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RESUMO

A malaria é considerada uma das mais importantes doengas infecciosas do mundo.
Esta doenca € causada por diversas espécies do protozoario Plasmodium sp.,
principalmente o Plasmodium falciparum e o Plasmodium vivax, transmitido por
mosquitos do género Anopheles. Apesar dos esforgos governamentais e privados para
o desenvolvimento de estratégias para o controle da doenga, o panorama atual da
maldria estd piorando, muito em razdo do aparecimento de cepas de parasitas
resistentes aos medicamentos. Os casos fatais sio relatados principalmente na Africa
e sdo causados pelo Plasmodium falciparum. Apesar de ser menos letal, a maléaria
causada pelo Plasmodium vivax ¢ mais amplamente distribuida e pode apresentar
também alta morbidade e mortalidade. Na maioria das dreas endémicas, estudos tém
identificado varios fatores relacionados a imunidade clinica ou susceptibilidade aos
parasitas. Assim, pelo menos quanto a malaria causada pelo Plasmodium falciparum,
idade, polimorfismos genéticos e exposigdo repetida ao parasita sdo considerados
importantes determinantes da evolugdo da doenga. Infelizmente, pouco tem sido feito
na identificagdo de fatores preditores consistentes que poderiam ser usados para
avaliacdo clinica. Este quadro ¢ ainda pior para malaria causada pelo Plasmodium
vivax, provavelmente porque muitos pesquisadores consideram que ¢ uma doenga
benigna. Além disso, como a maioria do conhecimento atual sobre a patogénese da
malaria ndo ajudou a reduzir a ocorréncia da infec¢do e suas complicagdes, novas
abordagens s3o necessarias para superar este cendrio desfavoravel. Esta Tese retne
um conjunto de seis manuscritos que visam identificar potenciais determinantes da
gravidade da malaria em uma area endémica da Amazonia Ocidental Brasileira. Em
primeiro lugar, um método preciso e eficaz para o diagndstico da maléria foi rastreado
através da comparagdo de varios testes, incluindo um software baseado em redes
neurais artificiais. O ensaio molecular mostrou-se o mais eficiente para o diagnostico
da malaria sintomaticos e assintomaticos. Além disso, a utilizagdo racional de um
teste rapido para diagnostico da maldria pode ser promissora em areas onde ha
dificuldade na formagédo continuada dos técnicos diagnosticos. A rede neural artificial
indicou que o balango de citocinas é um forte determinante do quadro clinico. Em
outro estudo, uso de sorologia para mensuragdo de anticorpos IgG contra o sonicado
de glandula salivar do vetor Anopheles darlingi mostrou-se 1til para a avaliagdo da
exposi¢do ao Plasmodium vivax e também para estimar a imunidade clinica 4 malaria.
Em um terceiro estudo com foco na identificagdo de outros fatores relacionados a
imunidade clinica, a exposi¢do natural ao virus da hepatite B mostrou-se associada a
redugdo da gravidade clinica da malaria causada tanto pelo Plasmodium vivax quanto
pelo Plasmodium falciparum. No que diz respeito exclusivamente a malaria vivax, os
casos graves apresentaram uma intensa e desregulada resposta inflamatoria sistémica.
Nestes pacientes, a enzima antioxidante superéxido dismutase-1 surgiu como um
excelente marcador da gravidade e mostrou-se envolvida na patogénese da doenga
grave, na qual ha uma liberagio de grandes quantidades de heme livre. Em conjunto,
os manuscritos desta tese adicionam importantes informagdes no entendimento dos
mecanismos determinantes da gravidade da malaria, extremamente uteis no
direcionamento de futuras abordagens focadas no controle da doenga.

Palavras-chave: Malaria, diagnostico, biomarcador, inflamagéo, citocina.
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ABSTRACT

Malaria is considered one of the most important infectious diseases that ever threaten
the world. This disease is caused mainly by the infection with Plasmodium falciparum
or Plasmodium vivax transmitted by Anopheles mosquitoes. Despite governmental
and private efforts for the development of key strategies for the disease control, the
actual panorama of the Plasmodium infection is getting worse due to the emergence
of drug resistant parasite strains. The lethal cases are reported mostly in Africa and
are caused by Plasmodium falciparum. Albeit being less lethal, Plasmodium vivax
infections are more widely distributed can cause high morbidity and eventually death.
In most endemic areas, studies have indentified a number of factors related to clinical
immunity or susceptibility to the parasites. Thus, at least regarding the falciparum
malaria, age, genetic polymorphisms and repeated exposure to Plasmodium are
considered most important determinants of the disease outcome. Unfortunately, little
has been made in the screening of reliable predicting factors that could be ultimately
used for clinical evaluations. This landscape is even worse for vivax malaria,
probably because many researches consider it as a benign disease. Moreover, as most
of the current knowledge about the malaria pathogenesis did not truly help to relieve
the disease burden, new insights are necessary to overcome this unfavorable scenario.
This thesis brings together a set of six manuscripts that aim to identify potential
determinants of the disease severity linked to the immunopathogenesis in an endemic
area from the western Brazilian Amazon. First, a precise and effective method for
malaria diagnosis was screening by comparing multiple tests, including a software
based of artificial neural networks. The molecular assay showed to be the most
efficient for the diagnosis of symptomatic and asymptomatic malaria. In addition, the
rational use of a rapid test for the diagnosis of malaria may be promising in areas
where there is difficulty in continued training of technical human resources. The
artificial neural network indicated that the cytokine balance is a strong determinant of
the clinical presentation. In another study, the use of serology for measuring IgG
antibodies against the sonicate salivary gland of Anopheles darlingi vector is a
promising marker of exposure to Plasmodium vivax and can also estimate the clinical
immunity. Intriguingly, the natural exposure to the hepatitis B virus appeared as an
important factor associated with reduced clinical severity for both vivax and
falciparum malaria. Concerning solely the vivax malaria, severe cases have an intense
and unregulated inflammatory response. In these patients, the antioxidant enzyme
superoxide dismutase-1 has emerged as an excellent marker of severity and was
involved in the pathogenesis of the severe disease in which there is a release of large
amounts of free heme. Together, the manuscripts of this thesis add important
information in understanding the mechanisms that determine the severity of malaria.

Keywords: Malaria, diagnosis, biomarker, inflammation, cytokine.
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1. INTRODUCAO

1.1 A MALARIA COMO IMPORTANTE PROBLEMA DE SAUDE PUBLICA

A malaria humana € uma doenga infecciosa, nfo contagiosa, com
manifestagdes clinicas episodicas de carater agudo. E causada por protozoarios do
género Plasmodium e transmitida a0 homem na natureza através da picada de
mosquitos do género Anopheles. Acomete aproximadamente 500 milhdes de pessoas
e causa de 1,5 a 2,7 milhdes de obitos por ano, sendo que quase 34% da populagdo
mundial vive em 4reas onde ha risco de transmissdo da doenca (WHO, 2008). E
prevalente em mais de 100 paises, porém, mais de 90% dos casos ocorrem na Africa
Sub-Saariana (WHO, 2008). Excluindo os paises africanos, 2/3 dos casos concentram-
se apenas em seis paises: India, Brasil, Sri Lanka, Afeganistio, Vietnd e Coloémbia.
No continente americano, Brasil, Peru e Colémbia contribuem com 70% dos registros

da doenga (WHO, 2008).

No Brasil, a malaria incide fundamentalmente na Amazénia legal (divisdo
politica do territério nacional que engloba nove Estados: Amazonas, Para, Acre,
Roraima, Rondénia, Amapa, Mato Grosso, Tocantins, ¢ Maranhdo) (Brasil, 2008).
Somente nesta regido, a malaria registra aproximadamente 500 mil casos por ano,
com um aumento de 26% entre 2003 e 2006 (Brasil, 2008). Destacam-se pela
intensidade de transmissdo os Estados do Pard, Amazonas e Rondénia, responsaveis
por 80% dos casos relatados (Brasil, 2008). Em termos gerais, a malaria no Brasil é
considerada hipoendémica/mesoendémica e a transmissdo ¢ instavel, com flutua¢des

sazonais ocorrendo durante o ano (Camargo et al., 1996). Entretanto, existem areas
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em que a taxa de transmissdo apresenta-se elevada (Rodrigues Ade et al., 2008).
Devido a sua alta incidéncia e seus fatores debilitantes, a malaria é a doenga que mais
contribui para a decadéncia do homem na regido amazonica, reduzindo a qualidade de
vida e atuando como fator limitante do crescimento demografico, cultural e
econdmico. As infecgdes malaricas no territorio brasileiro ndo apresentam
mortalidade tio elevada como na Africa, mas interferem significativamente a
capacidade laborativa € o bem estar da populagdo que vive nas areas endémicas,

constituindo um enorme problema de satide publica.

1.2 OS AGENTES ETILOGICOS, OS VETORES E O CICLO BIOLOGICO

Existem algumas espécies de parasitas que naturalmente infectam o homem:
Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae € Plasmodium
ovale. Recentes estudos relataram casos de infecgdes pelo Plasmodium knowlesi em
humanos, em sua maioria Asia (Daneshvar et al., 2009; Van Den Eede et al., 2009). O
P. vivax é a espécie mais amplamente distribuida pelas zonas tropicais e subtropicais
do globo, especialmente na Asia, América do Sul e Oceania (Guerra et al., 2006). O
P. falciparum ¢ mais prevalente na Africa, existindo também em algumas regides das
Américas e do sudoeste asiatico. No Brasil, a maior parte dos casos de malaria é
devida ao P. vivax (76% dos registros), no entanto, ¢ constatado nas estatisticas um
incremento do percentual de malaria por P. falciparum (Brasil, 2008). E possivel a
infec¢do de um mesmo paciente por mais de uma espécie de plasmodio, conhecida
como “forma mista”. No Brasil, as formas mistas sdo quase sempre a associa¢do entre

P. vivax e P. falciparum. A prevaléncia de infecgdes por P. malariae é baixa, mas
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alguns estudos sugerem que pode alcangar 10% em algumas regides (Cavasini et al.,

2000). Nao ha malaria causada pelo P. ovale no Brasil.

Ha muitas espécies de mosquitos Anopheles spp. no Brasil (Deane, 1986;
Galardo et al., 2009), mas dentre as diversas espécies, o vetor Anopheles (An.) darling
¢ o de maior importancia epidemiolégica pela sua grande distribui¢do no territorio
nacional, pelo alto grau de antropofilia e endofagia, estando perfeitamente adaptado
ao ecossistema amazonico, o que dificulta seu controle ¢ erradicagdo (Deane, 1986).
Nas 4reas endémicas, os moradores sio expostos intensamente a picadas destes e
outros mosquitos. Entretanto, a taxa de infecg¢@o dos insetos vetores geralmente varia
de 0,1% a 10% (Lines et al., 1991; Gil et al., 2003). Assim, cada habitante € exposto
muito mais aos insetos ndo infectados do que os infectados. Tem-se sugerido a partir
de estudos experimentais que a exposig¢do continuada a picadas de An. darlingi ndo
infectados poderiam modificar a resposta imunoldégica do hospedeiro contra o

plasmddio (Donovan et al., 2007).

A infecgdo inicia-se quando esporozoitos infectantes s3o inoculados no
homem pelo inseto vetor, dando inicio ao ciclo pré-eritrocitario, clinicamente
silencioso. Ha uma rapida migragdo para o figado, onde os os esporozoitos invadem
os hepatocitos e se desenvolvem em esquizontes que se multiplicam assexuadamente.
O P. vivax e o P. ovale podem evoluir neste momento para uma fase estacionaria
denominada hipnozoito que pode permanecer latente durante meses e até anos, dando
origem aos esquizontes teciduais em um periodo varidvel de tempo, responsaveis

pelas recidivas da doenga (Cogswell et al., 1983; Krotoski, 1985). O determinante
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biologico que influencia a evolugdo para o esquizonte replicante ou o hipnozoito ¢
desconhecido, assim como o processo que leva a ativagdo do hipnozoito. Apos alguns
ciclos de replicagdo, os esquizontes hepaticos se rompem e liberam milhares de

merozoitos na corrente sanguinea.

Na fz;lse eritrocitaria, os merozoitos liberados dos hepatdcitos invadem
eritrocitos e se desenvolvem em trofozoitos, os quais se multiplicam e maturam,
formando novos esquizontes que se rompem liberando mais merozoitos, com nova
invasdo de eritrécitos. O ciclo sanguineo se repete sucessivas vezes, a cada 48 horas
nas infec¢des por P. vivax e P. falciparum (Greenwopd et al., 2005). A cada ciclo
eritrocitario, a liberagdo de diversas substincias toxicas, como o heme livre, enzimas
liticas, radicais livres e a hemozoina que ¢ metabolizada pelo plasmodio (Coban ef al.,
2005; Awandare et al., 2007; Hanscheid et al., 2008), induz estresse oxidativo,
inflamagdo e ativagdo do sistema imunolégico. E nesta fase da infecgdio em que
usualmente aparecem os sintomas. Nesta fase do ciclo, algumas diferengas biologicas
entre o P. vivax e o P. falciparum sio importantes determinantes da gravidade da
doenga. O P. vivax preferencialmente infecta reticulocitos (Anstey et al., 2009). A
base biologica desta aparente predile¢do ndo € conhecida, além da descrigdo de
ligantes especificos para a invasdo celular (Galinski et al., 1992), como os antigenos
glicoprotéicos Duffy (Miller er al., 1976). Isso também poderia representar uma
adaptagio do parasita para evitar hiperparasitemias e doenga mais grave, ou mesmo o
fato de que os reticulocitos poderiam oferecer um microambiente especial para o
crescimento parasitario. Conseqiientemente, as infecgdes por P. vivax geralmente
apresentam reduzida parasitemia e desfechos clinicos menos graves quando

comparados aos casos de maldria causados por P. falciparum. Outra diferenca
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importante ¢ que o P. vivax torna-se muito mais amebodide do que o P. falciparum
enquanto estd se desenvolvendo dentro dos reticuldcitos, causando maior
deformabilidade (Suwanarusk et al., 2004). Todas as formas do P. vivax sdo
encontradas na circulagdo periférica, como a maioria das espécies de plasmoddio
(exceto o P. falciparum), e pode ser que a deformabilidade aumentada auxilie o
parasita na passagem pelo bago. Se isso for verdade, o P. vivax ndo precisaria de
propriedades adesivas para o seqiiestro nos capilares periféricos a fim de escapar do
sistema reticulo endotelial. Entretanto, a escassez de citoaderéncia e seqiiestro
periférico na infec¢do pelo P. vivax precisa de uma reavaliagdo, em razio de
evidéncias de que pode ocorrer aderéncia no bago (Del Portillo et al., 2004) ¢ no
pulmao (Anstey et al., 2007). Este cenario contrasta com a consisténcia auséncia de
formas sexuais maduras nas infecgdes por P. falciparum, exceto nos casos graves com
alta parasitemia (Miller ez al., 1994). Isso se deve ao fato deste parasita ser capaz de
aderir a uma variedade de receptores endoteliais ¢ ficar e ficar seqiiestrado no leito
capilar de varios tecidos e 6rgéos (Miller ez al., 1994). As hemaicias infectadas pelas
formas maduras do P. falciparum sio rigidas e facilmente capturadas pelo sistema
reticulo endotelial. Esta caracteristica peculiar do P. falciparum provavelmente traz

implicagdes importantes para a ocorréncia de formas graves, como a malaria cerebral.

Alguns merozoitos resultantes da esquizogonia eritrocitaria se diferenciam em
gametdcitos, que responsaveis pela infeccio do mosquito durante o repasto
sanguineo. Aqui aparece mais uma diferenga importante entre as duas mais
prevalentes espécies de plasmodio. Os gametocitos do P. vivax desenvolvem-se
precocemente durante a infec¢do e podem ser vistos na circulagdo periférica no

comego ou mesmo pouco antes do inicio dos sintomas (Boyd e Kitchen, 1937). Desta
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maneira, individuos com malaria assintomatica que ndo receberam ainda tratamento
podem servir como reservatorios € transmitir o parasita para os mosquitos vetores
(Alves et al., 2005). Esta transmissdo antes do aparecimento da doenga e tratamento
pode explicar em parte a resisténcia a terapia anti-malarica surgiu mais de 30 anos
depois dos primeiros relatos para o P. falciparum. Assim, a maioria dos gametocitos
produzidos durante a infec¢do em tese teriam sido expostos menos terapia, reduzindo
a chance da transmissdo de cepas mutantes resistentes. Apesar de tentadora, esta idéia
previamente aceita pelos malariologistas tem que ser revista, jA que uma analise
retrospectiva da concentragdo sanguinea de gametdcitos em pacientes
experimentalmente infectados com P. vivax mostrou que estes ndo sdo vistos no

sangue antes do inicio dos sintomas (Mckenzie et al., 2007).

1.3 A SITUACAO ATUAL DO DIAGNOSTICO DA MALARIA

Nas diversas areas endémicas de maldria, as quais predominam em paises
pobres ou em desenvolvimento, o diagnéstico da infecg@o ainda carece de melhorias.
Nessas areas, ¢ comum haver alta prevaléncia de muitas outras doengas infecciosas
que apresentam quadro clinico semelhante & malaria, como a febre amarela, dengue e
leptospirose, o que pode trazer confundimento no diagnéstico diferencial. A
ineficiéncia diagnéstica certamente correlaciona-se com o retardo no acesso ao
tratamento adequado e portanto aumento da morbidade e mortalidade. Apesar dos
avangos tecnoldgicos, o método da visualizagdo microscopica dos parasitas utilizando
esfregagos sanguineos ¢ ainda considerado o padrdo ouro a ser aplicado nas éreas
endémicas. O diagndstico parasitologico utilizando a microscopia requer supervisio e

treinamento continuado de pessoal, além de uma estrutura laboratorial minima, o que
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é dificil manter em dreas remotas de desertos e florestas. Além disso, ha uma
consideravel variagdo da eficacia diagnostica relacionada a experiéncia do técnico
microscopista (Coleman, Maneechai, Rachaphaew et al., 2002; Bowers et al., 2009;

Alexander et al., 2010).

Outros, métodos diagnodsticos foram desenvolvidos para tentar melhorar o
panorama do diagndstico da malaria. H4 mais de dez anos, métodos baseados em
amplifica¢do de material genético por reagdo em cadeia de polimerase (PCR) foram
padronizados para o diagnostico de malaria (Snounou et al., 1993; Snounou, 1996).
Os métodos que utilizam tanto nested-PCR quanto PCR em tempo real apresentam
maior sensibilidade e especificidade do que a microscopia, principalmente quanto a
identificag¢do de casos com baixa parasitemia (Di Santi et al., 2004; Costa et al., 2008;
Shokoples et al., 2009). Apesar disso, os ensaios moleculares sfo custosos € requerem
mais investimento em infra-estrutura do que a microscopia, o que reduz a sua
aplicabilidade nas areas endémicas. Assim, o uso de ensaios moleculares atualmente

restringe-se ao campo de pesquisa.

Uma promissora aquisi¢do no campo do diagnéstico da malaria foram os
testes rapidos (rapid diagnostic test, RDT). A maioria destes testes utilizam
imunocromatografia para identificagdo de produtos parasitarios (Murray et al., 2008).
Tais testes s3o mais baratos do que os moleculares, ndo carecem de estrutura
laboratorial, sdo facilmente aplicados, apresentam leitura simples € rapida e podem
apresentar sensibilidade e especificidade equivalentes & microscopia bem realizada
(Ashley et al., 2009; Valea et al., 2009). Entretanto, a maioria dos estudos de

validagdo destes testes foi realizada em paises que apresentam alta endemicidade
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(Tjitra et al., 1999; Coleman, Maneechai, Ponlawat et al., 2002; Coleman, Maneechai,
Rachapaew et al., 2002; Pattanasin et al., 2003), sendo necessarias portanto mais
investigagdes em areas de varidvel prevaléncia. O diagnoéstico preciso feito através de
ferramentas inovadoras eficazes e¢ de baixo custo sdo fundamentais para a
identificagdo precoce dos casos da infecgdo e portanto sdo também essenciais para o

manejo adequado e controle da transmissdo.

1.4 A APRESENTACAO CLiNICA DA DOENCA E A RESPOSTA IMUNE DO

HOSPEDEIRO

Em todo o mundo, a maioria das infecgdes por plasmodios € clinicamente
silenciosa, refletindo a habilidade dos mecanismos imunoldgicos adaptativos em
prevenir os sintomas (Greenwood et al., 2005). Em individuos ndo-imunes, contudo,
as infecgdes sdo clinicamente mais evidentes, € uma minoria de casos pode se tornar
grave, com acometimento de multiplos 6rgdos e causar a morte. A manifestagdo
clinica da doenga depende da espécie do plasmédio, da idade e da imunidade anti-

malarica do hospedeiro (Druilhe e Perignon, 1997; 1998).

Em éareas de alto risco de transmissdo (incidéncia de 70 casos por 1.000
habitantes), criangas, gestantes e individuos provenientes de areas ndo endémicas
(migrantes ou visitantes ocasionais) compdem o grupo de pacientes mais propensos a
desenvolver a doenga, representada basicamente por crises febris periddicas, anemia,
acidose metabdlica e malaria cerebral. Entretanto, em areas de baixo risco (incidéncia

de 0,1 casos por 1.000 habitantes), a infec¢do primaria geralmente ocorre em adultos,
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nos quais a doenga grave freqiientemente envolve distirbios adicionais, tais como
disfungdo hepatica, insuficiéncia renal, edema pulmonar e choque (Schofield e Grau,
2005). Estas manifestagdes mais graves da infecgdo, em geral, correlacionam-se com
o nivel de parasitemia. Ha hiperparasitemia quando mais de 2% das hemacias do
hospedeiro primo-infectado estdo parasitadas ou mais de 5% nos individuos que ja
tiveram malaria no passado (Brasil, 2005). Na pratica, consideram-se hiperparasitados
o0s pacientes que apresentam, ao exame da gota espessa, positividade igual ou superior
a trés cruzes ou presenga de esquizontes com qualquer nivel de parasitemia. Enfim, a
dindmica da transmiss3o e a idade do hospedeiro, assim como o seus perfis genético e
imunolégico sio importantes determinantes da doenga. E importante notar que a
maioria dos estudos neste escopo referem-se a infecgdes causadas pelo P. falciparum,
devido a alta letalidade. O conhecimento sobre os fatores determinantes da gravidade
da maldria causada pelo P. vivax ainda € escasso e apenas recentemente tem recebido
devida atengdo (Anstey et al., 2009; Mueller et al., 2009). Antes considerada uma
infec¢do relativamente benigna quando comparada a infecg¢do pelo P. falciparum, a
malaria causada pelo P. vivax tem sido recentemente associada com complicagdes

graves e morte (Price et al., 2007).

A suscetibilidade humana a infecgdo malarica parece ser universal. Porém, ha
fatores inatos, ndo diretamente imunoldgicos, relacionados & prote¢do natural a
infecgdo. No caso do P. vivax, a auséncia de iso-antigenos do sistema sanguineo
Duffy impede a penetragdo dos merozoitos nas hemacias (Miller et al., 1976). Este
achado entretanto esta sendo rediscutido frente aos recentes relatos de infecgdes por
P. vivax em individuos Duffy negativos na Africa (Ryan et al., 2006) e no Brasil

(Cavasini et al., 2007). Ja a presenga da hemoglobina S nos portadores do trago
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falcémico, assim como a deficiéncia genética de glicose-6-fosfato-desidrogenase,

reduz a gravidade da infecgio por P. falciparum (Greenwood et al., 2005).

A diversidade das sindromes parece confundir a determinagdo de um
mecanismo unificador da patogénese da malaria. Apesar de ja existirem inimeros
estudos em humanos, a maioria do conhecimento sobre a imunopatogénese da doenga
ainda resulta de estudos experimentais. Ha indicios de que a interse¢do do poucos
processos basicos pode determinar as diversas sindromes: a localizag@o especifica de
eritrocitos parasitados em Orgios-alvo; a agdo local e sist€mica de produtos bioativos
do parasita, como toxinas, nos tecidos do hospedeiro; a produgio local e sistémica e
citocinas e quimiocinas pré-inflamatorias e contra-regulatorias pelo sistema
imunolégico inato e adaptativo em resposta aos produtos do parasita; € o
recrutamento e ativagdo de células inflamatdrias, com a¢iio da imunidade celular e
humoral (Schofield e Grau, 2005). De acordo com este ponto de vista, as diversas
sindromes clinicas que sucedem a infecg¢@o maldrica s3o o estagio final do processo de
ativacdo de cascatas inflamatorias atipicas e respostas imunologicas inadequadas a

eliminag¢do do plasmodio.

Evidéncias sugerem que anticorpos e células T apresentam papel crucial na
imunidade protetora contra as diferentes formas evolutivas do plasmodio (Good et al.,
1998). Anticorpos contra moléculas da superficie dos merozoitos freiam o ciclo
eritrocitario através do bloqueio da invasdo de novas hemacias (Giha ef al., 2000).
Esta bem estabelecido que anticorpos, principalmente do isotipo IgG, direcionados

contra antigenos do P. falciparum na fase eritrocitaria s3o importantes na imunidade
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anti-maldrica, sendo que a transferéncia do soro de uma pessoa imune para outra nio-
imune garante um efeito protetor (Mcgregor, 1964). Entretanto, a fungdo das
subclasses de IgG na aquisi¢do da imunidade anti-maldrica € ainda incerta. Respostas
humorais também atuam contra esporozoitos, inibindo sua invasdo nos hepatocitos
(Hisaeda et al., 2005) ou interferindo a ligagdo de eritrocitos infectados no endotélio,
como os anticorpos anti-PfEMP1 (proteina da superficie de eritrdcitos infectados por
P. falciparum, responsavel pelo seqiiestro de hemacias na microcirculagdo) (Giha et
al., 2000). Além disso, anticorpos especificos contra moléculas de
glicosilfosfatidilinositol (GPI), uma das moléculas imuno-estimulatérias, podem
suprimir a ativagdo de macréfagos, resultando em uma menor produgio de citocinas
inflamatorias e menor patologia (Schofield er al.,, 2002). Hospedeiros também
desenvolvem anticorpos anti-gametocitos, que interferem na transmissdo de parasitas
aos mosquitos vetores. Apesar deste tipo de imunidade ndo proteger individuos
infectados, pode ajudar a reduzir a infec¢do no nivel da comunidade, embora este

mecanismo parega ser insignificante na pratica (Hisaeda et al., 2005).

A resposta imune celular anti-maldrica parece ser de fundamental importancia
para o controle da parasitemia, porém, paradoxalmente, encontra-se também
envolvida com o estabelecimento da doenga grave. Células T CD8+ exibem atividade
citotoxica contra hepatdcitos parasitados, limitando parcialmente a maturagdo dos
esporozoitos (Good et al., 1998). Se a liberagdo de merozoitos do figado para a
corrente sanguinea ¢ prevenida, a infecgdo poderia ser controlada antes do
aparecimento da doenga clinica, porém, na pratica, a imunidade da fase pré-
eritrocitiria mostra-se pouco eficaz frente aos mecanismos de escape do plasmodio.

