012; BLANN et al.,, 2011; CHEN et al.,
2011a; KIRINO et al., 2005; MIYAZAKI et al., 2010). Alguns estudos em
modelos experimentais sugerem que a delecdo do gene HMOXT ou a
inibicdo farmacologica da HO-1 estdo relacionados com a patogénese da
malaria, visto que os camundongos nado teriam a enzima responsavel por
detoxificar o heme livre deletério (FERREIRA et al., 2008). Entretanto, os
niveis seéricos elevados da HO-1 encontrados nos individuos com malaria
sintomatica do nosso estudo pode ser um efeito regulatorio induzido pelo
heme, especialmente considerando que a expressdo da HMOX1 é altamente
induzida pelo heme (TENHUNEN; MARVER; SCHMID, 1970). Um resumo
das alteragbes encontradas na via do heme em nosso estudo pode ser

visualizada na Figura 1 abaixo (publicada em nosso manuscrito).

A monocyte/macrophage
malaria-induced K% o 2=, il Wl
‘ oo a phas —» ° RARERY & 3 o - Heme
] B ‘ o* o 2§ . gw detoxification
0 & > 2 3
Red blood cells FreiHb Haptoglobin sCD163 . % . r HO-1
# Inflammation Cytotoxicity
Frae heme > Oxidative stress 2 Programmed Cell death
B
Free heme Haptoglobin Hp genetic sCD163 HO-1 HMOXT1 GT Inflammatory
levels levels profile levels levels repeats scores
Asymptomatic malaria I T Hp1S allele unchanged unchanged short low
. . Hp2 allele .
Symptomatic malaria t ] t ] and Hp2.2 genotype T T lOrT 1 long high

Figura 1. Metabolismo do heme e os desfechos clinicos da malaria. (Fonte: Mendonca et

al. 2012)
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A resposta imune dos individuos infectados pelo P. vivax ainda
permanece pouco conhecida, e, recentemente, a analise por redes tem
permitido um melhor entendimento das interagdes entre os componentes do
sistema imune. Nos utilizamos este tipo de analise para verificar as
correlagdes entre biomarcadores plasmaticos (citocinas, quimiocinas,
marcadores de disfungdo organica e outras proteinas de resposta
inflamatoria) nas diferentes manifestagdes clinicas da malaria vivax, incluindo
grupos de individuos ndo-infectados, malaria ndo-complicada, malaria
assintomatica, malaria grave, e malaria grave que evoluiu para o obito (Figura
2, publicada em nosso manuscrito). No nosso estudo, os individuos com
malaria assintomatica tiveram a maior densidade de interagdes das redes em
relacdo aos demais grupos, 0 que sugere existir um mecanismo regulatorio
complexo por tras da susceptibilidade e resisténcia a malaria. Os valores de
densidade das redes dos nossos dados s&o similares as outras redes entre
proteinas e vias de metabolismo descritas em diversos contextos clinicos

(FRANKENSTEIN; ALON; COHEN, 2006).
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Figura 2. Redes dos biomarcadores inflamatérios na malaria por P. vivax. (Adaptado de

Mendonga et al. 2013).

A alta conectividade exibida pelo CXCL9 em nossos resultados pode
ser indicativo de um papel importante desta quimiocina no grupo de
individuos nao-infectados, visto que esta molécula foi correlacionada com
protecdo contra a malaria em voluntarios imunizados pela vacina contra a
proteina circunsporozoita do plasmodio (DUNACHIE et al., 2010). IL-10 e IL-4
tiveram interagdes significativas com o CXCL9, que também interagiu com o
motivo C-C ligante (CCL)2 e IFN-y no grupo n&o-infectado e assintomatico,
respectivamente, evidenciando que estas citocinas podem modular o efeito
de mediadores pro-inflamatorios. Um estudo in vitro com macréfagos murinos

demonstrou que o IL-4 suprime a expressdao de CXCL9 e outros genes
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induzidos pelo IFN-y através da sinalizacdo pelo STAT-6 (OHMORI,
HAMILTON, 1998). De modo intrigante, o grupo de malaria assintomatica
apresentou um papel importante para a IL-4, com diversas interacbes
envolvendo esta citocina. O potencial papel anti-inflamatério da IL-4 na
resposta imune durante a malaria ndo é completamente compreendido
(CABANTOUS et al., 2009). A IL-4 parece auxiliar na imunidade anti-
esporozoita e estudos em camundondos infectados pelo P. yoelli sugerem
que esta citocina é necessaria para a producdo de linfocitos T CD8+
(CARVALHO et al., 2002) e para o desenvolvimento de memoéria contra o
estagio hepatico do plasmodio (MORROT et al., 2005). A numero elevado de
interagcdes entre o IL-4 e outros biomarcadores em portadores assintomaticos
de malaria sugere uma possivel papel desta molécula em mediar a tolerancia

de individuos constantemente expostos ao P. vivax.

No grupo de malaria ndo-complicada do nosso estudo, IFN-y, TNF e
CCL5 demonstraram ser biomarcadores importantes no perfil da rede destes
individuos. A CCL5 é uma quimiocina envolvida na geragcédo de infiltrados
celulares inflamatorios, e niveis baixos desta quimiocina estdo associados
com malaria cerebral e anemia grave pela malaria (JOHN et al., 2006; WERE
et al., 2006, 2009). A SOD-1, que ja foi previamente associada a malaria pelo
P. vivax (ANDRADE et al., 2010b), apresentou conexdes apenas nos grupos
de doenca sintomatica, especialmente nos individuos que evoluiram para o
obito. O acumulo de SOD-1 sem o aumento compensatério das enzimas
catalase ou glutationa redutase podem levar ao acumulo de agua oxigenada
e a producao de mais radicais livres (MARIKOVSKY et al., 2003). Além disso,

a liberacdo de heme durante o ciclo eritrocitico da malaria diminui a producao
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das moléculas anti-inflamatérias PGE2 e TGF-B de células mononucleares
através da SOD-1 (ANDRADE et al., 2010d). Desta maneira, a conectividade
da SOD-1 observada nos pacientes graves pode ser uma resposta em
relagdo a producao de heme livre deletério durante a hemdlise intravascular.
Adicionalmente, nos pacientes com malaria grave do nosso estudo, a
parasitemia apresentou diversas interagdes positivas com mediadores
inflamatorios previamente descritos em participar da imunopatogénese da
malaria, como o TNF, IFN-y, IL-10 e TGF-3 (ANDRADE; BARRAL-NETTO,
2011; ANDRADE et al., 2010a, 2010b). Surpreendentemente, transaminases
hepaticas, bilirrubinas, creatinina e proteina C reativa n&o foram
correlacionados com a parasitemia. A falta de interacbes diretas entre a
parasitemia e os marcadores laboratoriais de inflamacgao tecidual e estresse
oxidativo sugere que a carga parasitaria pode influenciar mais a resposta

imune do hospedeiro do que induzir diretamente dano tecidual.

A malaria exerce uma significativa pressdo seletiva no genoma
humano. Esta doenca € a for¢a evolucionaria por tras de doengas, como a
doenca falciforme, talassemias e deficiéncia de glicose-6-fosfato
(KWIATKOWSKI, 2005). Em estudo de revisdo, ndés encontramos que
polimorfimos nos eritrocitos, mediadores do sistema imune, e moleculas
envolvidas em mecanismos de citoaderéncia influenciam o desfecho clinico
da malaria (Flgura 3, publicada em nosso manuscrito). O principal objetivo da
epidemiologia genética € identificar as vias moleculares criticas na
patogénese e imunidade, possibilitando a geragao de novas estratégias para
tratamento e/ou prevencdo de doengas (KWIATKOWSKI, 2000). Sendo