Células T CD4+ sdo indispensaveis para a protegdo contra parasitas da fase
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eritrocitaria, seja através da assisténcia a produgdo de anticorpos neutralizantes e
opsonizantes, seja através da liberagdo de citocinas pré-inflamatorias para ativagdo de
macrofagos e estimulagdo da eliminagdo de hemdcias infectadas (Good et al., 1998).
Dados de estudos clinicos € experimentais indicam que uma resposta inflamatdria
precoce, com a produgdo de interleucina (IL)-1, IL-2, interferon (IFN)-gama e fator
de necrose tumoral (TNF)-alfa, ¢ requerida para o controle inicial da multiplica¢do
intra-eritrocitaria dos parasitas (Stevenson ef al., 1995; Fell e Smith, 1998);
resisténcia é absolutamente dependente de IFN-gama (Favre et al., 1997), e a falha da
manutengdo das respostas iniciais Thl pode levar ao aumento da carga parasitaria.
IFN-gama e TNF- alfa atuam sinergicamente para induzir a destrui¢do de parasitas
dentro de células fagocitarias, concentradas no bago (Favre et al., 1997). Entretanto,
em excesso, as citocinas pro-inflamatorias sdo as maiores favorecedoras da doenga
grave (Clark et al., 2006; Clark et al., 2008). No homem, o risco de morte por maléria
cerebral correlaciona-se com altas concentragdes de TNF- alfa (Grau et al., 1989). A
mortalidade em adultos esta associada com altos niveis séricos de IL-6 e IL-10 (Day
et al., 1999). A anemia grave em criangas esta ligada a altas concentragdes de TNF-
alfa e baixas concentragdes de IL-10 (Kurtzhals et al., 1998; Othoro ef al., 1999). A
indugio de fator de transformagéo de crescimento (TGF)-beta in vitro esta associada a
um risco reduzido de doenga grave (Dodoo et al., 2002). Por outro lado, outros
estudos evidenciaram que concentragdes mais elevadas de IL-10 estdo relacionadas a
uma redugido de dano tecidual, incluindo a malaria experimental (Kossodo et al.,
1997) e humana (Ho et al., 1998). A otimizagdo da resposta imune anti-malarica,
entdo, depende de um fino ajuste do balango de citocinas pré-inflamatorias € anti-
inflamatorias. Neste sentido, a razio IFN-gama/IL-10 tem sido utilizada para estimar

o balango pro-inflamatorio nos pacientes com malaria (Metenou et al., 2009).
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Individuos que vivem em areas endémicas da maldria eventualmente
desenvolvem imunidade clinica (Druilhe e Perignon, 1997) e anti-parasita, descrita
como espécie-especifica, cepa-especifica e estagio-especifica (Hisaeda et al., 2005).
Entretanto, a imunidade adquirida ndo é completa, ndo sendo capaz de erradicar o
protozoario, mas pode limitar a carga parasitaria a niveis extremamente baixos e
reduzir drasticamente a gravidade dos sintomas e complicagdes da doenca, muitas
vezes tornando o hospedeiro assintomatico (Druilhe e Perignon, 1997). Esta
imunidade, conhecida como “premuni¢do”, é adquirida lenta e progressivamente apos
estimulos antigénicos constantes, determinados por infecgdes repetidas pelo mesmo
parasita (P. falciparum ou P. vivax), o que explica em parte a observagdo de que os
individuos das areas endémicas acometidos pela doenga clinica sdo representados, em
sua maioria, por criangas € adultos jovens, que ndo tiveram tempo suficiente para
desenvolver este estado imunitario. A “premuni¢do” € um fendémeno labil e
geralmente desaparece apos seis meses de auséncia completa do estimulo antigénico
(Druilhe e Perignon, 1997). Isto acontece quando cessam as re-infecgdes apos o
abandono da area endémica pelo paciente. Além disso, esta imunidade costuma ser

perdida nas gestantes (Hisaeda et al., 2005).

Diversas sdo as explicagbes possiveis para a incapacidade do organismo em
desenvolver uma resposta imune esterilizante, como normalmente ocorre em
infecgdes virais e bacterianas. Os complexos mecanismos de escape dos plasmodios
podem responder algumas questdes, mas necessitam de melhor elucidagdo. O

plasmodio é um parasita intracelular, sendo capaz de suprimir a expressdo de
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moléculas do complexo principal de histocompatibilidade (MHC)-II e dificultar a
resposta celular citotoxica (Hisaeda et al, 2005). O parasita também induz
modificagdo da superficie de hemaAcias, facilitando a aderéncia ao endotélio vascular e
dificultando a eliminagdo de parasitas pelo sistema reticulo-endotelial. Outros
mecanismos sdo a diversidade de antigenos entre as varias formas evolutivas do
parasita, o polimorfismo antigénico entre as cepas e a variagdo antigénica clonal de
uma mesma cepa, que tornam as respostas imunes especificas menos eficazes. Por
fim, os plasmoddios sdo capazes de causar imunossupressdo especifica, interferindo na
maturagdo de células dendriticas e induzindo proliferagio de células
imunorregulatorias, tais como linfécitos CD4+ CD25+ e células T NK (Hisaeda et al.,
2004). A ativagdo de células imunorregulatorias correlaciona-se com a produgdo de
citocinas imunomodulatorias, como o TGF-beta e IL-10, supressoras da resposta pro-
inflamatéria (Shevach, 2002). Células com caracteristicas regulatorias sdo
rapidamente induzidas apos a infecgdo de eritrocitos por parasitas e sdo associadas a
um pico precoce de producido de TGF-beta, diminuig¢do da produgdo de citocinas pro-
inflamatorias e a uma redugdo das respostas imunes antigenos-especificas (Hisaeda et
al., 2004). Tanto a produgdo precoce de TGF-beta quanto a presenca de células T
regulatdrias estdo associadas a maiores taxas de crescimento parasitirio in vivo
(Hisaeda et al., 2004). A indugdo de células T regulatorias mediada pelo P.
falciparum deve representar um fator de viruléncia do parasita. Entretanto, a0 mesmo
tempo em que beneficiam o parasita, facilitando o estabelecimento da infecgdo, as
células T regulatérias induzidas pelo plasmédio podem contribuir para o controle das
respostas inflamatorias, em um momento mais tardio da infecgdo, reduzindo a

imunopatologia e prevenindo a maléria grave.
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O fenémeno da “premunigdo” ¢ classicamente descrito em areas africanas de
alta endemicidade, e em infec¢des por P. falciparum (Druilhe e Perignon, 1997).
Entretanto, a descricdo de uma alta prevaléncia de maldria assintomatica no Brasil
demonstra que a resisténcia adquirida também ocorre neste pais, como relatado na
Africa, a despeito da diferenca epidemioldgica da doenga entre tais paises (Alves et
al., 2002). Estudos desenvolvidos na Amazénia mostraram que a imunidade
naturalmente adquirida contra o P. vivax também existe e parece ser induzida mais

rapidamente do que a imunidade anti-P. falciparum (Camargo, E. P. et al., 1999).

As conseqiiéncias clinicas da malaria assintomatica ainda ndo sdo totalmente
compreendidas. Ao passo que é aceito amplamente que, em areas endémicas, a
maldria assintomatica esta envolvida no desenvolvimento da imunidade parcial
(Druilhe e Perignon, 1997) e deve proteger contra a doenga grave em casos de novas
infecgdes, os pacientes assintomaticos ndo sdo incluidos nos esquemas atuais de
tratamento e podem servir de reservatorio para a transmissdo da doenga nas areas
endémicas. Um levantamento epidemioldgico sobre a malaria no Estado de Rondo6nia
no Brasil, através da revelagido de um significativo niimero de individuos com malaria
assintomatica, sugeriu que sdo estes individuos, e ndo os imigrantes, 0s maiores
reservatorios epidemioldgicos para a transmissdo continua de maléria (Camargo, L.
M. et al., 1999). Estudos na Africa, por sua vez, sugeriram que os individuos
assintomaticos parecem ser incomuns e freqiientemente evoluem para a doenga
clinica, sugerindo que o tratamento destes pacientes pode ser benéfico, em termos de
prevengdo da malaria grave (Owusu-Agyei et al., 2002). Entretanto, um outro estudo
africano evidenciou que o tratamento de casos assintomaticos pode aumentar o risco

de ocorréncia da malaria sintomatica em criangas quando estas sdo re-infectadas apos
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terapia anti-maldrica adequada (Njama-Meya er al., 2004). Apos a re-infecgdo, os
pacientes anteriormente portadores de malaria assintomatica (tratados) apresentaram
parasitemias mais baixas e sintomas mais amenos da doenga, mas demonstraram uma
taxa de re-infecgdo semelhante a dos pacientes sintomaticos tratados (Njama-Meya et

al., 2004).

Estudos experimentais reforgam a nog¢do de que células T regulatorias podem
reduzir a imunopatologia da malaria, sendo que tais células e suas citocinas
imunomodulatorias seriam as grandes responsaveis pela malaria assintomadtica. Baixas
concentragdes séricas de TGF-beta estdo associadas a doenga aguda e grave € um
desequilibrio entre os niveis sistémicos de citocinas pré-inflamatérias e TGF-beta
aumenta o risco da doenga (Omer e Riley, 1998). Assim, em casos de malaria
moderada, uma vez que a parasitemia esta sob controle, células T regulatérias devem
produzir ou induzir a produgdo de TGF-beta (Omer e Riley, 1998) e IL-10 (Li et al.,
2003), os quais modulam a resposta inflamatdria. Individuos nos quais a resposta das
células T regulatorias é defeituosa devem ter risco aumentado de progredir para a
malaria grave. Além disso, através da inibigdo dos mecanismos efetores persistentes
mediados pela resposta Thl, a atividade da célula T regulatéria deve favorecer a
persisténcia da malaria assintomatica, favorecendo tanto a memoria imunologica

adquirida (premunigdo) quanto a transmissdo parasitaria em areas endémicas.

Apesar da importante contribuigdo dos estudos experimentais no entendimento
da patogénese da malaria, o desfecho clinico da malaria humana parece originar de

relagdes mais complexas. Dentre os miltiplos fatores que interferem na resposta
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imunologica do hospedeiro humano contra o plasmodio, as co-infecgdes
provavelmente desenvolvem um importante papel. Muitas outras infec¢des sdo
comuns nas areas endémicas de malaria. Dentre estas destacam-se as infec¢des virais
(Braga et al., 2005; Bronzan et al., 2007; Karp e Auwaerter, 2007) e as helmintiases
(Yatich et al; Nkuo-Akenji et al., 2006; Nacher, 2008). Estas infecgdes
concomitantes _interferem na resposta imunologica do hospedeiro € podem trazer
vantagens ou desvantagens em relagdo a gravidade da apresentag@o clinica da maldria.
Alguns relatos associam hepatite viral com pior prognéstico na malaria grave (Thursz
et al., 1995; Barcus et al, 2007) e as infecgdes helminticas podem exacerbar a
malaria (Helmby, 2009) ou reduzir a sua imunopatologia (Lyke et al., 2005; Brutus et
al., 2007; Metenou et al., 2009). Essas associagdes precisam ser melhor exploradas e
os mecanismos responsaveis pela modulagdo das respostas carecem de melhor

entendimento.

Certamente sdo inimeros os fatores que podem se associar a apresentagdo
clinica da doenga. Ao mesmo tempo que € tentador avaliar os determinantes da
imunidade clinica, a investigagdo sobre os fatores envolvidos na patogénese da
doenga grave é fundamental importidncia para o entendimento da malaria e do

embasamento para futuras intervengdes profildticas e terapéuticas.
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2. JUSTIFICATIVA

Apesar da queda no numero de casos a partir de 2006, a malaria no Brasil continua a
ser um grande problema de saude publica, exercendo uma enorme carga econdémica
ao sistema unico de saude (SUS) no Brasil. Os Estados do Para, Amazonas, Rond6nia
e Mato Grosso apresentam os mais numerosos registros de casos. A estratégia de
combate a doenca realizada pelo Ministério da Saide baseia-se em agdes
preconizadas pela Organiza¢cdo Mundial da Saude, e inclui o combate ao vetor, o
diagnostico precoce e preciso e o tratamento otimizado. Apesar de tais medidas serem
bem sucedidas no controle do alastramento de casos, a politica de controle de malaria
ndo é capaz de erradicar a doenga sem o auxilio de medidas inovadoras. Esta tese ¢
composta de seis sub-estudos que investigaram quatro importantes aspectos da
malaria no Brasil: o diagndstico de casos assintomaticos, a estimativa de exposi¢do ao
vetor, a influéncia de co-infec¢des na apresentagdo clinica da infecgdo e o
entendimento de complicagdes na malaria vivax. O nosso grupo de pesquisa
identificou tais problemas cujas solu¢des seriam fundamentais para auxiliar o
combate a esta infec¢do e gerar queda nos custos de saide. O primeiro grande
problema é o do diagnoéstico da malaria assintomatica. Estudos prévios realizados no
Brasil mostraram que os individuos com maldaria assintomatica podem permanecer
longos periodos com o plasmddio, e sdo também capazes de transmitir o parasita para
vetores ndo infectados. Isto sugere que os individuos com malaria assintomatica
podem servir de reservatorios da doenga. Nos idealizamos um programa baseado em
redes neurais artificiais capaz de predizer a malaria assintomatica através da coleta de
informagdes epidemiologicas e antropométricas. Caso seja validado, tal software

poderia ser usado em areas endémicas estratégicas para tratamento sistematico de
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casos, visando a eliminagdo da transmiss3o. Para a identificacdo destas areas, seria
necessario estimar as regides de risco de exposigdo ao vetor. O grupo entdo
padronizou e validou uma técnica de sorologia para estimar tal exposigdo.
Futuramente, estas duas ferramentas em conjunto podem ser de grande valia em um
programa de erradicagdo. Raros sdo os estudos no Brasil que avaliam a influéncia de
co-infecgbes na apresentagdo clinica da malaria. Nos decidimos avaliar o impacto da
hepatite viral B na malaria porque as areas de distribui¢do destas doengas no mundo
sdo coincidentes. Isto é importante para orientar politicas de controle de doengas
simultineas. Recentemente, casos atipicos de maléria vivax com maior morbidade e
letalidade tém sido relatados no Brasil. E de fundamental importincia caracterizar tais
casos ¢ identificar ferramentas de predi¢do do diagnostico, além de identificar
possiveis alvos terapéuticos. Nosso grupo descreve biomarcadores dos casos graves ¢
testa o estresse oxidativo como alvo terapéutico, para o qual ja ha drogas para uso em
humanos. Em conjunto, a tese traz valorosas contribui¢des para o entendimento da
maldria no Brasil. A descrigio de determinantes de prote¢do ou gravidade sdo
fundamentais para guiar futuros esquemas de manejo dos pacientes ou do controle

epidemiologico.
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3. OBJETIVOS

Identificar determinantes do diagnostico preciso da maldria humana e
descrever potenciais candidatos a biomarcadores de protegdo ou gravidade com base

na imunopatogénese da doenga, em uma area endémica da Amazonia brasileira.

3.1 OBJETIVOS ESPECIFICOS
- Estabelecer uma metodologia eficaz para rastreamento diagndstico de casos de
malaria sintomdtica e assintomatica em uma amostra de pacientes para servir

como base de andlise dos determinantes imunologicos.

- Padronizar e validar o uso da mensuragdo soroldgica de anticorpos anti-saliva do
vetor Anopheles darlingi para estimar exposi¢do e imunidade clinica ao

Plasmodium vivax.

- Investigar a associagdo entre infecg¢do pelo virus da hepatite B e a apresentagdo

clinica da malaria.

- Descrever o perfil epidemiologico, inflamatério e imunolégico da malaria grave

causada pelo Plasmodium vivax.

- Identificar candidatos biomarcadores de gravidade clinica da malédria vivax

humana que apresentem intima relagdo com a imunopatogénese da doenga.
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4. METODOLOGIA
Resumo geral da metodologia empregada para a amostragem dos individuos

estudados na série de manuscritos

732 pessoas foram recrutadas entre 2006 ¢ 2007, em Buritis ¢ em comunidades
ribeirinhas de Porto Velho, duas regides de Rondonia, Estado que apresenta alta
incidéncia de malaria. Para recrutamento dos casos foram utilizadas: busca passiva,
com atendimento nos postos da Fundagdo Nacional da Satide, postos municipais € no
Hospital Municipal de Buritis; e busca ativa, com rastreamento domiciliar em regides
onde estudos prévios revelaram alta prevaléncia de casos, incluindo assintomaticos.
Apds consentimento assinado, uma entrevista ¢ exame fisico, coleta de sangue € o
exame da gota espessa foram realizados. Os dados dos pacientes foram registrados em
um banco de dados digitalizado. O sangue foi utilizado para o diagnostico molecular
da malaria (nested PCR), o teste rapido para malaria Optimal-IT, hemograma,
enzimas hepaticas, avaliagdo da coagulacdo e da inflamagdo, além de sorologias para
febre amarela, leptospirose, hepatites A, B, C e D, dengue, e HIV. Além disso, foram
pesquisados trago falcémico e outros polimorfismos relacionados a maldria. Os
fatores de exclusdo foram, além da positividade nas sorologias pesquisadas (exceto
para Hepatite B em um sub-estudo), a referéncia de alcoolismo crénico, cancer ou
doenga degenerativa e uso de imunossupressores. Todos os exames foram realizados
no laboratério da Faculdade S3o Lucas-RO, LACEN-BA, Escola de Farmacia da
UFBA e na FIOCRUZ-BA. Os individuos positivos para o plasmédio foram seguidos
por 30 dias, quando novos exames foram realizados. Individuos infectados que
permaneceram sem apresentar sintomas de malaria neste periodo foram considerados
portadores de malaria assintomatica. Aqueles que apresentaram sintomas de

complicagdo, com hospitalizagdo e/ou morte foram considerados graves. Apds a
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utilizagdo dos critérios sorologicos de exclusio, os individuos foram categorizados de
acordo com a apresentagdo clinica da malaria em: ndo infectados (n=183) e os com
maldria assintomatica (n=202), sintomatica ndo complicada (n=195) e apresentando
qualquer sintoma que possa ser classificado como malaria grave de acordo com os
critérios da Organizagdo Mundial da Saide (n=19). A partir deste ponto, as
investigagdes variaram de acordo com o sub-estudo. No estudo do diagndstico, varias
técnicas diagndsticas foram comparadas, incluindo um software baseado em redes
neurais artificiais. No segundo estudo, a sorologia anti-saliva do vetor Anopheles
darlingi foi usada para estimar exposigdo ao P. vivax utilizando curvas ROC. No
terceiro estudo, o impacto da hepatite B na apresentagdo clinica da maléria foi testada.
O quarto estudo faz uma descrigdo do perfil inflamatério e imunolégico dos pacientes
com malaria vivax grave. O quinto estudo testa o estresse oxidativo como
biomarcador da malaria vivax grave, através da medida da superoxido dismutase-1 no
plasma. Por fim, o sexto trabalho traz experimentos in vitro para explicar a relagédo

entre a maldria, hemolise e a desregulagdo imunolégica.
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5. MANUSCRITOS

5.1 MANUSCRITO I

Towards a precise test for malaria diagnosis in the Brazilian Amazon:
comparison among field microscopy, a rapid diagnostic test, nested PCR, and a

computational expert system based on artificial neural networks

Este trabalho compara a eficacia de diferentes testes diagnodsticos na identificacdo de
malaria sintomdtica e assintomatica. Além disso, um programa computacional
utilizando redes neurais artificiais foi desenvolvido para tentar diagnosticar

ativamente casos de malaria assintomatica.

Resumo dos resultados: O método molecular mostrou a mais alta performance para
o diagnostico da malaria. O teste rapido foi superior @ microscopia nos casos de baixa
parasitemia, mas apresentou baixa performance no diagnostico de infecgdes mistas. A
microscopia apresentou apenas 61,25% de diagnosticos corretos casos assintomaticos.
O sistema MalDANN usando apenas dados epidemioldgicos apresentou-se pior do
que a microscopia (56% de acertos). Entretanto, ao acrescentar dados de citocinas
plasmaticas (IL10 e IFNgama), a performance do software aumentou sensivelmente

(80% de acertos).

Este trabalho foi publicado no periddico internacional Malaria Journal (Fator de
Impacto JCR 2009 = 3.00) e recebeu denominagao “Highly accessed” por ter recebido

1908 acessos on-line no primeiro més de publicagdo.
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ﬁbstract

Background: Accurate malaria diagnosis is mandatory for the treatment and management of severe cases. Moreover,
individuals with asymptomatic malaria are not usually screened by health care facilities, which further complicates
disease control efforts. The present study compared the performances of a malaria rapid diagnosis test (RDT), the thick
blood smear method and nested PCR for the diagnosis of symptomatic malaria in the Brazilian Amazon. In addition, an
innovative computational approach was tested for the diagnosis of asymptomatic malaria.

Methods: The study was divided in two parts. For the first part, passive case detection was performed in 311
individuals with malaria-related symptoms from a recently urbanized community in the Brazilian Amazon. A cross-
sectional investigation compared the diagnostic performance of the RDT Optimal-IT, nested PCR and light microscopy.
The second part of the study involved active case detection of asymptomatic malaria in 380 individuals from riverine
communities in Ronddnia, Brazil. The performances of microscopy, nested PCR and an expert computational system
based on artificial neural networks (MalDANN) using epidemiological data were compared.

Results: Nested PCR was shown to be the gold standard for diagnosis of both symptomatic and asymptomatic malaria
because it detected the major number of cases and presented the maximum specificity. Surprisingly, the RDT was
superior to microscopy in the diagnosis of cases with low parasitaemia. Nevertheless, RDT could not discriminate the
Plasmodium species in 12 cases of mixed infections (Plasmodium vivax + Plasmodium falciparum). Moreover, the
microscopy presented low performance in the detection of asymptomatic cases (61.25% of correct diagnoses). The
MalDANN system using epidemiological data was worse that the light microscopy (56% of correct diagnoses).
However, when information regarding plasma levels of interleukin-10 and interferon-gamma were inputted, the
MalDANN performance sensibly increased (80% correct diagnoses).

Conclusions: An RDT for malaria diagnosis may find a promising use in the Brazilian Amazon integrating a rational
diagnostic approach. Despite the low performance of the MalDANN test using solely epidemiological data, an
approach based on neural networks may be feasible in cases where simpler methods for discriminating individuals
below and above threshold cytokine levels are available.

Background
, Despite global efforts, the malaria burden is increasing
*Correspondence: mbarral@bahia fiocruz.br ldwid ith al illi . d death
1 Centro de Pesquisas Gongalo Moniz (FIOCRUZ), Bahia, Brazil worldwide, wit most two rf“ RO es.tlm?te e.a S
Full list of author information is available at the end of the article annually [1]. The lack of precise malaria diagnosis
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remains an important obstacle to the treatment adher-
ence and effectiveness and clinical management of severe
cases. Additionally, the invasiveness and expense of tests
limit their utilization in asymptomatic individuals.
Within the Brazilian Amazon, the microscopic detection
and identification of Plasmodium spp. in Giemsa-stained
blood smears from individuals presenting with malaria-
like symptoms persists as the gold standard for the diag-
nosis of malaria and is mandatory to obtain access to the
anti-parasitic treatment. Microscopic parasitological
diagnosis requires continued personnel training and
supervision of users in addition to a minimum laboratory
structure, which is difficult to maintain in remote areas of
the rainforest. Additionally, such a test is prone to large
observer-related variation [2,3] and lacks sensitivity when
performed by non-expert laboratory microscopists [4].
Other diagnostic methodologies have arisen to overcome
the inefficient malaria diagnosis, such as PCR-based
genetic tests. Nested PCR and real time PCR present
higher sensitivity and specificity to malaria diagnosis
compared to light microscopy [5,6]. Nevertheless, these
molecular assays are costly and require even more labora-
tory support and personnel than microscopy, making it
difficult to use routinely in the endemic areas. Rapid
immunochromatographic tests (rapid diagnostic test,
RDT) do not require laboratory support, are easily read
and can reach a sensitivity similar to that commonly
achieved by well-performed microscopy [7]. Neverthe-
less, most field evaluations of malaria RDTs were per-
formed in countries with very high malaria endemicity
[8,9], and validation studies in the Amazonian region are
still scarce.

Within the Rondoénia State in the Brazilian Amazon, the
incidence of malaria and the occurrence of drug resistant
cases are increasing [10]. In Buritis, a recently urbanized
municipality, this situation is worsened by the lack of
infrastructure of the health care system and the malaria
control program. In addition, many other infectious dis-
eases with similar clinical presentations, such as yellow
fever, dengue and leptospirosis, are also common in this
area, and the correct malaria diagnosis is of utmost
importance to the adequate management of the patients.
Certainly, one of the determining factors for morbidity
and mortality is the delayed access to the health care.
Moreover, the incidence of asymptomatic Plasmodium
infection is very high in the Brazilian Amazon [11], fur-
ther compounding the problem of malaria diagnosis.
These individuals are not screened by the health care sys-
tem, but they can transmit Plasmodium to uninfected
Anopheles mosquitoes [12] and may represent important
reservoirs. Therefore, the development of simple and
noninvasive diagnostic tools is critical to hamper the
spread of this infection.

34

Page 2 of 11

Herein, the diagnostic effectiveness between an RDT
{Optimal-IT), field microscopy and nested PCR was com-
pared in individuals with malaria-related symptoms from
an Amazonian region, which presents an increasing inci-
dence of malaria [10]. Furthermore, a computational
expert system based on artificial neural networks using
epidemiological and clinical information was developed
in an attempt to diagnose asymptomatic Plasmodium
infection, and it was compared to field microscopy and
nested PCR.

Methods

Ethics

This study was approved by the Ethical Committee of the
Sao Lucas University, Rondénia, Brazil, for the human
subject protocol. The clinical investigations were con-
ducted according to the principles expressed in the Dec-
laration of Helsinki. All participants or legal guardians
gave written informed consent before patients entered
the study.

Participants and sampling

This study was performed in Rondénia State in the south-
western Brazilian Amazon. Within this region, the
malaria transmission is unstable, with an increasing num-
ber of cases being detected annually from April to Sep-
tember [13]. Most malaria cases are caused by P, vivax.
The prevalence of P. falciparum infection in the Brazilian
Amazon is 23.7% [10], and the case detection of Plasmo-
dium malariae is about 10% in Rondénia [14].

For the first part of the study, a cross-sectional investiga-
tion was performed between May 2006 and September
2007 in Buritis, Rondénia, Brazil (10°12'43" S; 63°49'44"
W), a recently urbanized municipality with high preva-
lence of symptomatic malaria [10]. Passive malaria case
detections were carried out in individuals who sought
care at the diagnostic centers of the Brazilian National
Foundation of Health (FUNASA), responsible for malaria
control in the country. The purpose of this sampling
method was to identify individuals with malaria pre-
sumptive symptoms. A total of 311 subjects enrolled in
this part of the study.

To test the efficacy regarding the diagnosis of asymptom-
atic Plasmodium infection, riverine communities close to
Demarcagéao, Rondoénia, Brazil (8°10'04.12" S;
62°46'52.33" W), in which a high prevalence of asymp-
tomatic Plasmodium infection has been reported [11],
were studied. Active case detection was performed,
which included home visits with interviews, clinical eval-
uations, and blood collection for nested PCR and
cytokine measurements. Participants without any clinical
evidence of malaria infection were assessed. All individu-
als who were living in the endemic area for more than six
months and were asymptomatic were invited to be ini-
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tially included in the study. Hence, a total of 380 individu-
als enrolled in the second part of the study. The baseline
characteristics of the participants are illustrated in Table
1.

The malaria diagnosis

The individuals were examined and interviewed by a
trained physician. In the first part of the study, the thick
blood smear and the Optimal-IT RDT (DiaMed China
Ltd, Hong Kong, China) were run at the same time. The
Optimal RDT was performed according to the manufac-
turer's instructions. For estimation of parasitaemia, expe-
rienced malaria field microscopists from the FUNASA
malaria diagnostic center counted parasitaemia on slides
using the thick film method. All the slides were stained
using Giemsa pH 7.2. The results were reported as para-
sites/uL. In addition, 300 uL of total blood were collected
in EDTA-treated tubes and stored for the nested PCR.
The molecular diagnosis of malaria infection was per-
formed in all subjects using the nested PCR technique
described previously [15]. To control for cross-contami-
nation, one uninfected blood sample was included for
every twelve samples processed. Fifteen percent of posi-
tive PCR samples were re-tested to confirm the amplifi-
cation of plasmodial DNA. Part of the molecular assays
was performed in the field laboratory facility (USP/ICBS5,
Monte Negro, Rondénia, Brazil). All tests were repeated
and confirmed at the main laboratory at the Centro de
Pesquisas Gongalo Moniz, Bahia, Brazil. To certify that
the individuals with a positive nested PCR test really had
symptomless Plasmodium infections, they were followed
for 30 days. Only the individuals who remained without
malaria-related symptoms and positive nested PCR test
after this period were classified as asymptomatic malaria
cases.

Expert System Based on Artificial Neural Networks

To identify asymptomatic Plasmodium infection, an
expert system based on Artificial Neural Networks
(ANN) [16] was developed using the epidemiological and

Table 1: Baseline characteristics of the subjects.
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clinical data. The software, called MalDANN (Malaria
Diagnosis by Artificial Neural Networks), was built and
validated using the data made available by a recent survey
performed in malaria endemic areas in Rondénia State,
Brazil, during 2006-2007, which was intended to study
more deeply the causes that lead to asymptomatic
malaria (unpublished observations). The MalDANN was
developed in MATLAB 7.1 (MathWorks, Natik, MA,
USA) using the Neural Network Toolbox for the con-
struction of ANN.

The database provided by the survey contained 380
records with information from non-infected individuals
(n = 178) and those with asymptomatic malaria (n = 202)
(infected with P. vivax and/or P. falciparum) according to
the nested PCR and clinical evaluation described above.
The objective was to develop a helpful method for dis-
criminating asymptomatic plasmodial infections from
uninfected cases.

The artificial neural network used in MalDANN was the
Multilayer Perceptron because it is indicated for use in
pattern recognition and provides the solution of prob-
lems not linearly separable [16,17] (Figure 1A). The net-
work had one input layer (with seven neurons), two
hidden layers (intermediate layers with four neurons
each), one for each feature of the patient, and an output
layer with only one neuron responsible for generating the
diagnosis. The choice of activation functions of the layers
of the neural network was made after a simulation of the
activation functions provided by MATLAB. The best
results were yielded by the function tansig in the input
layer and hidden layers and the function purelin in the
output layer. The network was trained using the back
propagation technique in the Levenberg-Marquardt algo-
rithm because it is very efficient when dealing with net-
works that have no more than a few hundreds of
connections to be adjusted [18].

From the 380 records available in the database, a group of
300 records, approximately 80% of the total, were used for
training, leaving 80 records for validation, approximately
20% of the total. In order to prevent a dominant class, a

Passive case detection Active case detection
Number of participants 31 380
Age - years - median (range) 33.5(4-65) 29.6 (10-72)
Male 188 (60.45%) 245 (64.47%)
Time of residence in the area - years - 6(0.5-25) 14 (0.530)
median (range)
Number of patients who reported 303 (97.43%) 368 (96.84%)
previous malaria infections
Number of previous malaria infections 5(0-12) 13.5 (9-45)

reported - mean (range})
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Figure 1 General design of the Artificial Neural Network used by the MalDANN software. (A) The neural network used by the MalDANN soft-
ware was based on the Multilayer Perceptron, which consists of: (i) one input layer, where the standards and data are presentedto the neural network;
(il) intermediate (or hidden) layers, where all the processing of the neural network is performed; and (jii) one output layer, in which the result of the
network is presented to the observer. (B) Two software versions were created using different neural network structures to perform the diagnosis of
asymptomatic Plasmodium infections. One version used epidemiological variables, and plasma levels of IL-10 and IFN-gamma were added to the ep-
idemiological variables in the second version. (C) The intuitive interface of the MalDANN software was developed in order to facilitate the input of the
data into the artificial network. * First, 31 epidemiological variables were added to the system for data mining. Of these, five variables presented very
strong association with the asymptomatic malaria. The same five variables were added to the MalDANN version that used cytokine data.

fact that could affect the training and evaluation of
results, both the training data and the validation data had
abalanced proportion of non-infected and asymptomatic
infections.

Plasma cytokine measurements
During the active search for subjects with asymptomatic
Plasmodium infection, plasma levels of interleukin-10
(IL-10) and interferon-gamma (IFN-gamma) were mea-
sured using the Cytometric Bead Array - CBA" (BD Bio-
sciences Pharmingen, USA) according to the
. manufacturer's protocol, with all samples run in a single
“ assay in the main laboratory at the Centro de Pesquisas
- Gongalo Moniz, Bahia, Brazil. The flow cytometric assay
- was performed and analyzed by a single operator, and
\\: standard curves were derived from cytokine standards.
The cytokine levels were used for other studies address-
ing pathogenic aspects of malaria in this region [15], and

the information was used in the present study to check
the impact of the cytokine balance on the prediction of
asymptomatic malaria by the MalDANN software. Fur-
ther, Receiver operator characteristic (ROC) curves were
created with the values of each cytokine, and cut-off val-
ues presenting higher sensitivity and specificity were cho-
sen to discriminate asymptomatic Plasmodium
infections. The MalDANN software used this additional
information together with clinical and epidemiological
data to enhance the power of prediction of asymptomatic
malaria cases.

Statistical analysis

The overall performances of diagnostic methods were
compared using Fisher's exact test (when two methods
were compared) or a chi-square test (when three meth-
ods were compared). The results for the sensitivity, speci-
ficity, positive predictive values (PPV), and negative
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predictive values (NPV) obtained for each Plasmodium
species were compared between the diagnostic methods
using Fisher's exact test. Within all comparisons, differ-
ences in which p < 0.05 were considered statistically sig-
nificant. The statistical analyses were made using the
Graphpad Prism 5.0b (GraphPad Software, San Diego,
CA, USA).

Results S

Diagnosis of symptomatic Plasmodium infection

Of the 311 individuals presenting with malaria-related
symptoms screened by FUNASA diagnostic centers, 188
(60.45%) were male, and the median age was 33.5 (Table
1). The individuals were living for less than seven years in
the malaria endemic area (median of six years), and 303
(97.43%) of them reported at least one previous symp-
tomatic Plasmodium infection (median number of previ-
ous malaria episodes: 5; interquartile interval: 0-12).
Concerning the overall performance for the malaria diag-
nosis independently of the parasite species, the nested
PCR resulted in the highest number of positive exams
(173, 55.63% of the individuals), significantly superior to
the RDT (154, 49.52%; p = 0.022, Fisher's exact test) and
the field microscopy (141, 45.34%; p = 0.013, Fisher's
exact test). As expected, the general positivity of the RDT
was equivalent to the microscopy (p = 0.81; Fisher's exact
test). Given that the nested PCR test presented higher
positivity, it was considered as the gold standard to calcu-
late the power of the two other tests. Therefore, for the
diagnosis of symptomatic Plasmodium sp. infection, the
RDT presented a sensitivity of 89.02% (95% CI: 83.38%-
93.26%), a specificity of 100% (95% CI: 97.36%-100%), a
positive predictive value (PPV) of 100% (95% Cl: 97.36%-
100%) and a negative predictive value (NPV) of 87.90%
(95% CI: 81.75%-92.55%). Surprisingly, the light micros-
copy presented a lower sensitivity (81.50%; 95% CI:
74.9%-87.0%), an equivalent specificity (100%; 95% CI:
97.36%-100%) and PPV (100%; 95% CI: 97.42%-100%),
and a lower NPV (81.18%; 95% CI: 74.48%-86.75%) than
the RDT. Within the subjects evaluated in this study, no P
malariae case was detected. Under this circumstance, we
decided to consider P. non-falciparum infection as P
vivax malaria cases for the RDT results.

Furthermore, the concordance of diagnosis in regard to
the identification of the Plasmodium species was assessed
(Table 2). The nested PCR detected a total of 107 individ-
uals infected solely with P. vivax (61.84% of the positive
cases), 53 individuals infected solely with P. falciparum
(30.63% of the positive cases) and 13 cases of mixed infec-
tion {2 vivax + P._falciparum; 7.51% of the positive cases).
The light microscopy detected 84 cases of vivax malaria
(23 cases fewer than nested PCR), 45 cases of falciparum
malaria (eight cases fewer than nested PCR), and 12
mixed malaria cases (one fewer than nested PCR). The

37

Page 5of 11

RDT detected 56 falciparum malaria cases and 98 vivax
malaria cases. Importantly, the RDT used had limitations
in the species identification because it intrinsically can-
not discriminate mixed infections [19]. Hence, of the 12
cases of mixed infections detected by the nested PCR, the
RDT discriminated as being eight cases of P. falciparum
infection and four cases of vivax malaria. In a larger sam-
ple, this important issue can bring problems concerning
the adequate management of the patients with mixed
infections. Concerning the discrimination of Plasmodium
species, both RDT and light microscopy presented simi-
lar performances (Table 3). Thus, compared to light field
microscopy, the RDT was more powerful in the overall
malaria diagnosis, presenting however an important
undesired non-detection of mixed infections.

The Table 4 presents the concordance of the tests' results
according to the Plasmodium parasitaemia determined
by light microscopy. Interestingly, a total of 32 patients
were considered negative for malaria by the field micros-
copy specialized technicians from the FUNASA centers
and were positive by nested PCR (23 vivax and nine falci-
parum malaria cases), while the RDT detected 13 cases
(10 P, vivax and three P, falciparum infections). It was
then possible that these patients had a parasitaemia
below 100 parasites/pL because they were positive in two
qualitative tests and negative by the parasite quantifica-
tion using microscopy. On the other hand, the concor-
dance of the results among the tests was similar when the
patients presented with higher parasitaemia, except for
the known absence of mixed infections detected by the
RDT (Table 4). Further, the performance of RDT with
microscopy in the infected subjects presenting with low
parasitaemia, which was defined as <500 parasites/pL,
was compared. The RDT was superior to microscopy
concerning the diagnosis of Plasmodium sp. (76% vs. 59%,
respectively), P. falciparum (75% vs. 63%, respectively)
and P, vivax (76% vs. 58%, respectively) infections, with
similar specificities and PPV (Table 5). Nevertheless, the
microscopy had a higher NPV for P, vivax infections (88%
vs. 75%, respectively). These findings indicate that for this
endemic area, the RDT is superior to field light micros-
copy to identify individuals with low parasitaemia, albeit
not detecting a few cases of mixed infections.

Diagnosis of asymptomatic Plasmodium infection

The next step was to assess the diagnosis of symptomless
Plasmodium-infected individuals who are common in the
Amazonian riverine communities [11} and may serve as
infection source in endemic areas [12]. Previous studies
have shown that individuals with asymptomatic malaria
display distinct epidemiological characteristics from the
symptomatic malaria cases [11]. In the present study,
assessing another group of subjects from a riverine com-
munity, the field microscopy test correctly diagnosed
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Table 2: Identification of symptomatic malaria cases: comparison among the field light microscopy, the Optimal-IT RDT

and the nested PCR.
Microscopy Optimal-IT* Nested PCR
Pf Pnf Negative Pf Pv Pf+Pv Negative
Negative 3 10 157 9 23 0 138
P. falciparum ) 45 0 0 44 0 1
P. vivax 0 84 0 84 0
P.vivax + P. falciparum 8 4 ] 0 12
Total 56 98 157 53 107 13 138

Pf = Plasmodium falciparum, Pv = Plasmodium vivax, Pnf = Non falciparum Plasmodium.

only 61.25% of the samples (sensitivity: 22.5%; specificity:
100%; Figure 2A) when the nested PCR was considered
the gold standard.

One artificial neural networks-based test (MalDANN)
was developed, and fed with a data bank built during
another study (Andrade et al. unpublished data). Initially,
the information provided by the data bank included test
results of several immunological parameters, socioeco-
nomic, environmental, clinical and epidemiological data
(Figure 1A-C). A multivariate analysis of such a databank
was used to evaluate whether the variables of gender, age,
number of previous malaria episodes, time of residence
in the endemic area and the use of bed nets were associ-
ated with the asymptomatic cases (Figure 1B). In this
analysis, all variables except for gender and the use of a
bed net were associated to some extent with asymptom-
atic infection (Andrade et al. unpublished data). The
ANN pre-processing of the same data displayed better

prediction results when all of the cited variables were
used, including gender and the use of a bed net.

These variables were then selected to be inputted in the
MalDANN for the validation process in the present study.
With this initial configuration, it was observed that the
network did not reach an acceptable error rate (data not
shown). It was noticed that among the training data were
data from patients with very similar values but with dif-
ferent diagnoses. Hence, there was a need for greater
number of neurons to process and better differentiate the
pattern of input data. A new network was created using
ten neurons in the hidden layers, keeping the other set-
tings (Figure 1B). Thus the network achieved the error
rate of 10-13 in 900 times, an error level considered
acceptable for the proposed problem. After the software
was designed, a very intuitive interface was developed to
validate the ANN (Figure 1C).

Further, the diagnostic performances of the MalDANN
and light microscopy were compared, considering nested

Table 3: Performance of light microscopy and Optimal-IT in the discrimination of Plasmodium species.

Plasmodium sp. Diagnostic test Sensitivity Specificity PPV NPV
(95% CI) (95% CI) (95% CI) (95% CI)
P. vivax Microscopy 80% 100% 100% 88.8%
(71.7-86.7) (98.1-100) (96.2-100) (83.8-92.7)
Optimal-IT 81.7% 100% 100% 89.7%
(73.6-88.1) (98.1-100) (96.3-100) (84.8-93.4)
P. falciparum Microscopy 86.4% 100% 100% 96.5%
(75.7-93.6) (98.5-100) (93.7-100) (93.4-98.4)
Optimal-IT 84.8% 100% 100% 96.1%
(73.9-92.5) (98.5-100) (93.6-100) (92.9-98.1)

The overall performance of Optimal-IT and light microscopy were compared to the nested PCR as the gold standard. No significant statistical
difference was found between the tests for the diagnosis of both P. vivax and P. falciparum. Ci, confidence interval; PPV, positive predictive

value; NPV, negative predictive value.
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Table 4: Identification of symptomatic Plasmodium infection cases according to the parasitaemia.
Parasites/ptL Total Microscopy Optimal-iT® Nested PCR
Pf Pv  Pf+Pv Negative Pf Pnf  Negative Pf Pv Pf+Pv Negative
Not detected 138 0 138 0 0 138 0 0 0 138
<100* 32 0 0 0 32 3 10 19 9 23 0 0
100-500 47 32 0 0 1 32 0 1 32 0 0
5 5 5
501 - 5,000 24 1 0 5 0 2 2 0 1 0 6 0
9 2 8
5,001 - 50,000 56 1 40 5 0 1 42 0 1 40 5 0
1 4 1
>50,000 14 0 12 2 0 2 12 0 0 12 2 0
Total 311 4 84 12 170 5 98 157 5 107 13 138
5 6 3

Pf = Plasmodium falciparum, Pv = Plasmodium vivax, Pnf = Non-falciparum Plasmodium.
*32 subjects were negative for Plasmodium infection by field light microscopy. Nevertheless, nested PCR attested positive resuits (Optimal_IT
identified 13 of them). Thus, these individuals probably present very low parasitaemia.

PCR as the gold standard. Using exclusively the epidemi-
ological data, the software diagnosed correctly only 56%
of the samples (sensitivity: 70%; specificity: 28%), exhibit-
ing lower performance than microscopic diagnosis due to
increased number of false positive exams (72% vs. 0% of
the samples tested, respectively; Figures 2A and 2B).
Additionally, the software was not able to discriminate
the Plasmodium species. These data indicate that non-
epidemiological variables may determine the occurrence
of asymptomatic Plasmodium infection. To address
whether the cytokine balance had a determining role in
this process, plasma levels of IL-10 and IFN-gamma were
measured, and the results were added into the neural net-
work of the software. Strikingly, the software updated
with the cytokine data correctly diagnosed asymptomatic
malaria in 80% of the samples (sensitivity: 67.5%; specific-
ity: 92.5%; Figure 2C) with a performance above field
microscopy. Noteworthy, using the cytokine information
(Figure 1B-C), the neural network reduced the false nega-
tive cases by 45% (Table 6). Interestingly, when added to
the MalDANN system, other routine plasmatic biochem-
ical laboratory exams, such as C reactive protein, fibrino-
gen, creatinine, haemoglobin, total bilirubin, direct
bilirubin and indirect bilirubin, did not improved the
diagnostic performance compared with the microscopy
(MalDANN 60.4% vs. microscopy 61.25%; p = 0.6).

Discussion
The present study adds some relevant issues for the diag-
nosis of malaria in the Amazonian region. Firstly, only

55.63% of the individuals who sought care in a malaria
diagnosis center presenting with malaria-related symp-
toms were diagnosed by the most sensitive diagnostic
method applied in this study. The individuals with other
diseases looked for exclusion of malaria before seeking
care in a regular health clinic, possibly due to the high
prevalence of malaria in the municipality. This custom
can lead to a delay of the correct diagnosis and in severe
cases, could compromise an adequate early management,
directly impacting the prognosis and the cost of the
health care.

The use of nested PCR as the gold standard was done
when it was noted that it presented the highest sensitivity.
Considering the principle of this molecular assay, in
which small fragments of Plasmodium DNA can be
detected, the results were not surprising. Nevertheless, it
is worthy to evidence that until today the nested PCR is
available only as a research tool, and the cost and techni-
cal complexity of this technique hamper the its use in
quotidian screening and survey works. The rationale for
choosing PCR as gold standard was the necessity of test-
ing the diagnosis accuracy of the field microscopy and the
RDT. In this study, 10.3% of the symptomatic individuals
with a positive nested PCR (nine P. falciparum and 23 P.
vivax cases) were negative by light field microscopy.
Although these individuals probably had low parasitae-
mia, they were symptomatic and did not receive anti-
malarial treatment because of the negative microscopy
exam. This finding reinforces that the field microscopists
from this area need continued refinement, and invest-
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Table 5: Overall performance of microscopy and OptimaldT in the discrimination of symptomatic malaria cases
presenting with low parasitaemia.
Diagnostic method Plasmodium species Sensitivity Specificity PPV NPV
Optimal-IT Plasmodium non falciparum 76%* 100% 100% 75%
P. falciparum 75%t 100% 100% 97%
Plasmodium sp 76%* 100% 100% 88%
Microscopy P. vivax 58% 100% 100% 88%%
P. falciparum 63% 100% 100% 96%
P. vivax + P. falciparum 59% 100% 100% 81%

Values represent data from patients with <500 parasites/uL of blood determined by light microscopy. Nested PCR was considered the gold
standard. PPV, positive predictive value; NPV, negative predictive value. The results for the sensitivity, specificity, PPV and NPV obtained for
each Plasmodium species were compared between the diagnostic methods using Fisher's exact test. *p < 0.01; tp < 0.05.

ments are necessary to improve the quality of the malaria
screening. It also indicates that the large demand for
microscopic tests in this area, including those from
patients with other infections, could contribute to the
reduced quality of the tests. Recent evidence indicates
that there is a large inter-rater reliability of the parasite
counts for the malaria diagnosis [3]. The thin film
method is not feasible at a parasitaemia below 500 para-
sites per microlitre, while the thick film method gives
slightly better inter- rater agreements [3]. Moreover, it is
well known that most routine malaria microscopists
require constant retraining, and that their ability to
detect a high proportion of malaria cases is suspect [20].

In addition, the RDT presented higher effectiveness in
the identification of malaria cases with low parasitaemia
than the light microscopic test. Many other studies
worldwide have indicated diverse findings [5,21,22]. This
result reinforces the idea that assays for rapid diagnosis
have the potential to enhance diagnostic capabilities in
those instances in which skilled microscopy is not readily
available [23]. In order to identify individuals with low
parasitaemia neglected by the light microscopy screening
in this endemic area, the use of a RDT is advisable in
symptomatic individuals who presented a negative thick
blood smear exam. This method should be tested in field
conditions but it will likely expand the detection of
infected individuals and may favour the early clinical
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Figure 2 Performance in discriminating asymptomatic Plasmodium infections. In this investigation in an Amazonian riverine community, 380
apparently healthy individuals exhibiting no malaria-related symptoms were screened for Plasmodium infection by light field microscopy. Before the
blood collection, the individuals were interviewed, and epidemiological data was obtained according to the methods. Whole bloodand plasma sam-
ples were stored for nested PCR and cytokine measurements. The software MalDANN used epidemiological data only or in combination with the plas-
ma levels of IFNgamma - and IL-10 to estimate the discrimination of the asymptomatic malaria cases. The overall performances of the field light
microscopy (A) and the MalDANN (B and C) were compared using ROC curves, considering the nested PCR as the gold standard. The X-axes represent
1- specificity; the Y- axes represent sensitivity. Numbers inside the areas under the curves represent the percentages of correct diagnosis, which were
Lstatisticaﬂy different using the chisquare-test (p = 0.002).
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Table 6: Overall performance to discriminate asymptomatic malaria cases

Diagnostic method Correct diagnosis True positive True negative False positive False negative
(%)§** (%)** (Yo)*** (%) *** (%)**

Microscopy 61.25 225 100 0 775

MalDANN 56 70 28 72 30

Epidemiologic

MalDANN B 80 67.5 925 75 325

Epidemiologic + cytokines

MalDANN: Malaria Diagnosis by Artificial Neural Networks. This diagnostic software was trained on the sample of 300 individuals actively
screened for asymptomatic malaria and was validated in 80 other individuals, according to the methods. The diagnostic methods presented
significantly different results estimated using the Chi-square test. §correct diagnosis involves both negative and positive correct exams. **p

<0.01;**p < 0.0001.

intervention and adequate case management. In the sam-
ple of 311 individuals, this approach would have resulted
in the use of 32 RDT tests, with a minor impact of the
health care cost compared to the possible outcomes
resulting from a delayed diagnosis.

Optimal-IT, the RDT used in the present study, cannot
discriminate mixed infections. The discrimination
between P. vivax and P, falciparum infections is critical
because the drug therapies and the treatment durations
are different. Actually, there are other RDT that can dis-
criminate mixed infections [24], and these should be vali-
dated in this endemic area because the occurrence of
mixed infections found here was 4.2%. The choice of
using the Optimal-IT in this study was made because
FUNASA was validating its use in the field during the
study period. This work took advantage of this occasion
and decided to compare the power of this RDT with other
diagnostic tools.

The asymptomatic Plasmodium infection is a major
problem in many regions worldwide [25,26], including
the Brazilian Amazon [11]. Symptomless individuals
probably develop clinical immunity to Plasmodium para-
sites after repeated infections [27], which lead to modifi-
cations on the host physiology that minimize the

intensity of the symptoms, maintaining a very low parasi-
taemia for long periods [28]. While under this occult
infection, these individuals have no reason to seek care in
the malaria diagnosis centers. On the other hand, the
quotidian primary care activities do not include active
detection of asymptomatic malaria. Consequently, these
symptomless individuals remain parasitaemic and can
serve as a parasite source for uninfected mosquitoes [12],
which in turn favours the spread of the infection. Knowl-
edge ofthe prevalence of asymptomatic malaria cases in
certain regions could assist in the implementation of con-
trol strategies, which may include treatment of asymp-
tomatic Plasmodium-infected individuals.

Asymptomatic individuals frequently refuse to give blood
for tests, which hampers the detection of symptomless

plasmodial infections. Additionally, the routinely used
thick blood smear exam displays a low performance in
individuals with low parasite burdens, as is the case in
asymptomatic Plasmodium infection [29]. Herein, a pilot
investigation was performed addressing whether a com-
putational system could discriminate asymptomatic
malaria cases. For this purpose, major epidemiological
determinants of asymptomatic malaria, such as the age,
time of residence in the endemic area, number of previ-
ous malaria infections, gender and use of bed nets, were
used. The technique of ANN was chosen because it offers
good robustness against noise and typically works very
well when no previous knowledge is available in order to
facilitate the classification [18]. Thus, the network can be
trained to recognize the pattern of the disease to be diag-
nosed from the medical database used. With a very intui-
tive interface that could be used by primary care
professionals in the endemic areas, the software used an
expert system based on neural networks [16]. The disap-
pointing results obtained by the exclusive use of epidemi-
ological data indicate that other complex factors may be
more influential for the development of the asymptom-
atic Plasmodium infection. This idea was confirmed
when the software performance significantly improved
after the addition of information regarding IL10 - and
IFN-gamma plasma measurements. In addition, other
routine biochemical laboratory exams did not improved
the MalDANN performance. These cytokines were cho-
sen in the light of evidences that individually or as ratios
they are associated with the malaria severity [15,30].
Besides the known epidemiological factors, the genetic
background and/or the common occurrence of co-infec-
tions within the population may play a fundamental role
on the occurrence of asymptomatic malaria.

Conclusion

This study shows that the chosen RDT (Optimal-IT) per-
formed superiorly in discriminating symptomatic malaria
cases with low parasitaemia than field microscopy,
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although it did not discriminate mixed infections. An
RDT for malaria diagnosis may find a promising use in
the Brazilian Amazon integrating a rational diagnostic
approach. Despite the low performance of the MalDANN
test using solely epidemiological data, an approach base-
don neural networks may be feasible in cases where sim-
pler methods for discriminating individuals below and
above threshold cytokine levels are available.
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5.2 MANUSCRITO II

Anti-Anopheles darlingi saliva antibodies as marker of Plasmodium vivax

infection and clinical immunity in the Brazilian Amazon.

Este trabalho avalia a possibilidade do uso da mensuragdo de anticorpos contra o
sonicado da saliva do principal vetor da malaria no Brasil para estimar exposi¢do ao

P. vivax e também a sua relagdo com a ocorréncia da malaria assintomatica.

Resumo dos resultados: Os individuos com malaria vivax apresentaram maiores
niveis séricos de anticorpos anti-saliva do Anopheles darlingi do que os individuos
ndo infectados. Os niveis de anticorpos mostraram alta performance na diferenciagédo
entre individuos com malaria vivax assintomatica e os ndo infectados. Individuos com
malaria assintomatica apresentaram niveis mais altos de anti-saliva e mais baixos da
razdo de citocinas IFNgama/IL10 do que os individuos com sintomas. Houve uma

correlagdo inversa entre os valores de anti-saliva e a razio de citocinas.

Este trabalho foi publicado no periddico internacional Malaria Journal (Fator de
Impacto JCR 2009 = 3.00) e recebeu 1428 acessos on-line nos primeiros trés meses

de publicagao.
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Abstract

Background: Despite governmental and private efforts on providing malaria control, this disease
continues to be a major health threat. Thus, innovative strategies are needed to reduce disease burden.
The malaria vectors, through the injection of saliva into the host skin, play important role on disease
transmission and may influence malaria morbidity. This study describes the humoral immune response
against Anopheles (An.) darlingi saliva in volunteers from the Brazilian Amazon and addresses the association
between levels of specific antibodies and clinical presentation of Plasmodium (P.) vivax infection.

Methods: Adult volunteers from communities in the Rondénia State, Brazil, were screened in order to
assess the presence of P. vivax infection by light microscopy and nested PCR. Non-infected volunteers and
individuals with symptomatic or symptomless infection were randomly selected and plasma collected. An.
darlingi salivary gland sonicates (SGS) were prepared and used to measure anti-saliva antibody levels.
Plasma interleukin (IL)-10 and interferon (IFN)-y levels were also estimated and correlated to anti-SGS
levels.

Results: Individuals infected with P. vivax presented higher levels of anti-SGS than non-infected individuals
and antibody levels could discriminate infection. Furthermore, anti-saliva antibody measurement was also
useful to distinguish asymptomatic infection from non-infection, with a high likelihood ratio. Interestingly,
individuals with asymptomatic parasitaemia presented higher titers of anti-SGS and lower IFN-y/IL-10 ratio
than symptomatic ones. In P. vivax-infected asymptomatic individuals, the IFN-y/IL-10 ratio was inversely
correlated to anti-SGS titers, although not for while in symptomatic volunteers.

Conclusion: The estimation of anti-An. darlingi antibody levels can indicate the probable P. vivax infection
status and also could serve as a marker of disease severity in this region of Brazilian Amazon.
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Background

Malaria continues to be one of the most serious public
health problems worldwide, exacting a huge impact on
human wellbeing, mainly in tropical and subtropical
countries. A better understanding of the interactions
between the host, the vector and the parasite could be val-
uable to indicate future strategies. In endemic regions, res-
idents are frequently bitten by both uninfected and
infected mosquitoes. There is also a progressive acquisi-
tion of immunity, leading to a decreased number of
malaria clinical attacks related to increasing age and time
residing in the endemic area [1,2]. Within the Brazilian
Amazon, and mainly in riverine communities, the preva-
lence of asymptomatic malaria infection seems to be four
to five times greater than the symptomatic infection [3-5].
Malaria clinical immunity has already been described in
both Plasmodium (P.) falciparum |6] and Plasmodium (P.)
vivax | 7] infections and it seems to be related to higher tit-
ers of anti-Plasmodium antibodies [8]. On the other hand,
anti-parasite response might not be the unique determi-
nant of the occurrence of symptomless malaria, as asymp-
tomatic patients maintain parasitaemia at low levels in
addition to controlling the clinical symptoms [9]. Such
asymptomatic carriers have developed just enough immu-
nity to protect them from malarial illness but not from
malarial infection. Regardless these facts, the specific
mechanisms that underlie the occurrence of clinical
immunity against the Plasmodium are not well under-
stood.