assim, nos investigamos se alteragdes genéticas em genes relacionados ao
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sistema imune poderiam influenciar os desfechos clinicos da malaria vivax.
Polimorfismos no DDX39B (BAT1) tém sido descritos em diversas doengas
com perfis inflamatorios, incluindo neuropatia, miastenia gravis, alergias,
doenca de Alzheimer, infarto do miocardio, hepatites, artrite reumatdide,
doenga de Chagas, entre outras (CHERRY et al.,, 2008; DEGLI-ESPOSTI;
LEELAYUWAT; DAWKINS, 1992; GNJEC et al., 2008; KOCH et al., 2007;
OLIVEIRA et al., 2011; QUINONES-LOMBRANA et al., 2008; RAMASAWMY
et al., 2006). No nosso estudo, encontrou-se que o alelo G do DDX39B-
22C>G pode ser um fator de resisténcia a malaria e o alelo C um fator de
risco para complicagbes da doenga. Polimorfismos na regiao promotora do
DDX39B alteram a ligagao de fatores transcricionais (YY1 e Oct1) e podem
afetar a transcricdo deste gene, sendo as sequéncias com os alelos -22G e -
348T expressas mais eficientemente que as sequéncias contendo os alelos -
22C e -348C (PRICE et al., 2004). Um estudo in vitro descobriu que o BAT1
parece diminuir a expressado de TNF e IL-6 (ALLCOCK; WILLIAMS; PRICE,
2001); deste modo, o alelo G do DDX39B-22C>G, que aumenta a expressao
do BAT1, pode ser protetor contra a malaria complicada por diminuir a

expressao de citocinas pro-inflamatorias.
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Toll-like receptors

TLR2 (A22) |

TLR4 (Asp299Gly; Thr399lle) 1
Membrane TLR9 (~1486C>T; 1237C>T;
Ovalocytosis !
Spherocytosis | ¢
Elliptocytosis |

1174G>A; 2848G>A) |
I'IRAP (S180L) t

Hemoglobin Cytokines
a-thalassemia |
f-thalassemia |
HbS |
HbC !
HbE |

I'NF (—308G>A; —238G>A; —857C>T;
~ 1031T>C)
LTA (+80C>A; +252A>0) |
5q31-q33 (linkage analysis) 1
IFNG (CAjy4; +874T>A; —183G>T) 1
- "] IL-13 (—1055T>C) |
IL12B (IL12B-pro) 1

Heme IL-4 (VNTR; =33C/T) t
Hp2.2 1 IL1B (~511A>G; +4845G>T;
HO-1(=30GT)1

+3953C>T) t

IL-10 (—1082A>G; —819T>C;

j/ 592A=C) 1
Surface antigens Enzymes Others
Fy (-33T>C) | G6PD deficiency ! FegRITA (His131Arg) 1
GYP SNPs 11 PK deficiency 1 NOS2(-954G>C; —1173C>T, short
CCTTT) 1!

Figura 3. Influéncia de alteragdes genéticas nos eritrécitos e na resposta imune na
malaria. Setas para cima indicam susceptibilidade, setas para baixo, resisténcia. Resultados

contraditérios ou ndo confimados destacados em vermelho. (Fonte: Mendonga et al. 2012).

Embora os SNPs /L6-176G>C e TNF-308G>A, descritos em nosso
estudo, ndo estarem associados diretamente as manifestagdes clinicas da
malaria, estes podem indiretamente influenciar a doencga por alterar os niveis
de mediadores inflamatorios envolvidos na sua imunopatologia. Niveis
elevados de TNF est&o relacionados a patogénese de sintomas associados a
malaria, como a febre, e com as formas graves da infecgdo, como a malaria
cerebral e anemia grave (KARUNAWEERA et al., 1992). N6s encontramos
que os participantes heterozigotos (AG) para TNF-308G>A tinham