In this scenario, the anopheline vector could play signifi-
cant role in malaria clinical severity. Mosquito bites can
induce immediate, delayed, and systemic hypersensitivity
reactions in hosts [10]. Moreover, pre-exposure to the vec-
tor saliva may create an inhospitable environment for the
establishment of the parasites transmitted by these
insects. Mice repeatedly exposed to bites from uninfected
Anopheles (An.) stephensi increase a pro-inflammatory T
helper 1 biased response that limits P. yoelii infection [11].
In humans it has been shown that An. gambiae saliva is
immunogenic for travelers transiently exposed to bites in
African endemic areas [12], with the development of spe-
dfic IgG and IgM antibodies. Specific anti-An. gambiae
saliva IgG antibodies were also detected in young children
from a seasonal malaria transmission region in Senegal,
and antibody levels were higher in patients who devel-
oped clinical malaria episodes, suggesting that the estima-
tion of humoral response to Anopheles salivary antigens
can serve as potential marker for the risk of malaria [13].
Moreover, anti-An. dirus salivary protein antibodies occur
predominantly in patients with acute P. falciparum or P.
vivax malaria, whereas people from non-malarious areas
do not carry such antibodies [14]. Little is known about
anti-saliva humoral responses in other endemic areas,
such as Latin America. In addition, the host response
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against the most widespread malaria vector in America,
An. darlingi, is poorly explored. The objective of the
present work was to measure the anti-saliva IgG responses
against An. darlingi mosquitoes in the Brazilian Amazon
and to evaluate the association of antibody levels with dif-
ferent clinical presentations of P. vivax infections.

Methods

Study localities

A cross-sectional study investigating determinant factors
for asymptomatic P. vivax malaria was performed during
2007 (June to August) in Buritis (10°12'43" S; 63°49'44"
W), a recent urbanized municipality, and Demarcagio
(8°10'04.12" S; 62°46'52.33" W), a riverine community
of the Rondonia State, in the south-western part of Brazil-
ian Amazon. In general, Rondonia has a flat topography,
with an average elevation of 300 m above sea level. The
climate is tropical, with a long rainy season from January
till May. It is argued that the environmental changes
caused by deforestation have favored the main malaria
vector in Brazil An. darlingi [15]. Within the regions stud-
ied here, the malaria transmission is unstable, with
increased number of cases being detected annually
between April to September, and the risk of infection is
moderate to high [16], with an Annual Parasite Incidence
of 77.5 per 1,000 inhabitants in 2005 [17]. In the Brazil-
ian Amazon, P. vivax accounts for the majority of malaria
cases, while P. falciparum infection prevalence is 23.7%
[17]. In addition, infection with P. malariae achieves 10%
in Rondodnia [18].

Volunteers

Active and passive malaria case detections were performed
in the two communities studied. A small laboratory with
necessary facilities was built inside the main centers for
malaria diagnosis in Buritis and Demarcacdo. These diag-
nostic centers are linked to the Brazilian National Founda-
tion of Health (FUNASA), responsible for malaria control
in the Brazilian Amazon. Active case detection was made
by visiting residences in regions pointed by the local
health authorities as major areas of disease transmission.
The individuals were examined and interviewed by a
trained physician, and blood samples were collected for
serological experiments. The malaria diagnosis was per-
formed using two methods. First, patients were screened
by thick smear examination using field microscopy and
the parasitaemia (parasites/pL) was calculated in positive
cases. Further, nested PCR was performed in all whole
blood samples to confirm the diagnosis (as described
below). Two individuals presenting P. malariae infection
and 16 persons infected with P. falciparum were identified
and excluded from the study. Hence, all the volunteers
selected were negative for P. falciparum and/or P. malariae
infection by both microscopic examination and nested
PCR. Other exclusion criteria were chronic alcoholism,
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severe chronic degenerative disease as well as HIV, HBV
and HCV infections. A total of 204 volunteers were used
in the study. All the positive cases were followed up for 30
days for the evaluation of malaria symptoms. Individuals
who were positive for P. vivax infection and remained
without fever {(axilary temperature >37.8°C) and/or
chills, sweats, strong headaches, myalgia, nausea, vomit-
ing jaundice, asthenia, and arthralgia for 30 days were
considered asymptomatic, while in the presence of any
listed symptom they were classified as symptomatic. The
volunteers were stratified in three different groups accord-
ing to the P. vivax malaria diagnosis and the clinical spec-
trum of the disease. Thus, 80 people were non-infected,
50 had asymptomatic infection and 74 were sympto-
matic. The baseline characteristics of the volunteers are
listed in the Table 1. Three volunteers from asymptomatic
infection group presented negative light microscopy
exam, but P. vivax DNA was amplified by nested PCR
(Table 1). This study was a part of the project approved by
the Ethical Committee of the Sdo Lucas University,
Rondoénia, Brazil, for the human subject protocol and is in
compliance with the Helsinki Declaration. All partici-
pants gave written informed consent before entering the
study.

Molecular malaria diagnosis

The molecular diagnosis of malaria infection was per-
formed using the nested PCR technique, based on the
Snounou protocols, with minimal alterations [19,20].

Table |: Baseline characteristics of the volunteers.
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The target was the 18S rRNA gene, and genus- and species-
specific primers were used in the assay. Briefly, 300 pL of
whole blood collected on EDTA was prepared for DNA
extraction through the phenol-chloroform method fol-
lowed by precipitation with sodium acetate and ethanol.
The first PCR rDNA amplification was performed with
Plasmodium genus-specific primers named PLU5 and
PLUG. Positive samples yielded a 1,200-bp fragment,
which served as template for the nested reaction. The
nested PCR amplification was performed with species-
specific primers for 30 cycles at annealing temperatures of
58°C for P. falciparum (Fall and Fal2 primers), and 65°C
for P. vivax (Vivl and Viv2 primers) or P. malariae (Mal1l
and Mal2 primers). The fragments obtained for P. vivax
were of 120 bp, whereas for P. falciparum and P. malariae
were 205 bp and 144 bp, respectively. The oligonucle-
otide sequences of each primer used are listed in Table 2.
The products were visualized in 2% agarose gel stained
with ethidium bromide. To control for cross-contamina-
tion, one uninfected blood sample was included for every
twelve samples processed. Fifteen percent of positive PCR
samples were re-tested to confirm the amplification of
plasmodial DNA. All the tests were performed and con-
firmed at the Centro de Pesquisas Gongalo Moniz
(FIOCRUZ-BA).

Salivary Gland Sonicate (SGS) preparation
Salivary glands from field captured adult female An. dar-
lingi mosquitoes were dissected and transferred to 20 pL

Plasmodium vivax current infection P value
Variable Non-infected Asymptomatic Symptomatic
(n = 80) (n = 50) (n=74)
Age — years* 30 (23-44.5) 44.5 (34.5-51) 27.5 (21-37) 0.03411
Malaria episodes referred* 13.5 (11-18) 17.5 (13-21) 7(1-13) 0.0283¢
Time residing in the area — years 0.0185%
<2 25 (31.3%) 8 (16%) 31 (41.9%)
3-10 12 (15%) 12 (24%) 16 (21.6%)
>{0 43 (53.7%) 30 (60%) 27 (36.5%)
Parasitaemia — parasites/pb < 0.0001%
ND§ 80 (100%) 3(6%)§ 0
100-<500 0 44 (88%) 34 (45.9%)
500-<5,000 0 3 (6%) 5 (6.8%)
5,000-<50,000 0 0 30 (40.5%)
>50,000 0 0 5 (6.8%)
1gG and-SGS — O.D.* 0.06 (0.04-0.09) 0.13 (0.08-0.26) 0.095 (0.07-0.14) <0.0001%
Plasma IL-10 — pg/mL* 12.6 (7.4-19.2) 64.5 (7.3-86.0) 23.4 (9.5-58.4) NSt
Plasma IFN-y — pg/mL* 14.2 (0-32.0) 44.0 (10.5-101.0) 75.5 (38.8-243.5) NSt

¥ Values plotted represent media and range

1 Ordinal variables were compared between groups Kruskal-Wallis test with Dunn's multiple comparison test.
$ Categorized variables were compared using chi-squared test. P values obtained in each test are plotted.
§ND: Six patients, out of 50 were negative for malaria infection by light microscopy, but were positive for P. vivax infection by nested PCR.

NS: Non significant.
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Table 2: Primers used in Nested PCR reactions.
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Primer Oligonucleotide Sequence 5'-3' Base pairs
PLUS CCTGTTGTTGCCTTAAACTTC 1,200
PLU6 TTAAAATTGTTGCAGTTAAAA

Fall TTAAACTGGTTTGGGAAAACCAAATATATT 205
Fai2 ACACAATGAACTCAATCATGACTACCCGTC

Vivl CGCTTCTAGCTTAATCCACATAACTGATAC 120
Viv2 ACTTCCAAGCCGAAGCAAAGAAAGTCCTTA

Mall ATAACATAGTTGTACGTTAAGAATAACCGC 144
Mal2 AAAATTCCCATGCATAAAAAATTATACAAA

PLU: Plasmodium sp, Fal: Plasmodium falciparum, Viv: Plasmodium vivax, Mal: Plasmodium malariae.

of 10 mM HEPES pH 7.0, 0.15 mM NaCl in 1.5-mL poly-
propylene vials, usually in groups of 20 gland pairs. Sali-
vary glands were kept at -70°C until needed, when they
were disrupted by sonication using a Branson Sonifier 450
homogenizer (Branson, Danbury, CT). The homogenates
were centrifuged at 10,000 x g for 4 min and the superna-
tants were used for the experiments. Protein concentra-
tions were measured by the bicinchonic acid method
(BCA, Pierce, Rockford, Illinois, USA). As the salivary
glands used in this study were obtained from field cap-
tured mosquitoes, Plasmodium contamination needed to
be checked by nested PCR. Briefly, it was performed the
DNA extraction of a sample from the same SGS pool used
in the serological experiments using the Qiagen Genera-
tion Capture Card Kit (Cat. No. 159982; Qiagen, Santa
Clara, California, USA). Further, the nested PCR was per-
formed as described above, in duplicate samples. There
was no amplification of DNA in both duplicates (data not
shown).

Anti-An. darlingi saliva serology

Volunteer's sera were collected and kept at-70°C. Serolog-
ical tests of all samples were performed in a single experi-
ment, with duplicate samples. ELISA was performed as
described elsewhere [14]. Briefly, plates were coated with
An. darlingi salivary homogenate (SGS) equivalent to 1.5
ug/mL in carbonate buffer overnight at 4°C, then washed
with PBS/0.05% Tween and blocked with PBS/0.1%
Tween plus 0.05% BSA. Sera were diluted 1:100 with PBS/
0.05% Tween and incubated overnight at 4°C. After fur-
ther washings, the wells were incubated with alkaline
phosphatase-conjugated anti-human IgG (Sigma-Aldrich,
§t. Louis, MO) at a 1:5,000 dilution. Following another
washing cycle, the color was developed with p-nitrophe-
nylphosphate. The reactions were blocked with NaOH
and read at 405 nm using Soft Max-Pro Software v5
(Molecular Devices Corporation, Sunnyvale, California,
USA) ELISA reader. The optical density (OD) values plot-
ted represent the means between each sample duplicate,
adjusted for the values from the blank wells.

Plasma cytokine measurement

Interleukin (IL)-10 and interferon (IFN)-y plasma levels
were measured using de Cytometric Bead Array — CBA®
(BD Biosciences Pharmingen, San Diego, California,
USA) according to the manufacturer's protocol.

Statistical analysis

Data were analyzed using the GraphPad Prism 5.00°
(GraphPad Software Inc.). For the ordinal variables (age,
referred malaria episodes, IgG, IL-10 and IFN-y serum lev-
els), differences between groups were calculated using the
non parametric Kruskal-Wallis test with Dunn's multiple
comparison post test. Chi-square test was used to com-
pare differences regarding categorized variables (Time
residing in the area and parasitaemia). Mann-Whitney test
was used to compare differences in IgG levels between
non-infected individuals and those with symptomatic or
asymptomatic P. vivax infection. This test was also used to
estimate significance in IFN-y/IL-10 ratios from volunteers
with asymptomatic or symptomatic P. vivax infection. To
evaluate the cut off value of IgG anti-SGS predicting
malaria infection or asymptomatic infection, we per-
formed Receiver-operator characteristic (ROC) curves, cal-
culated the Area under curve (AUC), and then estimated
the likelihood ratio for the discrimination between the
conditions analyzed. Fine Lowess curves were plotted to
evidence the trend of the data presented in correlation
analyzes. Spearman test was used to verify the significance
in the correlations between cytokine levels and anti-SGS
levels. Differences were considered significant at P < 0.05.

Results and discussion

In an attempt to check if the measurement of anti-SGS
antibody levels could be a suitable method to estimate
natural exposure to P. vivax, anti-SGS values obtained
from non-infected individuals were compared to those
from either symptomatic or asymptomatic infected volun-
teers. As seen in Figure 1A, infected patients presented
higher levels of specific antibodies against An. darlingi sal-
ivary antigens than non-infected individuals. The variabil-
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Figure |

Anti-saliva IgG serum levels according to malaria
occurrence. Sera were collected from non-infected indi-
viduals (n = 80), and from patients with P. vivax infection with
or without symptoms (n = 124). An ELISA test was per-
formed to assess the IgG anti-An. darlingi SGS. (A) Box plot
graphs of IgG serum levels from non-infected individuals and
from patients with P. vivax infection. Lines of the boxes rep-
resent 75t percentile, median and 25% percentile of the indi-
vidual average OD values; whiskers represent the maximum
and minimum values. Differences between groups were
tested using Mann Whitney test. (B) ROC curve evaluating
the threshold value of anti-SGS that separates non-infected
individuals from P. vivax infection. Area under curve (AUC)
calculated, together with the cut off value, which presents
the higher likelihood ratio, and p values are plotted.

ity probably indicates individual differences in exposure
to mosquito bites, even during the period of high malaria
transmission, when these data were collected. Previous
studies have also demonstrated a high variation in anti-
An. dirus saliva antibody titers [14].

A ROC curve was built to assess the best anti-SGS OD
value to discriminate P. vivax infection from the non-
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infected condition. A cut-off point of 0.0855 OD dis-
played a likelihood ratio to be infected of 2.11 indicating
P. vivax infection (Figure 1B; AUC: 0.727; p < 0.0001).
These data suggest that evaluation of anti-saliva antibod-
ies could be a useful indicator to estimate exposure to P.
vivax in this endemic area. High anti-SGS antibody levels
were also proposed as putative biomarkers of exposure to
bites of An. stetephensi or An. gambiae and also of risk of P.
falciparum malaria [13]. In this study, besides suggesting
exposure to bites, high anti-An. darlingi saliva antibody
levels could also indicate exposure to P. vivax.

This work is the first to evaluate human immune response
against salivary components of An. darlingi, the most
widespread specie of Anopheles mosquitoes and the major
malaria vector in the Americas [21]. In areas with unstable
malaria transmission and moderate risk of infection, such
as the Brazilian Amazon, adults, instead of children are
largely affected by the disease. Hence, this study focused
investigation on the adult population from a Brazilian
endemic area.

Diagnosis of symptomatic malaria cases is routinely per-
formed in the endemic areas. A real challenge for diagno-
sis is to discriminate asymptomatic Plasmodium-infected
individuals from those with no malaria infection. Despite
presenting no clinical manifestations, asymptomatic Plas-
modium-infected individuals are able to transmit Plasmo-
dium to uninfected mosquitoes [22]. Thus, asymptomatic
persons could serve as important reservoirs, and the pos-
sibility of identifying them could be useful for malaria
control. Asymptomatic individuals presented higher anti-
SGS antibody levels than non-infected individuals (Figure
2A, p < 0.0001). A ROC curve to discriminate these two
clinical conditions showed that a cut-off value of 0.0935
OD, with a likelihood ratio of 3.03, indicated asympto-
matic infection (Figure 2B; AUC: 0.798; p = 0.0001). Con-
sidering solely the P. vwvivax infected patients,
asymptomatic individuals presented higher levels of anti-
SGS than symptomatic ones (Figure 3, p = 0.0009). Eval-
uation of antibodies against An. darlingi saliva may serve
as a marker of P. vivax asymptomatic infection in this Bra-
zilian malaria endemic area.

In order to explore immunopathological patterns in P.
vivax infection, the correlation between the anti-SGS anti-
body levels and the serological cytokine profile in asymp-
tomatic and symptomatic malaria patients was evaluated.
Volunteers with asymptomatic parasitaemia had a posi-
tive correlation between IL-10 and anti-SGS levels (Figure
4A. 1 = 0.50; p = 0.0002), but this finding was not seen in
symptomatic individuals (Figure 4B. r = 0.16; p = 0.17).
IFN-y serum levels did not display significant correlation
with anti-saliva antibodies in either asymptomatic (Figure
4C. r = 0.25; p = 0.07) or symptomatic (Figure 4D. r =
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Figure 2

Anti-saliva 1gG serum levels from non-infected indi-
viduals and asymptomatic malaria patients. Sera

were collected from non-infected individuals (n = 80), and
from patients with asymptomatic (n = 50) P. vivax infection.
An ELISA test was performed to assess the IgG anti-An. dar-
lingi SGS. (A) Box plot graphs of IgG serum levels from non-
infected individuals and from patients with asymptomatic P.
vivax infection. Lines of the boxes represent 75t percentile,
median and 25t percentile of the individual average OD val-
ues; whiskers represent the maximum and minimum values.
Differences between groups were tested using Mann-Whit-
ney test. (B) ROC curve evaluating the threshold value of
anti-SGS that separates non-infected individuals from asymp-
tomatic P. vivax infection. Area under curve (AUC) calcu-
lated, together with the cut off value, which presents the
higher likelihood ratio, and p values are plotted.

0.12; p = 0.29) patients. Moreover, a significant negative
correlation between the IFN-y/IL-10 ratio and anti-SGS
levels in asymptomatic patients was noted (Figure 4E. r =
-31; p=0.03) but not in the symptomatic ones (Figure 4F.
r=0.05 p = 0.88). Thus, besides differing in anti-SGS
antibody levels, asymptomatic and symptomatic P. vivax-
infected individuals also differ in their cytokine balance.
Cytokine profile may be implicated in minimizing P. vivax
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Serum Anti-An. darlingi SGS levels in patients with
different clinical spectrum of P. vivax infection. Sera
were collected from volunteers with asymptomatic P. vivax
infection (n = 50) and from patients with symptomatic infec-
tion (n = 74). An ELISA test was performed to assess the IgG
anti-An. darlingi SGS. Box plot graph, with lines of the boxes
representing 75t percentile, median and 25t% percentile of
the individual average OD values; whiskers represent the
maximum and minimum values. Differences between groups
were tested using Mann-Whitney test; p value is plotted.

immunopathology, as individuals with asymptomatic
infection presented lower IFN-y/IL-10 ratio compared to
symptomatic patients (Figure 4G; p < 0.0001). As previ-
ously described [3] and also presented in this work (Table
2), asymptomatic parasitaemia directly correlated to
increased age and is more frequently observed in people
residing for a long time in malaria endemic areas. In these
regions, an extensive exposure to mosquito bites occurs
over time. Malaria infection rates in these insects usually
range from below 0.1% to 10% [23,24]. Consequently,
each inhabitant is exposed to much more uninfected mos-
quitoes than infected ones. The recurrent exposure to
mosquito bites or also to the Plasmodium may lead to a
modification on the host immune response. It has been
shown that repeated exposure to mosquito bites induces a
Th1 profile in experimental models, leading to increased
resistance to Plasmodium transmission [11]. This work
shows that chronic exposure to An. darlingi bites relates to
a reduction in the IFN-y/IL-10 ratio not implying any
causal relationship. On the other hand, as malaria clinical
syndromes result from inadequate activation of pro-
inflammatory cascades, oxidative stress and disturbs in
immune regulation [25], this study hypothesizes that peo-
ple residing in malaria endemic areas repeatedly exposed
to uninfected mosquito bites over many years develop an
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Figure 4

Correlation between cytokine plasma levels and anti-saliva 1gG titers. (A) IL-10 vs. anti-SGS (OD), (B) IFN-y, and (C)
IN-y/IL-10 ratio vs. anti-SGS in patients with asymptomatic P. vivax infection. (D) IL-10 vs. anti-SGS (OD), (E) IFN-y, and (F)
IFN-y/IL-10 ratio vs. anti-SGS in patients with symptomatic P. vivax infection. Fine Lowess curves are shown in (C) and (F) to
evidence the trend of the data. Non-parametric Spearman test was used to verify statistical significance. (G) Comparison of
IFN-y/IL-10 ratio between volunteers with asymptomatic or symptomatic P. vivax infection. Mann-Whitney test was used to
estimate the significance. P values, together with r values, are plotted in each graph.
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efficient anti-saliva immune response, in which IL-10 may
favor the production of specific antibodies. The neutrali-
zation of some vector salivary proteins may create micro-
environment alterations in the site of mosquito bites that
might ultimately affect the transmission of malaria.
Another possibility is that mosquito bites, and also the
continued exposure to Plasmodium, induce higher produc-
tion of IL-10, which may reduce intense pro-inflamma-
tory responses and the immunopathology of the
infection. This study does not present experimental basis
to indicate any direct effect of antibodies against An. dar-
lingi salivary components on clinical status of P. vivax
infected individuals. An important limitation regarding
the use of anti-SGS levels as a marker for malaria infection
is represented by the considerable variation of malaria
transmission among different areas and also from season
to season. This would make mandatory the establishment
of appropriate anti-SGS cut-off level before using it as a
marker for malaria. Nevertheless, once the cut-off levels
are defined, the measurement of anti-SGS could serve as a
very sensible indicator of this disease.

Conclusion

Through the estimation of serum anti-An. darlingi saliva
antibody levels, it is possible to infer the probable P. vivax
infection status as marker of disease severity of an individ-
ual from the Amazon endemic area. Moreover, this study
also suggests that the clinical immunity against P. vivax
could be associated to a specific humoral response against
the salivary components. As previously described to other
vector-borne diseases, such as leishmaniasis, the detection
of increased levels of anti-vector saliva could be pointed as
an epidemiological marker of infection and also as a suit-
able indicator of clinical immunity in endemic regions.
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5.3 MANUSCRITO 111

Hepatitis B infection reduces malaria severity.

Este trabalho avalia o impacto da infec¢do com o virus da hepatite B sobre a

apresentacio clinica da malaria.

Resumo dos resultados: Individuos infectados pelo plasmédio e que foram expostos
ao virus da hepatite B apresentaram maior chance de serem assintomaticos (OR:
120,13; p<0,01) e de apresentarem parasitemia mais baixa € menores niveis de
marcadores inflamatorios. Entretanto, os individuos co-infectados apresentaram
maiores viremias. A parasitemia mostrou correlagdo inversa com a viremia (r=-0,6;
p<0.05). Individuos com malaria assintomatica mostraram valores menores da razio
[FNgama/IL10 e menor disfungdo organica, e a hepatite B ndo modificou estes

padrdes.

Este trabalho foi submetido para revisdo no periddico internacional Clinical Infectious
Diseases (Fator de Impacto JCR 2009 = 8.195) e apresenta-se em fase de revisdo por

pares.
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Abstract

Background. Malaria endemic areas are highly endemic for hepatitis B virus (HBV)
infection. Little is known about the mutual influences of such co-infection. This study

aimed to verify if the HBV infection influences malaria severity.

Methods. In . this study, 580 individuals from Brazilian Amazon were
parasitologically screened for Plasmodium and serologically and parasitologically
screened for HBV infections and followed up for 30 days for discrimination of
malaria-related symptoms. Epidemiological, demographic data, and plasma cytokine

profiles were studied and evaluated by multinomial logistic regression.

Results. Plasmodium-infected individuals with past or active HBV infection were
more likely to be asymptomatic (OR: 120.13, P<0.0001), to present lower parasitemia
and a decreased inflammatory cytokine profile. Conversely, co-infected individuals
presented higher HBV viremia. Plasmodium parasitemia inversely correlated with
plasma HBV DNA levels (r=-0.6; P=0.0003). Individuals with asymptomatic malaria
showed reduced IFN- y/IL-10 ratios, and less organ dysfunction than individuals with

symptomatic malaria, with HBV infection not modifying this pattern.

Conclusions. HBV infection diminishes the intensity of malaria infection in
individuals from this endemic area. This effect seems related to the cytokine balance
and control of inflammatory responses. Possible immunomodulation trigged by high
IL-10 in co-infected individuals may hamper the anti-HBV specific responses,

favoring chronic HBV infection.

Keywords: Hepatitis B virus, Plasmodium, malaria, co-infection, cytokine.
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Background

Human malaria continues to be a major health threat worldwide. Most regions
highly endemic for malaria also have other important infectious diseases that may
affect the malaria infection [1]. Viruses induce a robust Th1-biased immune response,
which is important for Plasmodium clearance, but is also implicated in disease
severity [2]. Most areas with malaria are highly endemic for viral hepatitis, but little is
known of the affects of HBV on the clinical presentation of malaria. Experimentally
intrahepatic HBV replication is inhibited by P. yoelii infection [3], and there is
enhanced IFN-y and IFN- a/f produced in the liver. In man positivity for the HBV
surface antigen (HBSAg) did not influence mortality from P. falciparum [4] and HBV
viraemia did not show a clear pattern in a limited number of patients during acute P.
falciparum malaria [5]. There is no convincing evidence of the alteration of the
clinical status of underlying hepatitis B-related liver disease during malaria infection.
In addition, the impact of HBV infection on malaria symptoms has not been
adequately addressed. Here, we report a study aimed at comparing co-infected
individuals to single infections by HBV or Plasmodium in order to evaluate how HBV

infection influences the malaria burden.

Study localities

A field study was performed between May 2006 and September 2007 in Buritis
(10°12°43”* S; 63°49°44°° W), a recently urbanized municipality, and Demarcagdo
(8°10°04.12°" S; 62°46°52.33°" W), a riverine community, both in Rondénia State, in
the south-western Brazilian Amazon. Most malaria cases occur between April and

September, with moderate risk of infection [6, 7]. Rondénia accounts for 19% of
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malaria cases in the Brazilian Amazon (112,165 symptomatic cases in 2005), with an
estimated prevalence of 8% [8]. The incidence of HBV infection was 20.4 per 100
thousands inhabitants in 2004 with a mortality rate of 7.43 per million, more than
three times higher than the national mean of 2.37 [8]. Previous studies in the Brazilian

Amazon have primarily tried to estimate co-infection rates[9].

Study design, sampling and data collection

Both active and passive malaria case detection strategies were performed.
These included home visits in areas of high transmission, and study of individuals
seeking care at the diagnostic centers of Brazilian National Foundation of Health
(FUNASA). All individuals from five to seventy years, of both sexes, who resided in
the endemic area for more than six months, were invited to participate. Exclusion
criteria were: documented viral hepatitis other than HBV (HCV, HAV, HDV),
chronic alcoholism, HIV infection, cancer or other chronic degenerative disease, and
the use of drugs that induce hepatotoxicity or immunossupression. We also screened
for sickle cell trait and only one individual non-infected with Plasmodium or HBV
was positive. Twelve individuals withdrew consent, and were excluded from the
study. All participants or those legally responsible for them gave written informed
consent. Every individual was interviewed and examined by a physician, who
collected 20 mL of venous blood and thick blood smears. Plasma samples and total
blood were stored in cryo-tubes (Nunc, NY, USA), identified with bar-coded cryo-
tags, and conserved in liquid nitrogen. Total blood samples were used for molecular

diagnosis of malaria and plasma samples analyzed in our laboratory in Salvador,
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Bahia, Brazil. The study was approved by the Institutional Review Board of the Sao

Lucas University, Rondonia, Brazil.

Malaria diagnosis was performed using microscopic examination of thick
smears and parasitemia (parasites/uL of blood) was calculated in positive cases.
Nested PCR was performed in whole blood samples from all individuals. The
laboratory personnel that performed the molecular diagnosis were blinded about the
parasitological diagnosis. All positive cases were followed up for 30 days for the
evaluation of malaria-related symptoms. Individuals positive for Plasmodium
infection remaining without fever (axillary temperature >37.8°C) or chills, sweats,
strong headaches, myalgia, nausea, vomiting, jaundice, asthenia, and arthralgia for 30
days were considered asymptomatic malaria cases. A case with a positive
parasitological test in the presence of any symptom above was classified as
symptomatic. Study individuals were classified in three groups: non-infected (n=183),
and Plasmodium-infected (P. vivax and/or P. falciparum) either symptomless (n=202)
or symptomatic (n=195). Only two cases of P. malariae infection were detected and

these were excluded from the study.

Diagnosis of HBV infection was performed at the State Central Laboratory
(LACEN) of Salvador, Bahia, using the AXSYM® automatic ELISA system (Abbott,
Wiesbaden, Germany). Individuals were screened for HBSAg (and confirmatory
HBSAg), total anti-HBS, total anti-HBc, anti-HBc IgM, HBeAg, and anti-HBe IgG.
Hence, 326 presented no markers of HBV infection (HBSAg7/anti-HBS/anti-HBc¢'),
193 presented markers of past infection (HBSAg/anti-HBS /anti-HBc"), and 61 were

currently infected (HBSAg'/anti-HBS/anti-HBc"). All HBV infected individuals
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were positive for anti-HBc. No acute HBV infection was detected, as there was no
IgM to HBc antigen. Fifty-six individuals presented markers of vaccination (HBSAg’
/anti-HBS'/anti-HBc") and were excluded from the study. Viremia was estimated by
real-time PCR (COBAS® TagMan® HBV assay) in all individuals to confirm
serological results. Although it is currently assumed that changes in plasma virus
titers indicate changes in hepatic viral replication, we also evaluated HBV infected
individuals for HBeAg and anti-HBe, which are more realistic indicators of viral
replication.

After serology for HBV infection, 580 individuals remained in the study.
Plasma measurements of aspartate amino-transferase (AST), alanine amino-
transaminase (ALT), total bilirrubin, hemoglobin, fibrinogen and C reactive protein
(CRP) were made at the clinical laboratory of Faculdade Sdo Lucas and at the
Pharmacy School (Federal University of Bahia, Brazil). All information regarding
etiologic diagnosis, clinical symptoms and signs, demography and epidemiological
issues, plasma measurements and sample storage were digitalized by a trained
professional in a data bank. The physician who performed the clinical evaluations also
checked the data bank. A flow chart of the study is shown in the Figure 1. The

baseline characteristics of the individuals are listed in the Table 1.

Molecular malaria diagnosis

Molecular diagnosis of malaria infection was performed (in all 580 individuals
studied) using nested PCR, which detailed protocol has been published [10]. To
control for cross-contamination, one uninfected blood sample was included for every
twelve samples processed. Fifteen percent of positive PCR samples were re-tested to

confirm the amplification of plasmodial DNA. All the tests were performed and
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confirmed at our main laboratory at the Centro de Pesquisas Gongalo Moniz, Brazil.

Plasma cytokine measurement

IL-10 and IFN-y plasma levels were measured using de Cytometric Bead
Array - CBA® (BD Biosciences Pharmingen, San Diego, CA, USA) according to the
manufacturer’s protocol, with all samples run in a single assay. The flow cytometric
assay was performed and analyzed by a single operator, and standard curves were
derived from cytokine standards. The lower limits of detection of 1L-10 and IFN-y
were 2.8 and 7.1pg/mL, respectively. The experiment was repeated once to check
accuracy of the measurements and data shown for each sample represent the mean

values. The maximum inter-assay variation was 2.0 percent.

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 qualitative
variables. Two polytomic (multinomial) logistic regression models were carried out
since the response variable (current malaria infection) was classified into three groups
(non-infected, asymptomatic infection and symptomatic). In the first model, the
following independent variables were included: HBV infection, malaria episodes,
time residing in the area, residents per household, age and gender. The second model
added plasma cytokine levels of IL-10 or IFN-y to the previous model. The threshold
values of IL-10 or IFN-y plasma levels that discriminate asymptomatic from
symptomatic malaria infection with a higher likelihood ratio were estimated using a

Receiver-operator characteristic (ROC) curve analysis to categorize the individuals
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according to the cytokine levels to perform the multinomial logistic regression (data
not shown). The malaria parasitemia, the cytokine plasma levels, and the plasma
levels of AST, ALT, total bilirrubin, fibrinogen, and CRP were compared between
groups using Kruskal Wallis with Dunn’s multiple comparisons. The HBV DNA
plasma levels were compared between groups using the Mann Whitney test. The
correlation between Plasmodium parasitemia and HBV viremia in co-infected
individuals was checked using the Spearman test. We also plotted a non-linear curve
fit to illustrate the general trend of this correlation. For each analysis, we considered
as statistically significant differences whith P<0.05. All the statistical analysis was
performed using the software STATA 9® (StataCorp, TX, USA). The graphics were

plotted using GraphPad Prism 5® (GraphPad Software Inc., USA).

Results

Baseline characteristics

A total of 580 individuals, out of 681 initially approached, were included.
Individuals presenting no malaria infection differed from those presenting
asymptomatic or symptomatic Plasmodium infection with regard to all variables
studied, except for gender (Table 1). A total of 254 individuals were HBV infected,

with 61 being currently infected (presented HBSAg and detectable viral load) (Table

).

Individuals not included in the study (N=101) were similar to those enrolled
with regard to age, time of residence in the endemic area, number of residents per

household, and number of previous malaria episodes, but were more likely to be
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female (P=0.03), be negative for Plasmodium sp. infection on thick smear
examination (P=0.001) and also negative for markers of HBV infection (P=0.02). As
expected after analysis of the data in Table 1, gender did not show any association

with the absence of malaria or with asymptomatic infection (Table 2).

Impact of HBV infection on malaria clinical presentation

In a multinomial logistic model, an increased number of previous malaria
episodes was independently associated with no malaria infection or asymptomatic
infection, while increased age was strongly related to asymptomatic infection (Table
2). On the other hand, a high number of residents per household was associated to the
occurrence of symptomatic malaria infection (Table 2). Previous HBV infection was
associated with no malaria infection and also asymptomatic infection (Table 2).
However, current HBV infection was robustly related to asymptomatic malaria
infection (Odds Ratio, 47.52; 95% CI, 11.52 to 196.08), even after adjustment for the

all variables studied (Table 2).

To explore the associations described with cytokine profile, we used a
multivariate model adjusting also for plasma levels of IL-10 or IFN-y (Table 3). The
association between current HBV infection with asymptomatic or no malaria infection
was increased after adjustment for plasma levels of IL-10 or IFN-y. Increased time of
residence in the endemic area was no longer significantly associated with
asymptomatic infection or the absence of malaria (Table 3). Nevertheless,
independent associations of increased age, higher number of previous malaria, and
previous or current HBV infection relations became stronger (Table 3). Furthermore,

increased plasma levels of IL-10 were independently associated with asymptomatic



64

malaria, while higher levels of IFN-y were related to the occurrence of symptomatic

infection.

Even though the prevalence of P. falciparum infection in our sample was low
(52 out of the 397 malaria cases), we reanalyzed all the associations considering only
the P. vivax cases and found that the distribution of the epidemiological,
demographical and immunological variables was similar to the previous analysis (data
not shown). Also, the exclusion of the P. falciparum cases did not alter the
associations between HBV infections or the cytokine plasma levels with the
occurrence of asymptomatic Plasmodium infection (OR: 90.68, 95%CI: 18.20-
451.77, OR adjusted for cytokines: 161.42, 95%CI: 21.23-1,227.31). Thus, we

continue analyzing P. vivax and P. falciparum cases together.

HBYV infection and laboratory assessment of malaria severity

To investigate the possible effects of active or previous HBV infection on the
malaria severity, we compared malaria parasitemia between symptomatic or
asymptomatic malaria cases, stratifying according to HBV status. Interestingly, in
both symptomatic and asymptomatic individuals, HBV active or previous infection
was linked to lower Plasmodium parasitemia (Figure 1A). Conversely, the number of
HBYV DNA copies/mL of blood in individuals co-infected with HBV and Plasmodium
was higher than in those infected with HBV alone (P<0.0001; Figure 1B). In addition,
these groups did not present significant differences in HBe antigen positivity
(P=0.063; Fisher’s exact test). In co-infected individuals, there was a negative
correlation between Plasmodium parasitemia and HBV viremia (Sperman r=-0.6;

P=0.0003) (Figure 1C).
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Both symptomatic and asymptomatic malaria cases presented higher levels of
IFN-y (P=0.01 and P=0.023, respectively) or IL-10 (P=0.02 and P=0.001,
respectively) compared to individuals not infected with the parasite (Figure 1D and
Figure 1E). Individuals with asymptomatic Plasmodium parasitemia presented higher
levels of IL-10 than those with symptomatic disease (P<0.0001; Figure 1E).
Conversely, IFN-y levels were higher in patients with symptomatic malaria compared
to asymptomatic infected individuals (P<0.0001; Figure 1D). HBV was related to
increased IFN-y plasma levels in all groups analyzed (Figure 1D). On the other hand,
HBV matched with increased plasma IL-10 levels only in Plasmodium-infected
individuals (Figure 1E). Moreover, independently of HBV infection, asymptomatic
Plasmodium-infected individuals presented higher IL-10 levels than symptomatic
ones (P<0.0001; Figure 1E). IFN-y/IL-10 ratio was higher in individuals with
asymptomatic Plasmodium parasitemia than in symptomatic malaria patients
(P<0.0001; Figure 1F). HBV was associated with higher IFN-y/IL-10 ratio in
Plasmodium-negative or in symptomatic malaria individuals, but not in the

asymptomatic infected ones (Figure 1F).

Patients with symptomatic malaria presented higher levels of AST, ALT, total
bilirubin, and CRP compared to both asymptomatic malaria and non-infected
individuals (Table 4). Moreover, within symptomatic patients, previous or current
HBYV infection increased the levels of these parameters, besides not modifying the

general prevalence of malaria-related symptoms (Table 4).

Discussion

This study is the first to provide strong evidence for the association between

HBYV and reduced malaria severity. Plasmodium-infected individuals with active or



66

past HBV infection were significantly more likely to be asymptomatic, to present
lower parasitemia and to have a decreased inflammatory cytokine profile. Co-infected
individuals presented higher HBV viremia, with Plasmodium parasitemia being
inversely correlated to plasma HBV DNA titers. Additionally, cytokine balance seems
to be linked to disease severity, as individuals with asymptomatic malaria presented a
reduced IFN- y/IL-10 ratio. Conversely, other factors besides cytokine profile must be
involved in the reduced malaria severity in individuals with HBV, as the risk for
asymptomatic infection was even higher when we analyzed the adjustment for plasma
IL-10 and IFN-y levels. Maybe modifications on the hepatic microenvironment during

HBYV infection could reduce the organ susceptibility to Plasmodium.

This study confirms previous observations that symptomless Plasmodium
parasitemia correlates with increased age and longer periods of residence in malaria
endemic areas [11, 12]. In addition, elevated IL-10 plasma levels correlated
significantly with asymptomatic Plasmodium infection. Perhaps continued exposure
to Plasmodium lead to an IL-10 mediated immunomodulatory effects that limited
immunopathology. IL-10 responses have been linked to human resistance to malaria
[13]. HBV infection leads to increased IFN- y levels [14, 15]. It has been shown that
IFN- y can ultimately be important for to Plasmodium clearance in the liver [16],
besides its early importance for malaria clinical immunity [17]. In co-infected
individuals, the higher IFN-y production could decrease parasitemia, leading to
reduced malaria severity. On the other hand, Plasmodium infection is related to
increased IL-10 plasma levels [18, 19]. Higher IL-10 production is related to reduced
tissue damage in several diseases, including experimental [20] and human malaria
[21, 22]. Polymorphisms associated with increased IL-10 production are related to

increased severity of chronic HBV infection [23, 24]. In the present study, individuals
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presenting asymptomatic malaria displayed lower IFN-y/IL-10 ratio than their
symptomatic counterparts. IL-10 may then be linked to reduced malarial liver damage

as well as to increased viral load.

Other studies have addressed the association between HBV infection and P.
falciparum but not P. vivax malaria. In one study, an association between HBV
carriage and more severe malaria in children was observed [25]. Another paper
suggested that chronic asymptomatic P. falciparum infection may be accompanied by
sustained periods of HBV reactivation [5]. However, these data are limited in that
only four patients were studied. More recently, this conclusion was reinforced by a
report that HBV infection exacerbates P. falciparum malaria [4]. Nevertheless, that
work analyzed only patients with severe P. falciparum infection, ignoring the effect
of HBV infection on uncomplicated malaria. Our study suggests that in some
individuals, HBV may worse the inflammatory cytokine parameters also altered by
Plasmodium infection, but not influence the frequency of hospitalization the
prevalence of symptoms. In other individuals, mainly those with asymptomatic
malaria, the viral infection did not affect the general inflammatory profile. As the
multivariate analysis revealed, other factor besides HBV infection may influence
asymptomatic malaria parasitemia. Moreover, in older persons repeatedly exposed to
Plasmodium, HBV infection does not alter malaria organ dysfunction and also
reduces parasitemia. Thus, a common mechanism affecting malaria immunity is

proposed, in addition to a model of exacerbation of chronic HBV infection.

We recognize a number of limitations in this study. Whilst our sample is
larger than previous investigations, it still contained limited number of currently co-
infected individuals (n=32). Most of our analyses were made using HBV infected

individuals who had already recovered from viral infection together with those
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currently infected. In addition, we do not have information regarding time since HBV
cure/remission. It is unclear whether the cytokines reflect cytokine levels in the liver.
Further studies are underway to address this issue. In addition, besides looking for
sickle cell trait and other confounding factors, we did not screen our volunteers for
some conditions, such as helminth infections or glucose-6-phosphate dehydrogenase
deficiency (G6PD), important determinants of malaria infection. Helminth infection
affects malaria infection [26] and reduces the associated immunopathology [27, 28].
Recently it was demonstrated that filarial infection modulates malaria-specific type-1
cytokine response in an IL-10 dependent manner [29]. Local publications indicate that
the prevalence of G6PD in Rondo6nia is about 3.3% [30], and possibly this would not
interfere with our conclusions. Finally, individuals with asymptomatic malaria
parasitemia could present IL-10 or IFN-y polymorphisms, which could in turn be
considered an important bias for our interpretation. Nevertheless, the criterious
analysis and detailed investigation made in this study lead us to affirm that our data

are coherent and could be adequately inferred for at least this population.

In conclusion, HBV infection seems to modify the physiology of the host
immune system, stimulating increased inflammatory responses, reducing Plasmodium
parasitemia and possibly diminishing malaria burden. On the other hand, malaria
infection triggers high IL-10 production that may hamper anti-HBV specific
responses, favoring chronic HBV infection in co-infected individuals. These findings
bring new insights on the understanding of predictive factors favouring malaria
clinical immunity and also pinpoint why these two infections may commonly coexist

in many regions worldwide.
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Figures (titles and legends).

Figure 1. Screening and Enrollment.

AST: aspartate amino-transferase; ALT: alanine amino-transferase; CRP: C reactive

protein; PCR: polymerase chain reaction.

Figure 2. Plasmodium parasitemia, HBV viremia, and plasma cytokine levels.

(A) Malaria infected individuals were stratified according to the HBV status, and
parasitemia levels were determined by light microscopy as described in methods.
Twenty-seven asymptomatic persons, out of 202 were negative for malaria by light
microscopy, but were positive for P. vivax by nested PCR and are not shown in the
graph. (B) HBV viremia levels were estimated by real time PCR in both HBV
infected (n=29) or HBV-malaria co-infected (n=32) individuals. Black filled circles

indicate symptomatic patients, while clear circles represent symptomless individuals.
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(C) Spearman correlation between Plasmodium parasitemia and HBV viremia in co-
infected individuals (n=32). Non-linear curve fit was used to illustrate the general
trend of the correlation. (D) IFN-y levels, (E) IL-10 levels, and (F) IFN-y/IL-10 ratio
estimation according to HBV infection status and/or malaria clinical status. Lines

represent median values. *P<0.05; **P<0.01; ***P<0.0001.



Table 1. Baseline characteristics of the subjects.

75

Current malaria

Non Symptomatic Asymptomatic P value

Variables infected infection infection

n= 183 n= 195 n= 202 %
n (%) n (%) n (%)

Gender 0.352
Male 88 (48.09) 107 (54.87) 99 (49.01)

Age (years) <0.0001
5to15 14 (7.65) 25(12.82) 1 (0.50)

16 to 30 50 (27.32) 66 (33.85) 36 (17.82)
31to 59 98 (53.55) 83 (42.56) 145 (71.78)
>60 21 (11.48) 21 (10.77) 20 (9.90)

Years resident in the area <0.0001
<2 44 (24.04) 56 (28.72) 34 (16.83)
3to10 20(10.93) 41 (21.03) 19 (9.41)
>10 119 (65.03) 195 (50.26) 149 (73.76)

Residents per household <0.0001
1to5 141 (77.05) 113 (57.95) 147 (72.77)
>5 42 (22.95) 82 (42.05) 55(27.23)

HBYV infection <0.0001
Non-infected 89 (48.63) 140 (71.79) 97 (48.02)
AgHBS7/anti-HBS /anti-HBc" 65 (35.52) 51 (26.15) 77 (38.12)
AgHBS/anti-HBS 29 (15.85) 04 (2.05) 28 (13.86)

Malaria diagnosis § <0.0001
Negative 183 (100) - -

P. vivax - 183 (93.33) 163 (80.69)
P. falciparum - 08 (4.10) 32 (15.84)
P. vivax + P. falciparum - 05 (2.56) 07 (3.47)



Malaria episodes
None
1to4
5to 10
>10

Plasma IL-10 (pg/mL) §

<46
> 46

Plasma IFN-y (pg/mL) §

<198
> 198

24 (13.11)
07 (3.83)

29 (15.85)
123 (67.21)

175 (95.63)
08 (4.37)

154 (84.15)
29 (15.85)

25 (12.82)
58 (29.74)
49 (25.13)
63 (32.31)

147 (75.38)
48 (24.62)

116 (59.49)
79 (41.51)

76

<0.0001
03 (1.49)
03 (1.49)
07 (3.47)
189 (93.56)
<0.0001
51 (25.25)
151 (74.75)
<0.0001
148 (73.27)
54 (26.73)

Chi-square test was performed to test if the distribution of each variable varies

between the groups.

Individuals presenting AgHBS7/anti-HBS /anti-HBc® were considered to have
previous HBV infection, while those presenting AgHBS */anti-HBS™ were considered

currently infected.

1 Malaria diagnosis was based on light microscopy and confirmed by nested RT-PCR
molecular test, as described in methods.

§ Cut-off IL-10 and IFN- y plasma levels were determined by choosing the values,
which implied the highest likelihood ratio in discriminating asymptomatic from
symptomatic malaria infection using a ROC analysis.
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Table 2. Adjusted multinomial logistic regression analysis of risk factors for

asymptomatic malaria infection or for no malaria

symptomatic malaria.

infection compared to

No malaria infection

Asymptomatic malaria

Variables
OR [95%C1] OR [95%CI]
HBY infection -
Non-infected 1 1

AgHBS/anti-HBS'/anti-HBc¢" 2.04[1.21; 3.42]**
AgHBS"/anti-HBS 19.48 [5.45; 69.69]***

Malaria episodes

None 1

1to4 0.37[0.12; 1.16]
Sto 10 1.81[0.71; 4.60]
>10 5.4612.27; 13.11]***

Years resident in the area

<2 1
3t0 10 0.55[0.26; 1.18]
> 10 1.09 [0.62; 1.90]

Residents per household

1to 5 1

>5 0.41[0.24; 0.68]***
Age (years)

Sto 15 1

16 to 30 1.04[0.38;2.81]

31to 59 1.10[0.42;2.90]

> 60 1.22[0.39; 3.82]
Gender

Female 1

2.25[1.30; 3.92]*
47.52 [11.52; 196.08]***

1
3.04 [0.44; 20.84]
5.65[1.05;30.33]*
114.58 [24.55; 534.86]***

1
0.84[0.35; 1.99]
1.85 [0.99; 3.46]*

1
0.50 [0.29; 0.86]*

1
13.03 [1.34; 126.49]*
21.32 [2.26; 201.32]**
14.78 [1.42; 143.69]*
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Male 0.75[0.46; 1.21] 0.78[0.47; 1.31]

OR: Odds Ratio. CI: Confidence interval. Statistical significance was estimated
through multinomial logistic regression. The symptomatic malaria infection was
considered the base outcome. Adjustment was performed for all variables presented in
the table. P values from statistically significant comparisons of asymptomatic malaria
infection or no malaria infection to symptomatic malaria are evidenced as follows: *
p<0.05; ** p<0.01; ***p<0.001.

Individuals presenting AgHBS/anti-HBS /anti-HBc® were considered to have
previous HBV infection, while those presenting AgHBS"/anti-HBS™ were considered
currently infected.
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Table 3. Multinomial logistic regression of risk factors for asymptomatic malaria

infection or for no malaria infection compared to symptomatic malaria adjusted

for plasma cytokine levels and other variables.

Variables

No malaria infection

Asymptomatic malaria

OR [95%CI]

OR [95%CI]

HBY infection
Not infected
AgHBS/anti-HBS'/anti-HBc"
AgHBS'/anti-HBS

Malaria episodes
None

1to4

5to10
> 10
Years resident in the area
<2
3to 10
>10
Residents per household
1to5
>S5
Age (years)
S5to 15
16 to 30
31to 59
260
Gender

Female

1
9.95 [4.61; 21.49]***
491.24 [92.88; 2598.16]***

1
0.40 [1.09; 1.44]
1.85 [0.65; 5.29}

6.36 [2.41; 16.75} ***

1
0.52 [0.23; 1.21]
1.03 [0.55; 1.92]

1
0.49 [0.27; 0.88]*

1
1.15 [0.37; 3.62]
0.86 [0.28; 2.65]
1.53 [0.40; 5.85]

1
2.43[1.06; 5.61]*
120.13 [19.75; 730.64]***

1
4.53 [0.44; 47.96]
4.91[0.62; 38.78]

124.21 [18.17; 849.28]***

1
0.63 [0.22; 1.79]
1.54 [0.72; 3.29]

1
0.38 [0.19; 0.74]**

1

40.98 [1.93; 870.83]*
118.39 [5.58; 2512.68]**
83.26 [3.56; 1949.95]**
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Male 0.89 [0.52; 1.52] 0.76 [0.41; 1.41]
Serum IL-10 (pg/mL)

<46 1 1

> 46 0.09 [0.03; 0.25]*** 16.56 [7.59; 36.16]***
Serum IFN-y (pg/mL)

<198 1 1

> 198 ) 0.04 [0.01; 0.1]*** 0.13 [0.05; 0.21]***

OR: Odds Ratio. CI: Confidence interval. Statistical significance was estimated
through multinomial logistic regression. The symptomatic malaria infection was
considered the base outcome. Adjustment was performed for all variables presented in
the table. P values from statistically significant comparisons of asymptomatic malaria
infection or no malaria infection to symptomatic malaria are evidenced as follows: *
p<0.05; ** p<0.01; ***p<0.001.

Individuals presenting AgHBS/anti-HBS'/anti-HBc' were considered to have
previous HBV infection, while those presenting AgHBS'/anti-HBS™ were considered
currently infected.
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Table 4. Laboratory and clinical parameters for assessment of malaria severity

Current malaria P value
Non-infected Symptomatic infection Asymptomatic infection
Variables
HBYV - HBV + HBYV - HBV+ HBYV - HBV+
N=89 N=94 N=140 N=55 N=97 N=105
Laboratory parameter
AST (U/L)
Median 394 45.7 94.5 3184 51.35 54.85
<0.0001
Range 32.7-46.0 33.6-77.2 46.8-213.6 242.6-366.1 34.43-75.2 35.5-87.7
Median UNL (x times) 0.98 1.14 2.36 7.95 1.28 1.37
ALT (U/L)
Median 373 374 76.5 160.8 44.65 36.95
<0.0001
Range 29.4-454 30.2-52.1 38.4-134.2 114.7-216.4 32.0-65.63 27.1-56.1
Median UNL (x times) 0.93 0.94 191 4.02 1.12 0.92
Total bilirrubin (mg/dl)
Median 0.66 0.85 1.2 2.35 0.76 09
<0.0001
Range 0.45-0.94 0.51-1.25 0.76-1.8 1.87-3.0 0.5-1.17 0.54-1.3
Fibrinogen (mg/dL)
Median 208.4 240.5 374.5 487.7 301 202.9
<0.0001
Range 191.3-293.5 201.5-3434  234.5-485.5 386.6-502.5 205-375.2 280.3-333.7
CRP (ng/mL)
Median 4.7 5.65 15.5 40.85 8.15 7.35
<0.0001
Range 3.7-5.85 4.37-94 8.4-42.75 25.8-47.58 5.1-11.4 4.77-9.45
Hemoglobin (g/dL)‘“
Median 13.4 13.0 9.2 8.6 11.5 11.3
0.045°
Range 9.92-14.5 9.53-14.3 6.4-11.8 5.8-12.6 9.25-13.2 8.98-14.7
Clinical parameter (%)}
Fever 0 0 100 100 0 0 NS
Jaudice 0 0 22.14 25.40 0 0 NS
Splenomegaly 0 0 5.0 54 0 0 NS
Arthralgia 4.49 5.31 32.8 34.5 0 0 NS
Headache 2.25 7.45 96.4 87.2 0 0 0.04
Vomiting 0 0 15.7 16.4 0 0 NS
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0 0 2.14 1.82 0 0

Hospitalization 0 0 7.8 73 0 0

NS

NS

AST: aspartate amino-transferase; ALT: alanine amino-transferase; CRP: C reactive
protein. Ranges represent interquartile interval.

UNL: Upper normal levels. Data represent the number of times a variable is higher
than the standardized normal laboratory level (40U/L was used as reference value for
both AST and ALT).

1 Data from each laboratory parameter were compared using the Kruskal Wallis test.

¥ Although the Kruskal Wallis test indicated statistical significance regarding CRP or
hemoglobin levels between the groups, the Dunn’s post-test did not show intra-group
differences.

I Data from each clinical parameter was compared solely between groups in the
malaria symptomatic group, using the Chi-square test.

1 Data represent hemoglobin levels measured in 80% of individuals within each
group.
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Supplemental Table 1. Baseline characteristics of the subjects, considering as
malaria case only Plasmodium vivax infection.

Current malaria

n=183 n= 182 n= 163
n (%) n (%) n (%)

Sex 0.187
Male 88 (48.09) 102 (56.04) 77 (47.24)

Age (years) <0.0001
Sto15 14 (7.65) 24 (13.19) 1 (0.61)

16 to 30 50 (27.32) 63 (34.62) 25 (15.34)
31to 59 98 (53.55) 77 (42.31) 120 (73.62)
=60 21(11.48) 18 (9.89) 17 (10.43)
Time residing in the area (years) <0.0001
<2 44 (24.04) 51 (28.02) 27 (16.56)
3to10 20(10.93) 38 (20.88) 17 (10.43)
>10 119 (65.03) 93 (51.10) 119 (73.01)

Residents per household <0.0001
1to5 141 (77.05) 107 (58.79) 118 (72.39)
>5 42 (22.95) 75 (41.21) 45 (27.61)

HBYV infection <0.0001
Not infected 89 (48.63) 132 (72.53) 74 (45.40)
AgHBS/anti-HBS/anti-HBc" 65 (35.52) 47 (25.82) 64 (39.26)
AgHBS"/anti-HBS" 29 (15.85) 03 (1.65) 25 (15.34)

Malaria episodes <0.0001
None 24 (13.11) 25 (13.74) 03 (1.84)
1to4 07 (3.83) 52 (28.57) 02 (1.23)
5to 10 29 (15.85) 45(24.73) 04 (2.45)
>10 123 (67.21) 60 (32.97) 154 (94.48)

Serum 1L-10 (pg/mL) § <0.0001
<46 175 (95.63) 139 (76.37) 42 (25.77)
> 46 08 (4.37) 43 (23.63) 121 (74.23)

Serum IFN-y (pg/mL) § <0.0001
<198 154 (84.15) 111 (60.99) 118 (72.39)
> 198 29 (15.85) 71 (39.01) 45 (27.61)
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Chi-square test was performed to test the distribution of each variable between the
groups (inter group homogeneity).