concentragdo plasmatica de TNF maior que os participantes homozigotos



147

selvagens (GG). O alelo A desse SNP tem sido associado a um aumento na
producdo de TNF em diversos estudos (BOUMA et al., 1996; CANDORE et
al., 1994; JACOB et al., 1990; WILSON et al., 1993). Uma unica mutacéo
frequentemente nao é suficiente para predizer susceptibilidade ou resisténcia
a malaria; uma alternativa é a analise de haplétipos dos alelos mutantes no
mesmo cromossoma. DDX39B é situado na regido central do complexo
principal de histocompatibilidade no brago curto do cromossoma humano 6, a
uma distancia aproximada de 150kb do gene do TNF. Apesar do nosso
estudo nédo ter identificado nenhum haplétipo (envolvendo os polimorfismos
do DDX39B [22C>G e 348C>T] e TNF-308G>A) que influncie o risco de
malaria, diversos haplétipos demonstraram aumentar a expressao de TNF,
contribuindo indiretamente para a susceptibilidade a doenga. De modo
similar, encontramos que combinagdes de genotipos CG/CC/GG/GG e
GG/CT/GG/GG, correspondendo aos respectivos polimorfismos DDX39B-22/
DDX39B-348/TNF-308/IL6-176, estdo associados com risco diminuido e
aumentado, respectivamente, de desenvolver manifestagdes clinicas durante
a infecgao pelo P. vivax. Além disso, os participantes do nosso estudo com a
combinagado de gendtipos relacionada com a resisténcia (CG/CC/GG/GG)
também apresentaram niveis diminuidos das citocinas pro-inflamatorias TNF
e IL-6, sugerindo que o DDX39B confere protecdo contra a patogénese da

malaria através da reducao da resposta inflamatéria.

Os trés primeiros estudos desta Tese avaliaram a influéncia das
interagdes entre citocinas pro e anti-inflamatorias, alteragbes genéticas em
genes relacionados a resposta imune, assim como niveis seéricos e

polimorfismos de moléculas envolvidas na via de metabolizagcdo do heme,
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com os diferentes desfechos clinicos da malaria por P. vivax. Contudo, os
mecanismos imunopatoldgicos do grupo de malaria com hiperbilirrubinemia
isolada permanecia desconhecido; sendo assim, nés tentamos desvendar a
resposta imune desses individuos no proximo estudo. A hiperbilirrubinemia
nao foi mais considerada um critério de malaria grave na ultima reviséo feita
pela OMS em 2010 (WHO, 2010), sendo considerada em diversos estudos
apenas como uma condi¢do associada a outros sinais/sintomas definidores
de gravidade (ANAND; PURI, 2005; MISHRA et al., 2004; TRIPATHY et al.,
2007). Adicionalmente, o dano hepatico associado a malaria com
hiperbilirrubinemia pode alterar a expressao da hepcidina, hormdnio

responsavel pela regulagdo do metabolismo do ferro (ANAND; PURI, 2005).

Em nosso estudo, individuos infectados pelo P. vivax com
hiperbilirrubinemia tiveram niveis de IL-2 e IL-13 menores que individuos com
malaria grave; e nenhuma diferenga foi observada na resposta imune entre
0os participantes com malaria n&o-complicada e aqueles com
hiperbilirrubinemia. Ainda que o grupo de hiperbilirrubinemia tenha
demonstrado um perfil menos inflamatorio (que os casos graves), a resposta
imune parece ainda ter um papel importante na patogénese desta condigao.
Nas analises por redes, observamos que IL-13 e IL-6 foram altamente
conectadas a outros parametros inflamatorios, sugerindo que estas citocinas
podem regular a qualidade da resposta imune nos individuos com
hiperbilirrubinemia. Os niveis séricos de IL-6 ja foram associados com
desfechos graves da malaria, e a hiperbilirrubinemia demonstrou ser um fator
independentemente associado a concentragdes elevadas desta molécula