§ Cut-off IL-10 and IFN- y plasma levels were determined by choosing the values,
which implied the highest likelihood ratio in discriminating asymptomatic from
symptomatic malaria infection using a ROC analysis, as described in Supplement

Figure 1.
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Supplemental Table 2. Multinomial logistic regression of risk factors for

asymptomatic P. vivax infection or for no malaria infection compared to

symptomatic P. vivax infection.

Variable

No malaria infection

OR [95%CI]

Asymptomatic P. vivax
infection

OR [95%CT]

HBY infection
Not infected
AgHBS/anti-HBS /anti-HBc"
AgHBS /anti-HBS
Malaria episodes
None

1to 4

5to 10
>10
Time residing in the area (years)
<2
3to10
>10
Residents per household
1to5
>5
Age (years)
5to 15
16 to 30
31to59
=60
Sex
Female

Male

1
2.07 [1.22; 3.51]**
28.96 [6.92; 121.24]***

1
0.45 [0.14; 1.45]

2.32 [0.87; 6.16]
6.18 [2.49; 15.33]***

1
0.54 [0.25; 1.18]
1.05 [0.59; 1.86]

1

0.41 [0.24; 0.69]**

1
1.00 [0.37; 2.72]
1.20 [0.45; 3.19]
1.40 [0.43; 4.50]

1

0.73 [0.44; 1.18]

1
2.62 [1.45; 4.72]**
90.68 [18.20; 451.77]***

1
2.92 [0.35; 24.77]

5.11[0.79; 32.87]
120.87 [24.29; 601.55]%**

1
1.02 [0.40; 2.60]
1.91 [0.97; 3.76]

1

0.52[0.29; 0.93]*

1

8.92 [0.88; 90.10]
19.95 [2.04; 194.97]*
15.71 [1.44; 171.74]*

1
0.71 [0.41; 1.23]
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Statistical models were estimated through multinomial logistic regression. The
symptomatic P. vivax infection was considered the base outcome. P values from
statistically significant comparisons of asymptomatic malaria infection or no malaria
infection to symptomatic malaria are evidenced as follows: * p<0.05; ** p<0.01;

**%p<0.00].
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Supplemental Table 3. Multinomial logistic regression of risk factors for

asymptomatic P. vivax infection or for no malaria infection compared to

symptomatic P. vivax infection, adjusted for cytokine plasma levels.

No malaria infection

Asymptomatic P. vivax

Variable infection
OR [95%CI] OR [95%CI]
HBY infection
Not infected 1 1

AgHBS/anti-HBS /anti-HBc"
AgHBS'/anti-HBS

Malaria episodes
None

1to4

5t 10
>10
Time residing in the area (years)
<2
3to10
> 10
Residents per household
1to S
>S5
Age (years)
5to 15
16 to 30
31t0 59
>60
Sex

Female

10.40 [4.67; 23.18]***

971.34 [146.99; 6418.68]***

1
0.50 [0.13; 1.87]

2.61 [0.86; 7.90]

7.67 [2.78; 21.12]***

|
0.49 [0.20; 1.18]
1.03 [0.54; 1.96]

1
0.50 [0.27; 0.91]*

1
1.09 [0.34; 3.49]
0.91 [0.29; 2.89]
1:81 [0.46; 7.10]

2.71 [1.07; 6.90]*

161.42 [21.23; 1227 31]***

1
3.00 [0.24; 37.50]

2.37 [0.26; 21.70]
108.74 [15.24; 775.75]***

|
0.88 [0.29; 2.70]
1.44 [0.62; 3.34]

1
0.33[0.16; 0.70]**

1
25.30 [1.16; 549.68]*
90.68 [4.11; 1998.50]**
82.58 [3.29; 2075.43]**



Male 0.83 [0.48; 1.45]
Serum IL-10 (pg/mL)

<46 1

> 46 0.06 [0.02; 0.20]***
Serum IFN-y (pg/mL)

<198 1

> 198 ) 0.04 [0.02; 0.1 1]***

88

0.63 [0.32; 1.24]

1
16.29 [6.78; 39.14]***

1
0.13 [0.05; 0.34]***

Statistical models were estimated through multinomial logistic regression. The

symptomatic P. vivax infection was considered the base outcome. P values from

statistically significant comparisons of asymptomatic malaria infection or no malaria

infection to symptomatic malaria are evidenced as follows: * p<0.05; ** p<0.01;

**%0<0.001.
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5.4 MANUSCRITO IV

Severe Plasmodium vivax malaria exhibits marked inflammatory imbalance.

Este trabalho caracteriza o perfil inflamatério sistémico de pacientes com diferentes

formas clinicas da infecc¢do pelo P. vivax.

Resumo dos resultados: Pacientes com maldria vivax grave foram mais jovem,
viveram a mais tempo na are endémica e referiram terem tido previamente mais
episodios de malaria em relagdo aos individuos com doenga nido complicada ou
sintomatica. Uma maior gravidade da malaria foi relacionada diretamente a niveis
séricos mais altos de proteina C reativa, creatinina, bilirrubinas, fator de necrose
tecidual (TNF) e IFNgama, e inversamente aos niveis plasmaticos de IL-10. Tanto os
pardmetros laboratoriais de disfungdo orgénica quanto as citocinas pro-inflamatorias

reduziram apos sete dias de tratamento nos pacientes com doenga grave.

Este trabalho foi publicado no periddico internacional Malaria Journal (Fator de
Impacto JCR 2009 = 3.00) e recebeu denominagdo “Highly accessed” por ter recebido

2452 acessos on-line nos primeiros trés meses de publicagéo.
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Abstract

disease.

patients with severe disease.

Background: Despite clinical descriptions of severe vivax malaria cases having been reported, data regarding
immunological and inflammatory patterns are scarce. In this report, the inflammatory and immunological status of
both mild and severe vivax malaria cases are compared in order to explore immunopathological events in this

Methods and Results: Active and passive malaria case detections were performed during 2007 in Buritis,
Ronddnia, in the Brazilian Amazon. A total of 219 participants enrolled the study. Study individuals were classified
according to the presence of Plasmodium vivax infection within four groups: non-infected (n = 90), asymptomatic
(n = 60), mild (n = 50) and severe vivax infection (n = 19). A diagnosis of malaria was made by microscopy and
molecular assays. Since at present no clear criteria define severe vivax malaria, this study adapted the consensual
criteria from falciparum malaria. Patients with severe P. vivax infection were younger, had lived for shorter time in
the endemic area, and recalled having experienced less previous malaria episodes than individuals with no malaria
infection and with mild or asymptomatic infection. Strong linear trends were identified regarding increasing
plasma levels of C reactive protein (CRP), serum creatinine, bilirubins and the graduation of disease severity. Plasma
levels of tumour necrosis factor (TNF), interferon-gamma(lFN-gamma) and also {FN-gamma/interieukin-10 ratios
were increased and exhibited a linear trend with gradual augmentation of disease severity. Both laboratory
parameters of organ dysfunction and inflammatory cytokines were reduced during anti-parasite therapy in those

Conclusion: Different clinical presentations of vivax malaria infection present strong association with activation of
pro-inflammatory responses and cytokine imbalance. These findings are of utmost importance to improve current
knowledge about physiopathological concepts of this serious widespread disease.

Background

Plasmodium vivax infection has been considered for a
long time a benign and self-limited disease, mainly
when compared to the burden of Plasmodium falci-
parum infection in African countries [1]. Nevertheless,
P. vivax is responsible for up to 400 million infections
each year, representing the most widespread Plasmo-
dium species [2]. Plasmodium vivax accounts for the
majority of malaria cases within the Brazilian Amazon
[3], and the prevalence of asymptomatic infection is very
high [4,5]. Historically, cases of complicated P. vivax
malaria have been rare, and documented almost

* Correspondence: mbarral@bahia fiocruz.br
'Centro de Pesquisas Gongalo Moniz (CPqGM), Fundagdo Oswaldo Cruz
(FIOCRUZ), Salvador, Bahia, Brazil

() BioMed Central

exclusively by case reports or small case series [6-8].
Recent evidence from larger studies performed in Mela-
nesian populations has however reinforced the associa-
tion between vivax malaria, severe complications, and
death [9-11]. Severe complications associated with vivax
malaria have also been reported in the Amazon region
[12]. Together with rising documentation of drug resis-
tance worldwide, the complications of P. vivax infection
represent a global health menace which needs focused
efforts to its resolution.

Major severe P. vivax clinical syndromes documented
include important thrombocytopaenia [13,14], cerebral
malaria [15,16], and acute renal [7,17], hepatic [6] and
pulmonary [18,19] dysfunctions. In severe falciparum
malaria syndromes, as in many other systemic

© 2010 Andrade et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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infections, most of the pathology described seems to be
a consequence of an intense inflammatory burst,
favoured by a pathological activation of the immune sys-
tem and cytokine release [20-22]. Despite clinical
descriptions of the illness caused by P. vivax infection,
data regarding immunological and inflammatory pat-
terns are scarce. In the present report, inflammatory
and immunological status of both mild and severe vivax
malaria cases were compared in order to explore immu-
nopathological events in this disease.

Methods

Study localities

A study investigating determinant factors for vivax
malaria severity was performed during 2007 in Buritis
(10°12’43” S; 63°49'44” W), a recent urbanized munici-
pality of the Ronddnia State, in the south-western part
of Brazilian Amazon. Within this region, malaria trans-
mission is unstable, with increased number of cases
being detected annually between April to September,
and the risk of infection is high [23], with an Annual
Parasite Incidence of 77.5 per 1,000 inhabitants in 2005
[3]. The prevalence of P. falciparum infection in the
Brazilian Amazon is 23.7% [3], and Plasmodium malar-
iae case detection reaches 10% in Rondoénia [24].

Participants and sampling

Active and passive malaria case detections were per-
formed. These included home visits in areas of high dis-
ease transmission, and study of individuals who seek care
at the diagnostic centers of Brazilian National Foundation
of Health (FUNASA), responsible for malaria control in
the country. In addition, patients admitted to the Buritis
municipal Hospital (Hospital Sao Gabriel) presenting
clinical signs of mild or complicated malaria were also
included in the study. All individuals from fifteen to
seventy years, of both sexes, who had been residing in the
endemic area for more than six months, were invited to
be included in the study. Exclusion criteria were: docu-
mented or strong clinical suspecting of viral hepatitis
(HAV, HBV, HCV, HDV), chronic alcoholism, HIV infec-
tion, yellow fever, dengue, leptospirosis, tuberculosis,
Hansen'’s disease, visceral leishmaniasis, documented or
referred cancer and/or other chronic degenerative dis-
ease, sickle cell trait, and the use of hepatotoxic and
immunessupressive drugs. All participants or legal
responsible gave written informed consent before enter-
ing the study. This study was approved by the Ethical
Committee of the Sdo Lucas University, Rondénia, Brazil,
for the human subject protocol.

Individuals were examined and interviewed and their
blood samples (20 mL) were collected for serological
experiments. In hospitalized participants, two venous
blood collections were performed: one at the hospital
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admission and other seven days after malaria treatment
initiation. All malaria diagnoses were performed using
two methods. First, patients were screened by thick
smear examination using field microscopy and the para-
sitaemia (parasites/uL) was quantified in positive cases.
Further, nested PCR was performed in all whole blood
samples to confirm the diagnosis. Two individuals pre-
senting P. malariae infection and 16 people infected
with P. falciparum (uncomplicated forms) were identi-
fied and excluded from the study. Hence, all the volun-
teers selected were negative for P. falciparum and/or P.
malariae infection by both microscopic examination
and nested PCR.

A total of 219 individuals enrolled in the study. All
positive cases were followed for 30 days for the eva-
luation of malaria symptoms. Individuals who were
positive for P. vivax infection and remained without
fever (axillary temperature >37.8°C) and/or chills,
sweats, strong headaches, myalgia, nausea, vomiting,
jaundice, asthenia, and arthralgia for 30 days were
considered asymptomatic P. vivax-infected cases.
Cases showing positive parasitological tests in the pre-
sence of any symptom listed above were classified as
symptomatic infections. Patients presenting any sign
of acute severe organ dysfunction [25] were consid-
ered severe cases. Until today there are no clear cri-
teria defining what a severe vivax malaria case is.
Despite the absence of a consensus, this study used
the previously defined criteria for severe falciparum
infection [25]. Study individuals were then classified
within four groups: non-infected (n = 90), asympto-
matic (n = 60), mild (n = 50) and severe vivax infec-
tion (n = 19). The baseline characteristics of the
volunteers are listed in the Table 1.

Nested PCR for malaria diagnosis

The molecular diagnosis of malaria infection was per-
formed in all subjects using the nested PCR technique
described previously [26,27], with minimal alterations
[28]. To control for cross-contamination, one uninfected
blood sample was included for every twelve samples pro-
cessed. Fifteen percent of positive PCR samples were
retested to confirm the amplification of plasmodial DNA.
All tests were performed and confirmed at the Centro de
Pesquisas Gongalo Moniz, Salvador, Bahia, Brazil.

Plasma cytokine levels detection

Plasma levels of IL-10, IFN-gamma, and TNF were mea-
sured using the Cytometric Bead Array - CBA (BD Bios-
ciences Pharmingen, USA) according to the
manufacturer’s protocol, with all samples running in a
single assay. The flow cytometric assay was performed
and analysed by a single operator, and standard curves
were derived from cytokine standards.
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Table 1 Baseline characteristics of the participants.
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Plasmodium vivax infection

Variables Non-infected N =90  Asymptomatic N = 60 Mild N = 50 Severe N = 19
Male - no. (%) 39 (433) 30 (50.0) 22 (44.0) 10 (52.6)
Age - year *

Median 380 420 330 220

Interquartile interval 250 - 510 320-482 26.7 - 480 16.0 - 350
Previous malaria episodes *

Median ) 14.0 160 80 35

Interquartile interval 100 - 180 130 - 200 1.0-12 20-75
Years resident in the area *

Median 114 125 74 30

Interquartile interval 32-128 42 -146 05-92 05-54
Parasitaemia (parasites/uL) *

Median 0 73§ 4,798 49358

Interquartile interval 0 540 -850 2934 - 7483 32,796 - 54,244
Haemoglobin (g/dL) *

Median 132 1.5 89 64

Interquartile interval 92 - 145 95-142 73=126 58-74
CRP (ng/mL)*

Median 565 6.6 6.5 153

Interquartile interval 37 - 947 412-935 49-87 11.9 - 2065
Serum creatinine (mg/dL)*

Median 085 09 11 1.7

Interquartile interval 07-12 07-12 07-13 142 - 245
AST (U/L)*

Median 415 50.2 95.2 3855

Interquartile interval 325-683 384 -735 426 - 251.7 2773 - 4874

UNL 1.04 1.25 238 9.64
ALT (U/Ly*

Median 4235 40 583 2384

Interquartile interval 37.28 - 5358 2325 - 6578 436 -875 1055 - 3646

UNL 1.06 1 146 496
Total bilirubin (mg/dL)*

Median 035 04 08 21

Interquartile interval 03-04 03 -062 0.7 - 205 115 - 31
Direct bilirubin (mg/dL)

Median 0 0.11 03 1.1

Interquartile interval 0 -9 001 - 04 0-163 0-22
Indirect bilirubin (mg/dL)

Median 03 0.28 05 1.1

Interquartile interval 028 - 037 02-03 045 - 0.72 06-13

CRP: C reactive protein; AST: aspartate aminotransferase; ALT: alanine amino-transferase; UNL: Upper normal levels. Data represent the number of times the
median of AST or ALT is higher than the standardized normal laboratory level (40 UA). Ordinal variables were compared using the Kruskal Wallis test with Dunn’s
multiple comparisons. The prevalence of male gender was compared between the groups using chi-square test. §Six out of sixty individuals with asymptomatic
P. vivax infection were negative for malaria infection by light microscopy, but were positive for Plasmodium vivax infection by nested PCR. *Differences were

significant between groups (P < 0.05).

Laboratory assessment of organ dysfunction

Plasma measurements of creatinin, aspartate amino-
transferase (AST), alanine amino-transaminase (ALT),
total and direct bilirubins, haemoglobin, and CRP were
made at the clinical laboratory of Faculdade Sao Lucas, at
the Pharmacy School (Federal University of Bahia, Brazil)
and at the Laboratério LPC (Salvador, Bahia. Brazil).

The Hepatic-Inflammatory Parasitic score

The hepatic-inflammatory parasitic (HIP) score was cre-
ated to standardize a reproducible evaluation of severity in
malaria cases. This score was developed by analysing data
from another study conducted in 2006 with a sample size
of 580 individuals from the Buritis Municipality, Rondénia
State, Brazil. This group was composed of non-infected
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individuals (n = 183) and those infected with Plasmodium
presenting malaria-related symptoms (n = 195) or asymp-
tomatic infection (n = 202) composed this sample. In addi-
tion, this group was very similar to the one in 2007 with
regard to age, gender, time of residence in endemic area
and referred previous malaria episodes (data not shown).
Optimal threshold plasma values of AST, ALT, total bilir-
ubin, fibrinogen, CRP, and parasitaemia able to discrimi-
nate asymptomatic from symptomatic malaria infection
were calculated using the Receiver Operator Characteris-
tics (ROC) curves (Figure 1). For each variable measured,
the cut-off values presenting the higher sensitivity and spe-
cificity, as well as the highest likelihood ratio, were estab-
lished (Figure 1A-F). Further, one point was attributed to
each variable that presented higher than the established
cut-off value. Consequently, the minimum score was zero
and maximum was five, and it reflected both parasitaemia
and organ dysfunction aspects of symptomatic disease.
Once the score was established, it was tested by applying
to the sample constituted by the 219 participants
approached in this study (Figure 1G). Additionally, the
relationship between the HIP score and the IFN-gamma/
IL-10 was assessed, since this ratio has been used as indi-
cator of inflammatory activity in malaria [21,22,29].

Statistical analysis

Data were analyzed using the GraphPad Prism 5.0
(GraphPad Software Inc.). For the ordinal variables, dif-
ferences between groups were calculated using the non-
parametric Kruskal-Wallis test with Dunn’s multiple
comparisons or trend analysis. The chi-square test was
used to compare differences in categorized variables.
The correlations were assessed using the Spearman test.
Non-linear curve fit was also plotted to illustrate the
general trend of the correlations. The statistical analyses
used are illustrated in each figure or table. Differences
presenting P < 0.05 were considered statistically
significant.

Results and Discussion

Baseline characteristics and laboratory assessment of P.
vivax infection severity

The majority of the participants were male, with no gen-
der differences among groups (P = 0.78). As previously
described [4,28], individuals with asymptomatic P. vivax
infection were older, had experienced more previous
malaria episodes and presented lower parasitaemia than
had symptomatic cases (Table 1). Patients with severe P.
vivax infection were younger, having lived for a shorter
time in the endemic area, and had experienced fewer
previous malaria episodes than individuals with no
malaria infection and with mild or asymptomatic infec-
tion (Table 1). Moreover, patients with severe disease
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Figure 1 The Hepatic-Inflammatory Parasitic score. In a primary
investigation, 580 individuals from Buritis, Rondonia, Brazil were
evaluated to standardize the Hepatic-inflammatory Parasitic (HIP)
score. This sample included non-infected individuals (n = 183) and
those infected with Plasmodium presenting malaria-related
symptoms (n = 195) or asymptomatic infection (n = 202). The
threshold plasma values of (A) aspartate aminotransferase (AST), (B)
alanino amino-transaminase (ALT), (Q) total bilirubin, (D) fibrinogen,
(E) C reactive protein (CRP) and (F) parasitaemia were established in
order to categorize the individuals according to the HIP score. Once
the HIP score was created, it was applied in another sample from
the same endemic area composed by 219 individuals: non-infected
(n = 90), asymptomatic (n = 60), mild (n = 50) and severe vivax
infection (n = 19). Area under the curve (AUC) was calculated,
together with the cut-off value, which presents the higher
likelihood ratio, and P values are plotted. The HIP score is described
in Methods.
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displayed higher parasitaemias than those with uncom-
plicated infection (P < 0.0001). Haemoglobin levels were
also decreased in patients with severe disease (P = 0.02).
All patients with severe disease were admitted to the
municipal hospital presenting with fever, tachycardia
and tachypnea. Moreover, five out of nineteen indivi-
duals with severe infection developed jaundice and six
presented with splenomegaly. Six infected patients died
within 72 h of hospitalization, four presenting with
acute respiratory failure and two with anuric renal fail-
ure, despite the haemodynamic support and anti-para-
site therapy. These severe complications have been
commonly implicated as major death causes in severe
vivax infections [7,18]. The other thirteen individuals
with complicated disease received specific treatment
with intravenous quinine and achieved total clinical
recovery after 10-15 days. Clinical characteristics and
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outcomes of the patients with severe malaria are sum-
marized in Table 2. All patients with mild disease recov-
ered totally and no drug resistance was identified within
individuals studied.

The further step was to assess whether the spectrum
of vivax malaria clinical presentation could be associated
with laboratory parameters of organ dysfunction. In a
primary analysis, strong linear trends were identified
regarding increasing plasma levels of CRP, serum creati-
nine, bilirubins and the graduation of disease severity
(Table 2; P < 0.0001 for all trends analyzed). The indivi-
duals presenting higher HIP scores also displayed ele-
vated IFN-gamma/IL-10 ratios (Figure 1G). These data
indicate that a high grade of general inflammation-
mediated systemic damage is occurring in some vivax
malaria cases, explaining the severity of their clinical
presentations.

Table 2 Characterization of the patients with severe vivax malaria.

Clinical presentation at

P. vivax diagnosis

admission
Patient No. Gender Age (y) Major Secondary Nested PCR Microscopy Outcome
manifestation manifestation
1 M 15 Oliguria Hypotension, + + Recovered
splenomegaly
2 M ¥4 Respiratory Hypotension + + Recovered
failure
3 F 9 Respiratory Hypotension + + Died
failure
4 M 21 Severe anaemia  Hypotension, + + Recovered
splenomegaly
M 22 Severe anaemia  Hypotension + Recovered
6 M 32 Anuric renal Hypotension, + + Died
failure splenomegaly
74 F 141 Respiratory Hypotension, + + Died
failure Jaundice
F 15 Severe anaemia  Splenomegaly + + Recovered
M 15 Anuric renal Hypotension, + + Died
failure Jaundice
10 M 17 Severe anaemia  Splenomegaly + + Recovered
N F 13 Jaundice Splenomegaly + + Recovered
12 F 26 Jaundice Hypotension + + Recovered
13 M 32 Respiratory Hypotension + + Recovered
failure
14 F 27 Seizure Jaundice + + Recovered
15 M 42 Oliguria Hypotension - + + Recovered
16 F 38 Jaundice Hypotension + + Recovered
17 F 54 Respiratory Hypotension + + Died
failure
18 M 24 Severe anaemia  Hypotension + + Recovered
19 M 22 Respiratory Jaundice + + Died
failure

Data regarding major and secondary manifestations were obtained from medical records and/or through the clinical exam at the hospital admission. Oliguria was
defined as estimated urinary output less than 400 mL/24 h and anuric renal failure as urinary output below 100 mL/24 h, Severe anaemia was defined as
haemoglobin levels below 7 g/dL and jaundice by clinical exam and bilirubin levels above 2.0. Hypotension was defined as the presence of related symptoms
with blood pressure below 100 x 40 mmHMg. Respiratory failure was defined as tachypnea, shortness of breath, mental confusion clinical signs of hypoxaemia

(central and/or peripheral cyanosis).
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Inflammatory balance according to P. vivax infection
severity

Furthermore, a possible link between the differences in
clinical presentation and laboratory parameters of organ
damage and specific patterns of immune responses or
inflammatory mediators profile was evaluated. Plasma
TNEF, which is related to P. vivax paroxysms [30], was
higher according to infection severity (Figure 2A). IFN-
gamma is also implicated in both resistance to malaria
[31] and disease immunopathology [32]. In the present
series, IFN-gamma levels were higher in patients with
increased severity (Figure 2B). Interestingly, the
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Figure 2 General trend of the Inflammatory profile in vivax
malaria. Plasma levels of (A) TNF, (B) IFN-gamma, (C) IL-10 and (D)
IFN-gamma/IL-10 ratios were estimated in non-infected individuals
and those presenting different manifestations of the vivax malaria
clinical spectrum. Study participants were stratified in groups as
follows: non-infected (NI; n = 90); asymptomatic infection (Asy; n =
60); mild infection (Mild; n = 50); and severe infection (Sev; n = 19).
One-Way ANOVA with trend analysis was performed to check the
statistical significance between the groups studied. P values are

Lplot‘ted in each graph.
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increasing levels of all these inflammatory markers also
presented a linear trend with the gradual augmentation
of infection severity (P < 0.0001 for each parameter).
Conversely, plasma levels of IL-10, a cytokine that
down-regulates inflammation, were lower with increased
disease severity (P < 0.0001, for linear trend; Figure 2C).
Thus, IFN-gamma/IL-10 ratio values were higher in
patients with increased disease severity (P < 0.0001, for
linear trend; Figure 2D).

Kinetics of inflammatory responses during the treatment
of severe vivax infection

In thirteen patients, who clinically recovered out of nine-
teen with severe vivax infection, there was an important
reduction in the levels of all laboratory parameters of
organ damage screened, including plasma CRP (P =
0.002; Figure 3A), creatinine (P = 0.005; Figure 3B), ALT
(P = 0.001; Figure 3C) and total bilirubin (P = 0.016;
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Figure 3 Kinetic of organ damage indicators during
antimalarial treatment in individuals with severe vivax disease.
Plasma levels of (A) CRP, (B) creatinine, (C), ALT and (D) total
bilirubin were estimated before treatment (at admission to the
Hospital) and after seven days of inhospital care in individuals with
severe vivax infection who achieved cure {(n = 13). Wilcoxon
matched pairs test was performed to calculate the statistical
significance. P values are plotted in each graph.
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individuals with severe vivax infection who achieved cure (n = 13). Wilcoxon matched pairs test was performed to calculate the statistical
significance. P values are plotted in each graph. J

Figure 3D) during anti-parasite treatment. This observa-
tion suggests that clinical recovery resulted from a reduc-
tion in systemic inflammatory aggression. Regarding the
immune markers of pro-inflammatory responses, an
important decrease in both IFN-gamma/IL-10 ratios (P =
0.0005; Figure 4A) and TNF levels (P = 0.001; Figure 4B)
was noticed during anti-malarial treatment.

Conclusions

These investigations suggest that different clinical pre-
sentations of vivax malaria infection are strongly asso-
ciated with a potent activation of pro-inflammatory
responses and cytokine imbalance. These results are of
utmost importance to improve current knowledge about
physiopathological concepts of this serious, widespread
disease.
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5.5 MANUSCRITO V

Plasma superoxide dismutase-1 as a surrogate marker of vivax malaria severity.

Este trabalho identifica a enzima anti-oxidante superéxido dismutase-1 como

marcador potencial da malaria grave causada pelo P. vivax.

Resumo dos resultados: O poder de predigdo de gravidade da enzima superdxido
dismutase-1 (SOD-1) foi comparado ao poder preditor da citocina TNF-alfa,
considerada um dos marcadores mais sensiveis da malaria grave. A SOD-1 plasmatica
foi diretamente associada aos niveis de parasitemia, creatinina plasmatica e alanina
transaminase, enquanto que o TNF-alfa se correlacionou positivamente somente com
a transaminase hepatica. Os niveis plasmaticos da SOD-1 mostraram-se mais eficazes
na predigdo das formas graves da malaria do que o TNF-alfa. Tanto a SOD-1 quanto o
TNF-alfa ndo foram eficientes em diferenciar as infec¢des causadas pelo P. vivax das
causadas pelo P. falciparum. A SOD-1 mostrou-se entdo como um poderoso

biomarcador de gravidade da malaria.

Este trabalho foi publicado no periddico internacional Plos Neglected Tropical
Diseases (Fator de Impacto JCR 2009 = 4.693) e recebeu 687 acessos desde a sua

publicacdo on-line.



®.
&k PLOS TROPICAL DISEASES

OPEN @ ACCESS Freely available online

Plasma Superoxide Dismutase-1 as a Surrogate Marker of
Vivax Malaria Severity

Bruno B. Andrade'?, Antonio Reis-Filho'?, Sebastiao Martins Souza-Neto'?, Imbroinise Raffaele-
Netto'2, Luis M. A. Camargo®*, Aldina Barral'*>, Manoel Barral-Netto'*5*

1Centro de Pesquisas Gongalo Moniz (Fundagao Oswaldo Cruz [FIOCRUZ]), Salvador, Brazil, 2 Faculdade de Medicina da Bahia (Universidade Federal da Bahia), Salvador,
Brazil, 3 Departamento de Parasitologia, Instituto de Ciéncias Biolégicas, Universidade de Sao Paulo, Sao Paulo, Brazil, 4 Faculdade de Medicina, Faculdade Sédo Lucas,
Porto Velho, Brazil, 5 Instituto de Investigagao em Imunologia, Instituto Nacional de Ciéncia e Tecnologia (INCT), Sao Paulo, Brazil

a

~ Abstract 2

Baclrgmund Severe outcomes have been described for both Plasmodium falciparum and P. vivax infections. The
 identification of sensitive and reliable markers of disease severity is fundamental to improving patient care. An intense pro-
? inflammatory response with oxidative stress and production of reactive oxygen species is present in malaria. Inflammatory
4 - cytokines such as tumor necrosis factor-alpha (TNF-alpha) and antioxidant agents such as superoxide dismutase-1 (SOD-1)
~ are likely candidate biomarkers for disease severity. Here we tested whether plasma levels of SOD-1 could serve as a
- biomarker of severe vivax malaria.

- Methodology/Principal Findings: Plasma samples were obtained from residents of the Brazilian Amazon with a high risk for
~ P. vivax transmission. Malaria diagnosis was made by both microscopy and nested PCR. A total of 219 individuals were
~ enrolled: non-infected volunteers (n = 90) and individuals with vivax malaria: asymptomatic (n=60), mild (n=50) and severe
~infection (n=19). SOD-1 was directly associated with parasitaemia, plasma creatinine and alanine amino-transaminase
~ levels, while TNF-alpha correlated only with the later enzyme. The predictive power of SOD-1 and TNF-alpha levels was
~ compared. SOD-1 protein levels were more effective at predicting vivax malaria severity than TNF-alpha. For discrimination
- of mild infection, elevated SOD-1 levels showed greater sensitivity than TNF-alpha (76% vs. 30% respectively; p<<0.0001),
~ with higher specificity (100% vs. 97%; p<<0.0001). In predicting severe vivax malaria, SOD-1 levels exhibited higher sensitivity
~ than TNF-alpha (80% vs. 56%, respectively; p<<0.0001; likelihood ratio: 7.45 vs. 3.14; p<<0.0001). Neither SOD-1 nor TNF-alpha
w:v_could discriminate P. vivax infections from those caused by P. falciparum.

Conclusion: SOD-1 is a powerful predictor of disease severity in individuals with different clinical presentations of vivax
- malaria.
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Introduction

Severe malaria presents a relevant public health problem
worldwide, affecting the socio-economic development of many
communities. The identification of predictors of disease severity is
critical to improve patient care. Most of the actual knowledge
regarding the immunopathological determinants of malaria
severity refers to infection caused by Plasmodium falciparum, but
growing evidence also associates vivax malaria with severe
complications [1,2]. Together with rising documentation of drug
resistance worldwide, the complications of Plasmodium vivax

| infection represents a global health threat. Therefore, identifying

markers of disease severity is essential to improve clinical
management. Plasma TNF-alpha levels have been described as a
biomarker for the estimation of disease severity for P. falciparum [3]
and is associated with clinical severity in P. zivax [4] infections, but

‘ @ www.plosntds.org

there is scarce data evaluating or validating more sensitive and
reliable predictors of severe disease.

During malaria infection, reactive oxygen species (mainly
superoxide anions) are produced at high levels, inducing parasite
killing and tissue damage [5]. To circumvent this biological injury,
the anti-oxidant enzyme Cu/Zn superoxide dismutase (SOD-1)
converts these unstable free radicals into hydrogen peroxide
(H50,), which can be removed by the catalase and glutathione
systems [6]. Studies in both mice [7] and humans [8] have
correlated the SOD-1 activity with tissue damage. Therefore,
investigating markers related to oxidative stress could provide
useful tools to manage malaria. The present work shows that the
plasma level of SOD-1 is a surrogate marker of severe vivax
malaria in a population from the Brazilian Amazon, in which P.
vivax infection is highly endemic. The performance of SOD-1 as a
predictor of disease severity even surpasses that of TNF-alpha.
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~ Author Summary

- Plasmodium vivax infection has been associated with fatal
outcomes due to treatment failure or inadequate health
- care. The identification of sensitive and reliable markers of
disease severity is important to improve the quality of
£ ~ patient care. Although not imperative, a good marker
should have a close causative relationship with the disease
~ pathogenesis. During acute malaria, an intense inflamma-
tory response and a well-documented oxidative burst are
~ noted. Among the free radicals released, superoxide
“anions account for the great majority. The present study
- aimed to evaluate the reliability of using an antioxidant
- enzyme, responsible for the clearance of superoxide
' anions, as a marker of vivax malaria severity. Thus, we
investigated individuals from an Amazonian region highly
~endemic for vivax malaria with the goal of predicting
~infection severity by measuring superoxide dismutase-1
- (SOD-1) plasma levels. In addition, we compared the
 predictive power SOD-1 to that of the tumor necrosis
~ factor (TNF)-alpha. SOD-1 was a more powerful predictor
- of disease severity than TNF-alpha in individuals with
-  different clinical presentations of vivax malaria. This finding
Vopens up new approaches in the initial screening of severe
- vivax malaria cases.

iy rmn

& Despite being considered a relatively benign disease,
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Methods

Objective

The objective of this study was to test whether the plasma level
of SOD-1, an antioxidant enzyme, could predict vivax malaria
severity with equivalent of better efficacy compared to the
currently used marker TNF-alpha.

Study design and participants

Plasma samples were obtained from individuals living in Buritis,
a recently urbanized municipality in Rondénia, Brazilian
Amazon, with a high risk for vivax malaria transmission [9],
during June 2006 and August 2007. Active and passive malaria
case detections were performed. These included home visits and
study of individuals who sought care at the diagnostic center of
Brazilian National Foundation of Health (FUNASA). In addition,
patients admitted to the Buritis municipal Hospital with clinical
signs of mild or severe malaria [10] were also asked to participate
in the study. All individuals from fifteen to seventy years, of both
sexes, who had been living in the endemic area for more than six
months, were invited to be included in the study. The malaria
diagnosis was performed using two methods (double-blinded).
First, patients were screened by thick smear examination using
field microscopy and the parasitaemia (parasites/ul) was quanti-
fied in positive cases. Further, nested PCR was performed in all

-@ www.plosntds.org

Table 1. Baseline characteristics of the participants.
Variables Plasmodium vivax infection

Non-infected Asymptomatic Mild Severe

N=90 N=60 N=50 N=19
Male - no. (%) 39 (433) 30 (50.0) 22 (44.0) 10 (52.6)
Age - year*
Median 380 420 33.0 220
Interquartile interval 25.0-51.0 32.0-48.2 26.7-48.0 16.0-35.0
Parasitaemia (parasites/ul)*
Median 0 73 4,798 49,358
Interquartile interval 0 54.0-85.0 2,934-7,483 32,796-54,244
Haemoglobin (g/dL)*
Median 132 115 89 6.4
Interquartile interval 9.2-145 9.5-14.2 7.3-126 58-74
Serum creatinine (mg/dL)*
Median 0.85 0.9 1.1 L
Interquartile interval 0.7-1.2 0.7-1.2 0.7-13 1.42-245
ALT (U/L)*
Median 4235 40 583 2384
Interquartile interval 37.28-53.58 23.25-65.78 43.6-87.5 105.5-364.6
UNL 1.06 1 1.46 4.96
Clinical presentation - no. (%)**
Splenomegaly ¥ - 8 (16.0) 6 (31.6)
Hypotension - - 6 (12.0 14 (73.68)
Jaundice v . 9 (18.0) 7 (36.8)
ALT: alanine amino-transferase. UNL: Upper normal levels. Data represent the number of times the median of ALT is higher than the standardized normal laboratory
level (40U/L). Ordinal variables were compared using the Kruskal Wallis test with Dunn’s multiple comparisons. The prevalence of male gender was compared between
the groups using chi-square test.
*Differences were significant between groups (P<0.05).
§The groups were compared using chi-square test.
doi:10.1371/journal.pntd.0000650.t001
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whole blood samples to confirm the diagnosis. Exclusion criteria
were viral hepatitis (A, B, C, and D), chronic alcoholism, human
immunodeficiency virus type 1 infection, yellow fever, leptospiro-
sis, cancer and chronic degenerative diseases, sickle cell trait and
the use of hepatotoxic or immunosuppressant drugs. Two
individuals presenting P. malariae infection were identified and
excluded from the study. In addition, 16 age-matched people
infected with P. falciparum (uncomplicated forms) were invited to
participate. In the last phase of the study, plasma samples from
these individuals with P. falciparum malaria were used in order to
assess if the markers compared were useful to discriminate P. vivax
from P. falciparum infections.

After obtaining the parasitological diagnosis, all vivax malaria
positive cases were followed for 30 days. Individuals infected with
P. falciparum were not included in the follow up. Infected
individuals who remained without any presumptive malaria
symptoms were considered asymptomatic; patients presenting
clinical or laboratory signs of complicated malaria [10] were
considered severe cases, while those who were symptomatic
without any complication were mild cases. In hospitalized
participants presenting with severe disease, two plasma samples
were obtained: one at the hospital admission and other seven days
after malaria treatment initiation. Thus, of 415 individuals initially
approached, 58 were excluded for meeting exclusion criteria, 86
withdrawn consent and 36 neglected the follow up. The sample
was then composed of non-infected volunteers (n=90) and
individuals with different clinical presentations of vivax malaria:
asymptomatic (n = 60), mild (n = 50) and severe infection (n=19).
The detailed clinical descriptions of the participants together with
the outcomes have been already addressed by our group [11]. A
summary of the baseline characteristics of the participants is
illustrated in Table 1. All the malaria cases were treated by the
FUNASA health care professionals according to the FUNASA
standardized protocols. The flow chart of the validation study is
shown in Figure S1.

Ethics statement

Written informed consent was obtained from all participants,
and all clinical 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, Rondénia, Brazil, where the
study was performed.

Table 2. Primers used in Nested PCR reactions.
Primer Oligonucleotide Sequence 5'-3' Base Pairs
PLUS CCTGTTGTTGCCTTAAACTTC 1,200
PLUG TTAAAATTGTTGCAGTTAAAA
Falt TTAAACTGGTTTGGGAAAACCAAATATATT 205
Fal2 ACACAATGAACTCAATCATGACTACCCGTC
Vivl CGCTTCTAGCTTAATCCACATAACTGATAC 120
N ACTTCCAAGCCGAAGCAAAGAAAGTCCTTA
-~ [wan ATAACATAGTTGTACGTTAAGAATAACCGC 144
 [ma2 AAAATTCCCATGCATAAAAAATTATACAAA .

Plasmodium malariae.

I
. |PLU: Plasmodium sp, Fal: Plasmodium falciparum, Viv: Plasmodium vivax, Mal:
* 1doi:10.1371/journal.pntd.0000650.t002
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Nested PCR for malaria diagnosis

The molecular diagnosis of malaria was performed using nested
PCR, as described previously [12]. Briefly, 300 pL of whole blood
collected on EDTA was prepared for DNA extraction through the
phenol-chloroform method followed by precipitation with sodium
acetate and ethanol. The first PCR rDNA amplification was
performed with Plasmodium genus-specific primers named PLU5
and PLUG. Positive samples yielded a 1,200-bp fragment, which
served as template for the nested reaction. The nested PCR
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Figure 1. Plasma SOD-1 and TNF-alpha as markers of severe
vivax malaria. A, SOD-1 protein and TNF-alpha plasma levels
according to vivax malaria clinical severity. NI, non-infected volunteers
(n=90); Asy, asymptomatic infection (n=60); Sympt, symptomatic
infection (n=69). Differences among the groups were calculated using
the Kruskal Wallis analysis of variance with Dunn’s multiple comparisons
test. B, Plasma levels of SOD-1 and TNF-alpha in individuals with mild P.
vivax infection (n=50) compared to those with severe vivax malaria
(Sev; n=19). Boxes represent median and interquartile interval;
whiskers represent maximum and minimum values. Differences were
estimated using Mann-Whitney test. Lines represent median values. P
values are shown in each graph.
doi:10.1371/journal.pntd.0000650.g001
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amplification was performed with species-specific primers for 30
cycles at anncaling temperatures of 58°C for P._falciparum (Fall and
Fal2 primers), and 65°C for P. vivax (Vivl and Viv2 primers) or P.
malariae (Mall and Mal2 primers). The fragments obtained for P.
wvax were of 120 bp, whercas for P. falciparum and P. malariae were

205 bp and 144 bp, respectively. The oligonucleotide sequences of

each primer used arc listed in Table 2. The products were

SOD-1 and Vivax Malaria Severity 1C

visualized in 2% agarosc gel stained with ethidium bromide. One
uninfected blood sample was included for every twelve samples
processed to control for cross-contamination. Fifteen percent of
positive PCR samples were re-tested to confirm the amplification
of plasmodial DNA. All tests were performed and confirmed at our
main laboratory at the Centro de Pcsquisas Gongalo Moniz,
Brazil.
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Figure 2. Correlations between plasma SOD-1 or TNF-alpha concentrations and laboratory parameters of malaria severity.
Correlation of SOD-1 or TNF-alpha with several laboratory parameters in symptomatic vivax malaria patients (n=69). Column at left (A, C and E):
Correlations of SOD-1 with parasitaemia (A), plasma creatinine (C) and alanine amino-transaminase (ALT; E). Column at right: Correlations of TNF-
alpha to parasitaemia (B), plasma creatinine (D) and ALT (F). Correlation between TNF-alpha and SOD-1 plasma protein levels is shown in G. The
statistical significances were calculated using the Spearman test. The values of p and r are illustrated in each graph.

doi:10.1371/journal.pntd.0000650.g002
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- Plasma cytokine measurements
‘ Plasma levels of TNF-alpha were measured using the Cytomet-
ric Bead Array - CBA® (BD Biosciences Pharmingen, USA)
according to the manufacturer’s protocol, with all samples run in a
| single assay. The flow cytometric assay was performed and
‘ analyzed by a single operator, and standard curves were derived
. from cytokine standards. The minimum limit of detection was
3.7 pg/mL.

Laboratory assessment of organ dysfunction

Plasma measurements of creatinine, alanine amino-transami-
nase (ALT) and haemoglobin were made at the clinical laboratory
of Faculdade Sao Lucas and at the Laboratério LPC (Salvador,
Bahia. Brazil).

Plasma superoxide dismutase measurements

SOD-1 plasma concentrations were measured using the Cu/Zn
Superoxide Dismutase ELISA Kit according to the manufacturer’s
protocol (Calbiochem, EMD chemicals, Darmstadt, Germany).
Briefly, human serum was diluted 1:200 in PBS and distributed in
a sensitized 96-wells plate. The samples were incubated for one
hour at room temperature with HRP-conjugated anti-Cu/Zn
SOD antibody. A colorimetric substrate was added for ten
minutes, being the system protected from intense light. The
reaction was stop and the plate read at 450nm. The SOD activity
assay was performed using the Superoxide Dismutase Colorimet-
ric Assay Kit according to the manufacturer’s protocol (Cayman
- chemical, Ann Arbor, MI, USA). Briefly, radical detector was
added to a sensitized 96-wells plate. Pre-diluted (1:50) samples
were distributed in wells. The reaction was started using Xanthine
- Oxidase, and the plate was read after twenty minutes at 450nm.
- One unit of SOD is defined as the amount of enzyme needed to
exhibit 50% dismutation of the superoxide radical.

Statistical analysis

The Kruskal-Wallis test with Dunn’s multiple comparisons or
- linear trend analysis was used to compare SOD-1 and TNF-alpha
levels according to different clinical presentations of vivax malaria
~ infection. The Mann-Whitney test was used to verify differences
- between asymptomatic and symptomatic, between mild and severe
- vivax malaria or between P. viwax and P. falciparum infections.
- Correlations between SOD-1 or TNF-alpha levels and severity
~ factors were performed using the Spearman test. Receiver-
] operator characteristic (ROC) curves with C-statistics were used
~ to establish the threshold value of SOD-1 and TNF-alpha able to
discriminate between mild and severe infection. A p value<0.05
was considered statistically significant.

~ Results

~ Increased vivax malaria severity was associated with higher
- plasma levels of SOD-1 (P<0.0001; Figure 1A and 1B), with
similar trend being noted with regard to SOD activity (P<<0.01 for
linear trend; data not shown). Considering individuals with mild
~ and severe infections together (n=69), increased SOD-1 protein

Figure 2A), while this correlation did not reach significance for
~ TNF-alpha (r=0.68, p=0.07; Figure 2B). In addition, spleno-

‘megaly and hypotension were more prevalent in patients with high
D-1 and TNF-alpha levels compared to those with low levels of
factors (43.2% vs. 5.1% respectively; Fisher’s test p=0.02).
elation between SOD-1 protein levels and plasma creatinine
surements was r=0.72 (p=0.03; Figure 2C), while the

ation between TNF-alpha and creatinine did not achieved
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statistical significance in the cohort under investigation in this
study (r=0.68, p=0.06; Figure 2D). Furthermore, a similar
pattern was observed regarding the correlation of ALT with SOD-
1 protein levels (r=0.81, p = 0.03; Figure 2E) or TNF-alpha (r=0.
75, p=0.03; Figure 2F). SOD-1 protein levels were also directly
associated with systemic TNF-alpha (r=0.57, p<0.0001;
Figure 2G). All individuals with severe disease presented with
anemia at the time of hospitalization (haemoglobin mean:
6.2*1.4), while in those with mild infection, only 14/50 were
anemic (haemoglobin mean: 12.5+2.0). In agreement with
previous findings on P. falciparum [3] and P. vivax [4] infections,
individuals with severe malaria displayed higher plasma levels of
TNF-alpha than those with asymptomatic parasitaemia or mild
disease (Figure 1B). Within the individuals presenting with severe
disease who successfully recovered after in-hospital care (n=13),
the systemic levels of both SOD-1 and TNF-alpha decreased at
least two fold during the seventh day of anti-malarial treatment
(p=0.0005 and p=0.001, respectively; Figure 3). We also assessed
the possibility of estimating threshold levels of TNF-alpha and
SOD-1 to discriminate between asymptomatic and symptomatic
infection. As expected, individuals with symptomatic infection
(mild or severe) presented higher levels of both TNF-alpha and
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Figure 3. Effect of anti-malaria treatment on plasma concen-
trations of SOD-1 and TNF-alpha in individuals with severe
vivax malaria. Plasma levels of SOD-1 protein (red boxes, left Y axis)
and TNF-alpha (blue boxes, right Y axis) were estimated before
treatment (at admission to the Hospital) and after seven days of in-
hospital treatment with intravenous quinine and hemodynamic support
in individuals with severe vivax infection who successful recovered
(n=13). Boxes represent median and interquartile interval; whiskers
represent maximum and minimum values. Wilcoxon matched pairs test
was performed to calculate the statistical significance. P values are
plotted in each graph.

doi:10.1371/journal.pntd.0000650.g003
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SOD-1 than thosec who were symptomless (Figure 1A). SOD-1,
however, was a better marker than TNF-alpha (Figure 4A).
Moreover, TNF-alpha and SOD-1 levels were elevated in
individuals with severe discase compared to mild disease
(Figurc 1B). SOD-1 was also more powerful than TNF-alpha in
predicting severe discase (Figure 4B). In an attempt to address if
the plasma levels of both SOD-1 and TNF-alpha were uscful to
discriminate P. viwax from P. falcparum malaria, we compared
plasma samples from individuals presenting with mild symptom-
atic vivax malaria and age matched individuals with symptomatic
P. falciparum infection. Neither SOD-1 nor TNF-alpha could
differentiate between the infections (Figure 5).

Discussion

This study is the first to examine the use of plasma SOD-1 levels
as a surrogate marker of P. vwax malaria severity. SOD-1 is an
important participant in the oxidative stress responscs [6]. It has
been implicated in several other discases and infections [13-17],
and its plasma levcls could be a sensitive indicator of inflammatory
processes. More recently, SOD-1 has been found to play a
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deleterious role in cutaneous leishmaniasis, as the interferon-beta
inhibition of leishmanicidal activity was mimicked by SOD-1 and
antagonized by either pharmacological or small interfering RNA-
mediated inhibition of SOD-1 [18]. SOD-1 levels were much
more effective in predicting vivax malaria severity than TNF-
alpha, a major cytokine related to malaria clinical severity in P.
viwax infections [19]. For discrimination of mild infection, the use
of SOD-1 improves the correct case detection by more than 45%
compared with the use of TNF-alpha, in addition to being a better
identifier of negative cases. Furthermore, SOD-1 has a higher
sensitivity than TNF-alpha in predicting severe vivax malaria,
indicating also a higher likelihood ratio to discriminate this clinical
condition. This suggests that SOD-1 can serve as an additional
and innovative tool in the clinical approach to P. vivax malaria
cases. The measurements of both SOD-1 and TNF-alpha in the
plasma samples are performed using simple ELISA-based kits. It is
possible then that costs may be similar depending on the demand.
Measuring SOD-1 levels could be used in two situations: (i)
identification of patients with severe disease before the develop-
ment of fatal outcomes and (ii) monitoring the success of therapy
and clinical recovery. The viability of applying this methodology
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Figure 4. Effectiveness of plasma concentrations of SOD-1 and TNF-alpha measurements as markers of vivax malaria severity. A,
ROC curves of SOD-1 {dashed line) and TNF-alpha (solid line) plasma levels for discriminating asymptomatic infection from mild P. vivax malaria cases.
B, ROC curves of SOD-1 (dashed line) and TNF-alpha levels (solid line) for discriminating severe from mild P. vivax malaria cases. C-statistics are
illustrated in the tables and were used to verify the validation of the ROC curves and the predictive power of each biomarker. AUC, area under the

curves; Cl, confidence interval.
doi:10.1371/journal.pntd.0000650.g004
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Figure 5. Plasma concentrations of SOD-1 and TNF-alpha
during P. vivax and P. falciparum infections. Plasma levels of
SOD-1 (red boxes) and TNF-alpha (blue boxes) were measured in
patients with mild P. vivax (n=50) or mild P. falciparum (n=16) malaria.
Boxes represent median and interquartile interval; whiskers represent
maximum and minimum values. The differences between P. vivax and P.
falciparum infections were not significant when compared by the
Mann-Whitney test (p>0.05).

doi:10.1371/journal.pntd.0000650.g005

in the clinical practice will depend on its priority status in a
diagnostic algorithm.

Whether this anti-oxidant enzyme could be used as a marker of
disease severity in P. falciparum infections was not evaluated here,
and should be tested in future investigations. However, in
individuals presenting with mild disease, plasma SOD-1 levels
could not differentiate between P. vivax and P. falciparum infections.
This suggests that these two parasites may share more similar
pathogenetic mechanisms than previously realized.

SOD-1 represents an important defense against oxidative stress
within a cell [16,17]. Furthermore, superoxide radicals are the
main ROS produced during acute malaria [5]. The role of SOD-1
in vivax malaria could be either protective or deleterious with
regard to the infection outcome. SOD-1 levels may be a reflection
of an active injury mechanism or, alternatively, may indicate a
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counter-regulatory response to the generation of superoxide
radicals. Supplementation of SOD-1 protects endothelial cells
against the P. falciparum-induced oxidative response and apoptosis
in vitro [19]. Nevertheless, during experimental malaria, mice
overexpressing SOD-1 develop oxidative injury associated with
increased vulnerability to P. berghei [7]. Patients with acute non-
complicated P. falciparum or P. vivax malaria have less catalase
activity then non-infected individuals but higher SOD activity [8].
Reduced catalase activity together with increased SOD activity
may result in the accumulation of HyO,, the release of hydroxyl
radicals and increased tissue damage during severe malaria.

Although investigations analyzing more patients with broader
clinical outcomes are necessary, SOD-1 plasma protein levels
seems to represent a useful marker in predicting vivax malaria
severity based on the oxidative response status.

Limitations

This study illustrates the possibility of using SOD-1 levels as a
severity biomarker in human P. vivax malaria and highlights the
likelihood of exploring the future use of the plasma SOD-1 levels
as an effective marker of malaria severity. To validate our results,
studies investigating samples from different endemic areas are
crucial, as local health conditions such as co-infections may limit
the effective use of a biomarker. A possible advantage of
measuring SOD-1 levels as part of the clinical management in
endemic areas cannot be assumed from our results. The use of the
SOD-1 as a reliable marker also depends on future field
interventions in which the pre-test prediction and cost-effective-
ness should be considered. In addition, the specific role of SOD-1
in the immunopathogenesis of severe vivax malaria was not
explored in this study and is still being addressed by our group.
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Heme impairs PGE; and TGF-f1 production by human mononuclear cells via

Cu/Zn superoxide dismutase: insight into the pathogenesis of severe malaria

Este trabalho explora a possivel fungdo da enzima superdxido dismutase-1 na
desregulagdo das respostas anti-inflamatdrias que resulta na forma grave da maléria

causada pelo P. vivax.

Resumo dos resultados: Pacientes com malaria vivax grave apresentaram maiores
niveis de heme e indicios de mais hemolise, além de menores niveis de
prostraglandina E2 (PGE2) e TGF-beta do que os com doenga ndo complicada. Houve
uma correlagio inversa entre os niveis de SOD-1 ¢ PGE2 ou TGF-beta nos pacientes
graves. O heme livre regulou a liberagdo de PGE2 e TGF-beta por monocitos
humanos. Experimentos com RNA de interferéncia revelaram que o efeito do heme

depende da sua ligagdo a molécula CD14 e da ativagdo da SOD-1.