(DAY et al., 1999; KERN et al., 1989). Diversos estudos demonstraram que
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os niveis de hepcidina estdo aumentados nos casos de malaria sintomatica e
assintomatica, causados tanto pelo P. falciparum quanto pelo P. vivax
(AYOYA et al., 2009; DE MAST et al., 2009a, 2009b, 2010; HOWARD et al.,
2007). N6s encontramos que a hepcidina sérica esta elevada nos individuos
com malaria grave e naqueles com malaria e hiperbilirrubinemia comparados
com os participantes com malaria ndo-complicada. O aumento na hepcidina
no grupo de hiperbilirrubinemia pode ser uma consequéncia do dano
hepatico, disfungcdo hepatocelular, e a resposta imune associada com esta
condicdo. Recentemente, a hepcidina demonstrou ser o melhor preditor de
incorporagdo de ferro pelos eritrocitos, o que sugere um papel deste
horménio em programas de suplementagao de ferro (PRENTICE et al., 2012).
Como descrevemos no estudo realizado, valores de cut-off da hepcidina
podem ser usados para distinguir casos de malaria grave daqueles com
malaria ndo-complicada (sem hiperbilirrubinemia) na area endémica. De
modo intrigante, alguns estudos tém mostrado que individuos com malaria
falciparum grave, por anemia grave ou malaria cerebral, apresentam niveis
baixos de hepcidina (BURTE et al., 2013; CASALS-PASCUAL et al., 2012;
JONKER et al.,, 2013). Estas diferengas nas concentra¢cdes de hepcidina
podem ser explicadas por diversos fatores: primeiro, estes estudos
mensuraram a hepcidina em criangas, que apresentam uma anemia mais
grave que os adultos (maioria dos casos graves do nosso trabalho); segundo,
os niveis de citocinas nos casos de malaria grave com baixa expressao de
hepcidina estdo mais baixos que nos casos de malaria nao-complicada,
sugerindo a falta de estimulo inflamatério para a producdo deste horménio.

No nosso estudo, por sua vez, individuos com malaria grave tiveram uma
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robusta resposta pré-inflamatéria que pode estimular a expressdo da

hepcidina.

A hepcidina é regulada em resposta a diversas infecgdes e condi¢des
inflamatorias (SPOTTISWOODE; DUFFY; DRAKESMITH, 2014). Durante a
infecgao pelo plasmédio, IL-6 parece estar correlacionado com os niveis de
hepcidina (ARMITAGE et al., 2009; BURTE et al., 2013; CASALS-PASCUAL
et al.,, 2012; JONKER et al., 2013). Em camundongos, a producédo de
hepcidina durante a fase sanguinea da infecgdo previne uma infeccao
subsequente na fase hepatica; e esta inibicdo foi preservada nos animais
tratados com anticorpos anti-IL-6 (PORTUGAL et al., 2011). Em outro estudo,
eritrocitos infectados pela malaria induziram a sintese de RNAm de hepcidina
por células mononucleares do sangue periférico, indicando a importancia de
células imunes circulatérias na produgao deste horménio (ARMITAGE et al.,
2009). Recentemente, foi demonstrado que a IL-10 induz a expressao de
hepcidina em macrofagos (HUANG et al.,, 2014). Nés observamos que a
hepcidina foi positivamente correlacionada com a IL-6 e o IL-10 no grupo de
malaria ndo-complicada. Além disso, a hepcidina também foi positivamente
correlacionada com o IFN-y nos individuos com malaria grave do nosso
estudo, o que confirma o papel da resposta imune na regulagcdo deste

hormonio.

A Regido Amazoénica Brasileira é endémica para a malaria pelo P.
vivax e para a infecgdo pelo virus da dengue, com surtos epidémicos destas
doencas (MAGALHAES et al., 2014). Ndo é comum a presenca de individuos
coinfectados pelo plasmodio e pela dengue; entretanto, a resposta

laboratorial e imune desses pacientes permanecia pouco conhecida, sendo
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um desafio para o manejo clinico. Em nosso proximo estudo, nés avaliamos a
resposta imune (mensurada por citocinas e quimiocinas) e marcadores
laboratoriais rotineiramente usados na pratica clinica para entender melhor a

imunopatologia dos casos de coinfec¢gdo malaria e dengue.

Trabalhos prévios estudaram dosagens laboratoriais em individuos
com coinfegéo pela malaria e dengue (ABBASI et al., 2009; EPELBOIN et al.,
2012; MOHAPATRA; PATRA; AGRAWALA, 2012). Os valores de
hemoglobina e plaquetas estdo normalmente diminuidos em individuos com
coinfeccdo P. vivax e dengue, e aspartato transaminase (AST) aumentado
em individuos com malaria comparados com os casos coinfectados (ABBASI
et al., 2009; EPELBOIN et al., 2012; MOHAPATRA; PATRA; AGRAWALA,
2012). Estes achados sao similares aos resultados encontrados em nosso
estudo. Quando individuos apenas com dengue foram comparados com o0s
casos de malaria ou coinfecgdo em nosso trabalho, os primeiros tiveram
concentragbes maiores de hemoglobina e plaquetas. A infeccdo pelo
plasméddio é frequentemente associada a anemia visto que este parasita tem
uma fase sanguinea que causa intensa hemolise intravascular. Uma
complicagdo frequentemente associada com ambas as doengas (dengue e
malaria) € a trombocitopenia, e os achados do nosso estudo indicam que a
infeccdo pelo P. vivax pode causar uma trombocitopenia mais grave (com
valores ainda mais baixos nos casos de coinfecgdo com a dengue)
comparado com os casos de monoinfec¢do pelo virus da dengue. Outros
estudos também descrevem valores mais baixos de plagquetas em pacientes
com malaria do que individuos com dengue (KUTSUNA et al., 2014; SHAH;

KATIRA, 2007). Baseado nos dados laboratoriais do nosso estudo, uma
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curva ROC multi-paramétrica incluindo valores de hemoglobina, hematdcrito,
plaquetas, AST e ALT exibiu uma alta performance para distinguir os grupos
(malaria, dengue e coinfecg&o). Além disso, propomos um algoritmo simples
de diagnostico baseado nos valores de cut-off dos marcadores laboratoriais
para discriminar a situagdo clinica dos individuos (Figura 4, publicada em
nosso manuscrito). Neste algoritmo, individuos coinfectados podem ser
distinguidos dos casos de monoinfec¢cdo pela dengue por niveis baixos de
plaquetas e Hb, e daqueles com monoinfecgcdo pela malaria por niveis
elevados e diminuidos de ALT e AST, respectivamente. Esses resultados, se
validados em estudos maiores e em outras regides endémicas, podem

fundamentar um algoritmo padronizado e validado para o uso clinico.

. 4 \b( \
Dengue Malaria
vs. Malaria \ Coinfection vs. Coinfection
PTL > 117,000 PTL > 123,500 ALT <49.50

Sens: 87.50% Sens: 81.25% Sens: 75.00%
Spef: 83.33% T Spef: 73.08% Spef: 68.97%

HB > 15.35 HB > 15.15 AST > 49,50
”Sens 100% Sens: 92.31%
1 Spef: 92. 86% 1. Spef: 100.00%
o \ J

Figura 4. Algoritmo para diagnoéstico de dengue, malaria e casos de coinfec¢ao através

de dados laboratoriais. (Fonte: Mendonga et al. submetido)
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Niveis plasmaticos elevados de TNF e IFN-y tém sido
sistematicamente associados ao aumento da gravidade clinica em malaria ou
dengue em diversas séries de casos (ANDRADE et al., 2010a; ARIAS et al.,
2014; BOZZA et al., 2008; ESPINA et al., 2003; KURANE et al., 1991; LEVY
et al., 2010). Papeis importantes do TNF e IFN-y no desenvolvimento de
sintomatologia na malaria assim como nos processos patologicos associados
com consumo de plaquetas, ativacdo endotelias e manifestacbes
hemorragicas na dengue tém sido descritas (ESPINA et al., 2003; GAGNON
et al., 2002). No nosso estudo, niveis elevados de TNF foram observados nos
participantes coinfectados comparados com as monoinfecgbes, e em
associagdao com o numero elevado de interagdes deste mediador com outras
citocinas/quimiocinas sugerem que o TNF tem papel importante na
patogénese da infecgdo simultanea entre dengue e malaria. Adicionalmente,
entre os grupos do estudo, os casos de coinfeccdo também exibiram os
maiores valores das citocinas IFN-y e IL-6. A IL-6 tem sido implicada na
patogénese de casos graves de dengue visto que esta molécula estimula a
producdo de auto-anticorpos contra plaquetas e o endotélio vascular, assim
como esta envolvida na indugcdo do ativador do plasminogénio tecidual,
levando ao risco maior de sangramento (HUANG et al., 2003; RACHMAN;
RINALDI, 2006). Nossos achados sobre marcadores imunolégicos e
laboratoriais apoiam a ideia de que os casos coinfectados podem ter uma
inflamac&o e doenga mais grave comparada com as monoinfec¢des pela
dengue ou malaria. Recentemente, foi descrito que grande parte dos
individuos com infecgdo simultanea pela dengue e malaria da Amazbnia

Brasileira e da Guiana Francesa exibiu uma doenga clinica mais grave
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comparada com os casos de infeccdo simples (EPELBOIN et al., 2012;

MAGALHAES et al., 2012).

A malaria vivax permanece um grande problema de saude publica na
Regido Amazobnica Brasileira com milhares de pessoas infectadas
anualmente com numero notério de obitos, além do grande impacto
socioecondmico para as comunidades endémicas e para o sistema publico
de saude. O conjunto de artigos desta Tese trazem dados que permitem o
melhor entendimento dos fatores imunopatolégicos de resisténcia e
susceptibilidade associados com os diferentes desfechos clinicos da malaria
por P. vivax, que podem auxiliar futuros estudos intervencionais e de controle

desta doenca.
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7. CONCLUSOES

Os achados dos estudos que compdem a tese levam as seguintes

conclusoes:

+ Polimorfismos genéticos nos eritrocitos, mediadores do sistema imune,
e moléculas envolvidas em mecanismos de citoaderéncia influenciam

o desfecho clinico da malaria;

+ Alteragbes genéticas e em niveis plasmaticos de moléculas envolvidas
na via de metabolizacdo do heme estdo associadas com a malaria
vivax, sendo que individuos com o genoétipo Hp2.2 e o componente
longo da HMOX1 assim como concentragéo elevada do sCD163 tém

uma susceptibilidade maior de desenvolver malaria sintomatica;

* A analise por rede parece ser uma ferramenta util para entender a
interacdo entre diversos mediadores inflamatérios no contexto da
malaria vivax, a IL-4 parece ser uma molécula importante no grupo de
malaria assintomatica devido ao grande numero de conexdes com

outros marcadores;

*+ O alelo C do DDX39B-22C>G € um fator de risco para malaria vivax
complicada, diferentes haplotipos (incluindo os polimorfismos nos
genes DDX39B e TNF) podem influenciar o desfecho clinico por alterar
os niveis plasmaticos de TNF, e combinagdo de gendtipos (incluindo o

IL6-176G>C) estdo associados com uma maior ou menor chance de
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desenvolver malaria clinica e podem influenciar os niveis séricos de

TNF e IL-6;

* A concentragao de citocinas e quimiocinas nos casos de malaria com
hiperbilirrubinemia € similar aos individuos com malaria n&o-
complicada e menos robusta que os casos graves, e 0s niveis de
hepcidina estdo aumentados nos casos de malaria grave e malaria
com hiperbilirrubinemia, sendo que este horménio esta positivamente
correlacionado com IL-6, IL-10 e IFN-y nos diferentes desfechos

clinicos da malaria;

+ Casos de coinfecgdo entre malaria e dengue parecem desenvolver
uma doenga mais grave comparados as respectivas monoinfecgdes;
estes individuos tém contagens mais diminuidas de plaquetas e
concentracoes diminuidas de hemoglobina e apresentam uma

bioassinatura imune especifica com papel importante do TNF;

* A malaria assintomatica é um estado adquirido e ativo que controla a
parasitemia e limita a disfungdo orgénica; células imunes,
especialmente células B e Treg, assim como biomarcadores da via do
heme e do metabolismo do ferro parecem ter um papel importante

nesta condigao.

O conjunto de manuscritos desta Tese auxilia a compreensdo da
imunopatologia da malaria vivax e podem auxiliar estudos futuros voltados

para abordagens terapéuticas e de vacinas na Regido Amazénica Brasileira.
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