Este trabalho foi publicado no periddico internacional The Journal of Immunology

(Fator de Impacto JCR 2009 = 5.646).
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Heme Impairs Prostaglandin E, and TGF-f8 Production by
Human Mononuclear Cells via Cu/Zn Superoxide Dismutase:
Insight into the Pathogenesis of Severe Malaria

Bruno B. Andrade,* ™' Théo Araijo-Santos,*" Nivea F. Luz,*' Ricardo Khouri,*
Marcelo T. Bozza,® Luis M. A. Camargo,”' Aldina Barral,*"* Valéria M. Borges,*" and
Manoel Barral-Nefto*"#

In many hemolytic disorders, such as malaria, the release of free heme has been invelved in the triggering of oxidative stress and
tissue damage. Patients presenting with severe forms of malaria commonly have impaired regulatory responses. Although intrigu-
ing, there is scarce data about the involvement of heme on the regulation of immune responses. In this study, we investigated the
relation of free heme and the suppression of anti-inflammatory mediators such as PGE, and TGF-B in human vivax malaria.
Patients with severe disease presented higher hemolysis and higher plasma concentrations of Cu/Zn superoxide dismutase
(SOD-1) and lower concentrations of PGE, and TGF-B than those with mild disease. In addition, there was a positive
correlation between SOD-1 concentrations and plasma levels of TNF-a. During antimalaria treatment, the concentrations of
plasma SOD-1 reduced whereas PGE; and TGF-B increased in the individuals severely ill. Using an in vitro model with human
mononuclear cells, we demonstrated that the heme effect on the impairment of the production of PGE, and TGF-B partially
involves heme binding to CD14 and depends on the production of SOD-1. Aside from furthering the current knowledge about the
pathogenesis of vivax malaria, the present results may represent a general mechanism for hemolytic diseases and could be useful

for future studies of therapeutic approaches.

evere malaria is a highly lethal condition and a major health

threat in many tropical countries. Multiple factors have been

implicated in the pathogenesis of the severe complications of
this condition, such as uncontrolled cytokine production (1, 2), he-
molysis (3), and erythropoiesis suppression (4). Severe malaria was
firstly described as originating from Plasmodium falciparum infec-
tion (5), but severe cases, including those with lethal outcomes, have
also been observed from Plasmodium vivax infections (6-8). One of
the major factors thought to be involved in sustaining systemic in-
flammation is the release of free heme, as a consequence of
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hemolysis inherent to the life cycle of Plasmodium within RBCs
(9). Recently, heme has been implicated in the pathogenesis of
severe forms of malaria in mice (10, 11). Under homeostasis, the
heme released from hemoproteins such as cell-free hemoglobin
(Hb) is scavenged by plasma proteins such as hemopexin or albumin
as well as by lipoproteins (12). However, these proteins can be de-
pleted during severe hemolytic conditions, such as associated with
Plasmodium infection (13). This leads to the accumulation of free
Hb tetramers in the plasma (14), which dissociate spontaneously
into dimers. In the presence of reactive oxygen species (ROS) or
other free radicals, cell-free Hb dimers are readily oxidized into
methemoglobin, releasing their heme prosthetic groups (12). As
a consequence, in malaria and other hemolytic disorders, the con-
centrations of heme can reach levels of up to 50 uM in the blood-
stream (15), which can trigger an intense oxidative burst and
unspecific tissue damage (11). Moreover, a crystal form of heme
molecules produced by Plasmodium sp., and referred to as hemo-
zoin, also acts as a proinflammatory agonist and thus could be as-
sociated with the development of severe forms of malaria (16-18).
Hemozoin inhibits PGE, production in both mice (19) and humans
(20, 21), and there is an inverse relationship between PGE, and
blood mononuclear cell cyclooxygenase-2 with disease severity in
children with P. falciparum malaria (22). Until now there is no clear
description of the effect of free heme on the PGE, production.
During malaria infection, superoxide anions are thought to be
the main form of ROS produced (23). In this context, the antioxidant
enzyme Cu/Zn superoxide dismutase (SOD-1) is activated and
may display an important role in the pathological oxidative injury.
Notwithstanding, SOD-1 has been linked to an increased inflamma-
tory activity by amplifying TNF-a production on macrophages (24).
In addition, overexpression of SOD-1 increases NF-kB-related
rapid responses, such as immune response and antiapoptosis fac-
tors (25). Therefore, studies have correlated SOD-1 activity with
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tissue damage (26, 27). More recently, SOD-1 has been found to
play a deleterious role in protozoan infectious diseases such as
leishmaniasis (28). Mice overexpressing SOD-1 develop oxidative
injury associated with an increased vulnerability to Plasmodium
berghei (26). Recent investigations from our group also indicate
that SOD- 1 is a surrogate marker of severe vivax malaria with a bet-
ter predictive power than TNF-a (29). Although intriguing, the
specific link between the free heme release from Hb, expression
of SOD-1, and the severity of malaria has never been addressed.
In this study, we investigate the relation of free heme and the sup-
pression of anti-inflammatory mediators such as PGE, and TGF-
in human vivax malaria. We demonstrate that the heme effect on the
impairment of regulatory responses partially involves heme binding
to CD14 and depends on the production of SOD-1. Aside from
furthering the current knowledge about the pathogenesis of vivax
malaria, the present results may represent a general mechanism
for hemolytic diseases and could be useful for future studies of
therapeutic approaches.

Materials and Methods
Reagents

The RPMI 1640 medium and the L-glutamine, penicillin, and streptomycin
were obtained from Invitrogen (Carlsbad, CA). Nutridoma-SP was obtained
from Roche (Indianapolis, IN). The SOD-1 Protein ELISA kit was purchased
from Calbiochem (San Diego, CA). TGF-81 (DuoSet kit) was from R&D
Systems (Minneapolis, MN). The SOD-1 activity assay and PGE, enzyme-
linked immunoassay Kits were obtained from Cayman Chemical (Ann Ar-
bor, MI). The superoxide dismutase inhibitor (diethyldithiocarbamate
[DETC]), N-acetyl-L-cysteine (NAC), FeSO,, endotoxin-free delipidated
BSA, LPS, and apotransferrin were purchased from Sigma-Aldrich (St.
Louis, MO). Heme and protoporphyrin IX (PPIX) were obtained from Fron-
tier Scientific (Logan, UT). Porphyrins were dissolved in 0.1 N NaOH, di-
luted in RPMI 1640, and filtered. Stock solutions from porphyrins and heme
were prepared in the dark immediately before being used to avoid free
radical generation. Heme used contained <0.01 endotoxin units (<1 pg)
in 200 pM heme. Purified bovine liver catalase (35 U/mg) was from Boeh-
ringer (Mannheim, Germany). 7-Aminoactinomycin D (7-AAD) and
Annexin V-labeled Ab were purchased by BD Biosciences (San Jose,
CA). The anti-CD14 Ab (3C10) was provided by Dr. D. Golenbock (Uni-
versity of Massachusetts, Amherst, MA) and Dr. R. Gazzinelli (Centro de
Pesquisas René Rachou, Fundagdo Oswaldo Cruz, Belo Horizonte, Brazil).

Field study design and sampling

Plasma samples were obtained from a previous survey (8), which was part
of an effort from our group to study predictive factors of human P. vivax
malaria severity. The survey studied individuals living in Buritis, Rondo-
nig, in the Brazilian Amazon, during 2006 and 2007. Active and passive
malaria case detections were performed. Moreover, patients admitted to
the Buritis Municipal Hospital with clinical signs of mild or severe malaria
(5) were also asked to participate in the study. All individuals from 15 to
70 y, of both sexes, who had been living in the endemic area for >6 mo,
were invited to be included in the study. The malaria diagnosis was per-
formed using microscopy and confirmed by nested PCR. Exclusion criteria
were as follows: documented or strong clinical suspicion of viral hepatitis
(A, B, C, and D), chronic alcoholism, HIV type | infection, yellow fever,
leptospirosis, cancer and chronic degenerative diseases, sickle cell trait,
and the use of hepatotoxic or immunosuppressant drugs. Two individuals
presenting Plasmodium malariae infection and 16 with P. falciparum in-
fection were identified and excluded from the study. The separation of
plasma and RBCs was performed within 5 min after phlebotomy in spe-
cialized laboratory facilities built inside the diagnostic centers and the
municipal hospital exclusively for this study.

After obtaining the parasitological diagnosis, all vivax malaria positive
cases were followed for 30 d. Infected individuals who remained without
any presumptive malaria symptoms were considered asymptomatic; patients
presenting clinical or laboratory signs of complicated malaria (5) were
considered severe cases, whereas those who were symptomatic without any
complication were mild cases. In hospitalized participants presenting with
severe disease, two plasma samples were obtained: one at the hospital ad-
mission and the other 7 d after malaria treatment initiation. The sample was
then composed of noninfected volunteers (n = 90) and individuals with

different clinical presentations of vivax malaria: asymptomatic (n = 60),
mild (n = 50), and severe infection (n = 19). The detailed clinical description
of the participants together with the outcomes has been already addressed
by our group (8). A summary of the baseline characteristics of the partic-
ipants is illustrated in Table 1. All the malaria cases were treated by the
health-care professionals, according to the standardized protocols from
Fundagio Nacional da Saide (Ministério da Satide, Brazil). Written in-
formed consent was obtained from all participants prior to enrolling in
the study. The project was approved by the Institutional Review Board from
the Faculdade de Medicina, Faculdade Sdo Lucas (Porto Velho, Brazil),
where the field study was performed.

Cell culture

RBC-free PMBCs were isolated from healthy donors through Ficoll gradient
centrifugation, treatment with Ammonium-Chloride-Potassium lysis buffer,
and cultivated (10° cells/well) in serum-free RPMI 1640 supplemented with
1% Nutridoma-SP, 2 mM L-glutamine, 100 U/ml penicillin and 100 pg/mi
streptomycin. Cells were treated with heme (3, 10, or 30 uM) for 6, 24, and
48 h and/or with FeSO4 (30 pM), PPIX (50 uM), Sn PPIX (SnPPIX;
50 uM), Co PPIX (CoPPIX; 50 pM), albumin (100 pg/ml), apotransferrin
(100 wg/ml), DETC (2 mM), NAC (20 mM), or catalase (1 KU/ml) for 48 h.
In some assays, cells were preincubated for 1 h with anti-CD14 Ab or IgG
isotype controls (10 pg/ml). All of the conditions were also run in the
presence or absence of polymixin B (New Bedford Laboratories, Bedford,
OH), with no significant differences between the values obtained, except for
those stimulated with LPS (data not shown). In some experiments, a possible
toxicity induced by heme was assessed by flow cytometry analysis of cells
stained with 7-AAD and Annexin V (Pacific orange)-labeled Ab after 6, 24,
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FIGURE 1. Hemolysis and SOD-1 correlations during P. vivax infec-
tion. Plasma concentrations of indirect bilirubin (4), total heme (C), and
SOD-1 protein (E) were measured in noninfected individuals (NIs; n = 90)
and in those with asymptomatic (A; n = 60), mild (M; n = 50), or severe
(S; n = 19) P. vivax infection. Boxes represent medians and interquartile
ranges, whereas whiskers represent maximum and minimum values. These
data were analyzed using Kruskal-Wallis tests with linear trend posttests.
In severe cases, indirect bilirubin (B), total heme (D), and SOD-1 (F) were
also measured at the seventh day of the antimalarial treatment (Wilcoxon
signed-rank paired tests were used to evaluate significant differences). G-/
indicate correlations between the SOD-1 protein and indirect bilirubin,
total heme, and TNF-a plasma concentrations, respectively, in malaria-
infected patients (Spearman’s test indicated significant correlations). The
p values are shown for each graph.

P. vivax malaria
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and 48 h of stimulation with 3, 10, or 30 uM free heme using a LSR II
cytometer (BD Biosciences).

Total heme measurement

Total heme in plasma samples was estimated by a colorimetric deter-
mination at 400 nm using the QuantiChrom Heme Assay Kit (BioAssay
Systems, Hayward, CA), according to the manufacturer’s protocol.

ELISA

SOD-1 protein levels and SOD activity were measured according to the
manufacturer’s protocols. PGE, levels were estimated in plasma samples
or culture supernatants by enzyme-linked immunoassay, according to the
manufacturer’s instructions. After acidification to activate latent TGF-B
followed by neutralization, total TGF-B1 was measured in the plasma or
culture superatants using ELISA, according to the manufacturer’s
instructions. In some experiments, the concentration of heme oxygenase-1
(HO-1) was estimated in cell lysates using the Human HO-| ELISA kit from
Assay Designs (Ann Arbor, MI), according to the manufacturer’s protocol.

Small interfering RNA-mediated inhibition of SOD-1

SOD-1 and control small interfering RNAs (siRNAs) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Transfection was performed
according to the manufacturer’s instructions.

Statistical analysis

Kruskal-Wallis tests with Dunn’s test for multiple or selected pair compar-
isons or a linear trend analysis were used to compare SOD-1, total heme,
indirect bilirubin, PGE,, HO-1, and TGF-B1 levels. Mann-Whitney tests
were used to verify differences between mild and severe malaria. The
Wilcoxon matched pairs test was performed to estimate statistical signif-
icance before and during the antimalarial treatment. Correlations were
performed using a Spearman’s test. The p values =< 0.05 were considered
to be statistically significant.

Table 1. Baseline characteristics of the participants

Results

Hemolysis and inflammation during vivax malaria

It is widely know that severe falciparum malaria is linked to oxi-
dative stress (23), inflammation (2, 30, 31) and high levels of he-
molysis (3). To determine whether the same is true for vivax malaria,
we measured plasma levels of indirect bilirubin and SOD-1 protein
in patients with different clinical presentations of P. vivax in-
fection. Disease severity was directly linked to higher levels of
hemolysis, as indicated by increased plasma concentrations of in-
direct bilirubin (p < 0.0001 for linear trend) (Fig. 1A, Table I). As
expected, antimalarial drug treatment led to reduced concentrations
of the indirect bilirubin in those individuals with severe infection
(p =0.001) (Fig. 1B). Total heme plasma concentrations presented
strong linear trend according to the degree of the disease severity
(p < 0.0001 for linear trend; Fig. 1C), with a significant reduction
during treatment in those severely ill (p = 0.0002; Fig. 1D). More-
over, total heme levels positively correlated with plasma levels of
indirect bilirubin (Spearman r = 0.758; p = 0.001). Plasma concen-
trations of SOD-1 protein also displayed a positive linear trend with
the severity of the infection (p < 0.0001 for the linear trend) (Fig.
1E). Considering only the severe cases of the disease, the concen-
trations of this antioxidant enzyme were consistently reduced during
the antimalarial therapy to amounts equivalent to those of the as-
ymptomatic infection (p = 0.0005) (Fig. 1 F). In addition, there was
a positive correlation between the concentrations of SOD-1 protein
and indirect bilirubin in all of the symptomatic patients infected
with P. vivax (Spearman r = 0.73; p = 0.003) (Fig. 1G). SOD-1
was also positively correlated with plasma concentrations of total

P. vivax Malaria

Noninfected Asymptomatic Mild Severe
Variables (n = 90) (n = 60) (n = 50) (n=19)
Maie, no. (%) 39 (43.3) 30 (50.0) 22 (44.0) 10 (52.6)
Age (yr)*
Median 38.0 42.0 33.0 22.0
Interquartile range 25.0-51.0 32.0-48.2 26.7-48.0 16.0-35.0
Previous malaria episodes”
Median 14.0 16.0 8.0 35
Interquartile range 10.0-18.0 13.0-20.0 1.0-12 2.0-7.5
Years resident in the area”
Median 11.4 12.5 7.4 3.0
Interquartile range 3.2-12.8 4.2-14.6 0.5-9.2 0.5-5.4
Parasitemia (parasites/pl)*
Median 0 73° 4,798 49,358
Interquartile range 0 54.0-85.0 2,934-7,483 32,796-54,244
Hb (g/dl)*
Median 13.2 11.5 8.9 6.4
Interquartile range 9.2-14.5 9.5-14.2 7.3-12.6 5.8-74
Serum creatinine (mg/dl)*
Median 0.85 0.9 1.1 1.7
Interquartile range 0.7-1.2 0.7-1.2 0.7-1.3 1.42-2.45
ALT (UN)*
Median 42.35 40 583 238.4
Interquartile range 37.28-53.58 23.25-65.78 43.6-87.5 105.5-364.6
Total bilirubin (mg/dl)*
Median 0.35 0.4 0.8 2.1
Interquartile range 0.3-0.4 0.3-0.62 0.7-2.05 1.15-3.1
Indirect bilirubin (mg/dl)*
Median 0.3 0.28 0.5 1.1
Interquartile range 0.28-0.37 0.2-0.3 0.45-0.72 0.6-1.3

Ordinal variables were compared using the Kruskal Wallis test with Dunn’s multiple comparisons. The prevalence of male

gender was compared between the groups using x* test.

“Differences were significant between groups (p < 0.05).

"Six of 60 individuals with asymptomatic P. vivax infection were negative for malaria infection by light microscopy but were

positive for P. vivax infection by nested PCR.
ALT, alanine aminotransferase; CRP, C-reactive protein.
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heme (Spearman r = (.799; p < 0.0001) (Fig. 1H) and TNF-a
(Spearman r = 0.57; p < 0.0001) (Fig. 1)).

We further assessed the plasma concentrations of PGE, and
TGF-, two anti-inflammatory molecules associated with P. falci-
parum infection (19, 22, 32, 33). Both PGE; and TGF-B plasma
concentrations were elevated during P. vivax infection (Fig. 24,
2B). Moreover, individuals with severe cases of the disease pre-
sented lower amounts of these mediators compared with those
presenting mild infections (Fig. 24, 2B). Both PGE,/TNF-a
(Fig. 2C) and TGF-B/TNF-a (Fig. 2D) ratios presented a de-
creased linear trend according to the disease severity.

Levels of PGE, and TGF-B increased during the antimalarial
treatment (p = 0.004 and p = 0.003, respectively) (Fig. 2E, 2F),
resulting in increased PGE,/TNF-a and TGF-B/TNF-a ratios to
levels similar to those of noncomplicated infections (p = 0.01
and p = 0.003, respectively) (Fig. 2G, 2H). Platelets are a rich
source of latent TGF-@ (34), and little is known about its ability to
generate active TGF-. In those individuals infected with P. vivax,
the platelet count was lower than in those who are noninfected
(p = 0.027) (Fig. 2I). In addition, severely ill patients presented
lower platelet count compared with those with uncomplicated
infection (p = 0.042) (Fig. 21). SOD-1 is present in RBCs, and the
elevated levels of this enzyme could be a resuit of the increased
degree of hemolysis seen during malaria. As expected, individuals
with severe disease also displayed lower RBC count than those with
mild or asymptomatic malaria (p = 0.038) (Fig. 2J). Within the
severely ill patients, plasma concentrations of PGE; were negatively
correlated those of SOD-1 (Spearman r = —0.68, p = 0.003) (Fig.
2I), with similar patterns being observed with regard to TGF-f3 and
SOD-1 (Spearman r = —0.48; p = 0.051) (Fig. 2J). This indicates
that during vivax malaria, patients with severe disease present high
hemolysis linked to higher SOD-1 levels. It also suggests that, com-
pared with what is seen in uncomplicated infection, these events are
correlated with impaired systemic release of both PGE, and TGF-.

The interference of the anti-inflammatory responses can sustain
proinflammatory responses in elevated activity, which can ulti-
mately result in the systemic collapse observed in severe cases
of malaria.

Heme triggers SOD-1 and impairs PGE, and TGF-f3
production in PBMC from healthy individuals

We hypothesized that free heme release from cell-free Hb acts in
a pro-oxidant manner to induce the expression of SOD-1 favoring
systemic inflammation. To test this hypothesis, we cultured fresh
PBMCs from healthy volunteers residing in a nonendemic malaria
region with increasing doses of free heme (3, 10, and 30 uM) and
assessed the levels of SOD-1 protein, SOD activity, PGE,, and
TGF-B in the supernatants. Within the concentrations used in our
experiments, heme was not very toxic for the cells, because the
number of live cells did not significantly differ from unsti-
mulated cells (Fig. 34). Moreover, free heme induced the secre-
tion of SOD-1 in the supernatants, an effect that was dose de-
pendent (p < 0.05 at 24 and 48 h compared with unstimulated
cells) (Fig. 3B). Following a similar trend, the SOD activity was
also induced by heme (p < 0.05 at 6 and 48 h compared with
unstimulated cells) (Fig. 3C). In addition, unstimulated cells
presented an increased production of both PGE, (Fig. 3D) and
TGF-B (Fig. 3E) over time, whereas those cultured with 30 pM
heme did not (p < 0.05 at 48 h poststimulation). The next step
was to verify whether this finding could be reproduced by
a component of the heme molecule (LLPS-free FeSO, or PPIX)
or by an iron-carrier protein (LPS-free albumin or apotransfer-
rin). After 48 h of stimulation, only heme was capable of in-
creasing SOD-1 protein concentrations (p < 0.05 compared with
unstimulated cells) (Fig. 4A) and reducing both PGE, and TGF-
release in the supernatants (p < 0.05 for each comparison with
unstimulated cells) (Fig. 4B, 4C). Therefore, these outcomes
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FIGURE 2. Unregulated anti-inflammatory responses during acute clinical attack of malaria. Plasma concentrations of PGE, (4) and TGF-B (B) were
measured in uninfected individuals (NIs; n = 90) and in those with asymptomatic (A; n = 60), mild (M; n = 50), or severe (S; n = 19) P. vivax infection. C
and D show PGE,/TNF-a and TGF-B/TNF-a ratios, respectively. In severe cases, PGE; (E), TGF-B (F), PGE,/TNF-a (G), and TGF-B/TNF-a (H) were
also measured at the seventh day of the antimalarial treatment (Wilcoxon signed-rank paired tests were used to evaluate significant differences). Platelet
counts (/) and RBC count (J) were estimated in the individuals. Boxes represent medians and interquartile ranges, and whiskers represent maximum and
minimum values. Correlations between plasma concentrations of SOD-1 and PGE, (L) or TGF-B (M) were performed on patients with severe malaria at
hospitalization using a Spearman’s test (with a nonlinear curve fit). The p values are plotted in each graph. Data were analyzed using a Kruskal-Wallis test
and a linear trend posttest. The p values are shown in each graph.
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point to a possible intrinsic relationship between free heme,
SOD-1, PGE,, and TGF-B, as suggested by our results of
human vivax malaria cases.
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FIGURE 4. The reduction of PGE, and TGF-§ is induced specifically by
heme. PBMCs (10%well) from six healthy volunteers were stimulated with
heme 30 uM or other stimuli such as FeSO, (30 uM), PPIX (50 uM),
apotransferrin (100 wg/ml), albumin (100 pg/ml), or LPS (100 ng/ml) for 48
h, and SOD-1 protein (A), PGE; (B), and TGF-B (C) were measured in the
culture supernatants. Bars and lines represent means and SD. Data were
analyzed using a Kruskal-Wallis test with Dunn’s selected pairs (the conditions
were compared with those cultured with the medium alone). #p < 0.05. Other
differences were considered to be significant and are described in the text.

The effect of Heme on PGE, and TGF-3 production requires
SOD-1

The idea that SOD-1 could hamper the regulatory responses to
heme stimulation led us to actively interfere with SOD-1 activity
and examine the resulting effects on PGE, and TGF-B. In-
terestingly, when heme-stimulated PBMCs from healthy volun-
teers were cultured in the presence of DETC, a cupper chelator
that can inhibit SOD-1 activity (35), the inhibitory effect of heme
on both PGE, and TGF-f release was reverted (p = 0.0l and p =
0.04, respectively, compared with cells stimulated with heme
alone) (Fig. 5A, 5B). Moreover, when we treated the cells with
NAGC, a free radical scavenger, the concentrations of PGE, and
TGF-B in the supernatants were reduced to a similar level as that
observed with the use of heme (p < 0.0001 and p = 0.004,
respectively, compared with unstimulated cells) (Fig. 5A, 5B).
NAC was not capable of reducing the TGF-8 concentrations in
cells treated with heme plus DETC (Fig. 5B). In addition, when
the cells were treated with exogenous catalase, the effect of heme
on both PGE, and TGF-B was only partially reverted (data not
shown). This suggests that SOD-1 might be a required source for
H,0, in this system and that the effect of heme on the production
of PGE, and TGF-B is only partially mediated by the release of
free radicals. Consequently, the activity of SOD-1 could play
another role in this system. We then tried to test whether the heme
effect on SOD-1 would be mediated by HO-1, an antioxidant
enzyme that presents a major role in the pathogenesis of severe
malaria (10, 36). As expected, heme induced high concentrations
of HO-1 in PBMCs (Fig. 5C), an effect that was enhanced in the
presence of CoPPIX, a HO-1 inductor, but nonaltered when cells
were cocultured with SnPPIX, an inhibitor of the HO-1 activity
(Fig. 5C). Nevertheless, neither CoPPIX nor SnPPIX interfered
with SOD activity induced by heme in our model (Fig. 5D), sug-
gesting that the heme effect on SOD is not directly mediated by
HO-1.

To evaluate the direct role of SOD-1 on the reduction of
PGE, and TGF-8 mediated by heme, we successfully inhibited
SOD-1 production using siRNA (Fig. 6A4). siRNA-mediated
SOD-1 inhibition before the addition of heme completely reverted
the effect of heme on PGE, (p < 0.0001) (Fig. 6B) and TGF-B
levels (p < 0.0001) (Fig. 6C).
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FIGURE 5. The role of SOD-1 on the release of PGE, and TGF-B.
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Materials and Methods. PGE,; (A), TGF- (B), and SOD activity (D) were
measured in the supernatants, whereas HO-1 (C) protein levels were mea-
sured in cell extracts. Bars and lines represent means and SD. A Kruskal-
Wallis test with Dunn’s multiple comparisons or selected pairs was used to
evaluate statistical significance. xp < 0.05. Other differences were consid-
ered to be significant and are described in the text.

The role of CD14 on the heme-impaired production of PGE,
and TGF-B

Previous studies demonstrated that heme induces TNF-a pro-
duction by human and murine macrophages through the activation
of TLR4 and CD 14 (37). In an attempt to verify whether the effect of
heme on SOD-1 as well as on the release of PGE, and TGF-3 would
be mediated by CD14, we incubated fresh PBMCs from normal
volunteers with anti-CD14 for 1 h prior to stimulation with heme.
As expected, the neutralization of CD14 adequately reversed the
effect of LPS on PGE- release but not the effect of TGF-B (p <
0.0001 and p = 1.0; comparing LPS plus anti-CD 14 with LPS alone)
(Fig. 7). In addition, the blockage of CD14 reduced SOD-1 (p <
0.05) (Fig. 7A) and increased the concentrations of PGE, in
supernatants from cells stimulated with heme (p < 0.05) (Fig. 7B)
but did not alter the levels of TGF-B (p = 1.0) (Fig. 7C). Thus, it
seems that the direct effect of heme on the suppression of PGE,
involves at least in part the binding to CD14.

Discussion

In malaria, as in diseases with release ot Hb from RBCs, there is
uncontrolled inflammatory imbalance and intense oxidative stress (2,
38-40). In this paper, we report that patients with severe P. vivax
infection, similar to individuals and mice with falciparum malaria
(22,33, 41), displayed reduced plasma levels of PGE, and TGF-
than those with mild infections, with this reduction being inversely

PGE, (B), or TGF-f (C) was measured in the supernatants. Bars and lines
represent means and SD. Data were analyzed using a Kruskal-Wallis test
with Dunn’s multiple comparisons. *p < 0.01.

proportional to the bilirubin, total heme, and SOD-1 levels. Despite
these similarities, one important difference can be noted between
the current study and those made in falciparum malaria, which is the
fact that plasma PGE; (22) and TGF-B (33) are lower in mild and
severe falciparum malaria than in normal controls. In our study,
independently of the disease severity, P. vivax infection was
linked to an increase in the plasma concentrations of both PGE,
and TGF-B. These data can indicate an important difference
between vivax and falcipaum malaria. In this scenario, patients
with P. vivax infection present a significant augmentation of cir-
culating T regulatory cells producing TGF-$, and this production
directly relates to the parasite load (42). This difference and other
possible disparities in the degree of hemolysis and thrombo-
cytopenia between patients with falciparum and vivax malaria need
further investigation.

The association between systemic concentrations of SOD-1 and
indirect bilirubin in the individuals presenting with malaria was not
surprising as SOD-1 is present in RBCs (43, 44) and the severely ill
individuals from our study presented lower RBC count than those
with uncomplicated infection. For this reason, we tested whether
human PBMCs were able to release SOD-1 in the presence of
heme. Interestingly, free heme reduced both PGE, and TGF-B
via SOD-1 production and activity in human PBMCs. These
events may influence the capacity of critically ill patients to pro-
duce adequate inflammatory responses.

The possible role of SOD-1 in the pathogenesis of human malaria
has only superficially been addressed before, with some degree of
speculation. Patients with acute noncomplicated P. falciparum or
P. vivax malaria have a lower catalase activity than noninfected
individuals but a higher SOD activity (27). Reduced catalase ac-
tivity, together with increased SOD activity, may result in the ac-
cumulation of H,O,. In the presence of divalent metals such as the
iron contained within the protoporphyrin ring of heme, H,O, is
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FIGURE 7. The role of CD14 on the heme-mediated effects. PBMCs
from six healthy volunteers (10%/well) were cultured with heme (30 pM)in
the presence of anti-CD14 or a control isotype (10 pg/ml) as described in
Materials and Methods. After 48 h of stimulation, SOD-1 proteins (A),
PGE, (B), and TGF-B (C) were measured in the supernatants. Bars and
lines represent means and SD. Data were analyzed using a Kruskal-Wallis
test with Dunn’s multiple comparisons. *p < 0.05.

rapidly converted into hydroxyl radicals, which promote tissue
damage in a manner that compromises the viability of a Plasmo-
dium-infected host (11). Our study showed that the direct associ-
ation between hemolytic activity and SOD-1 during malaria could
cause defects in the regulatory responses that could favor di-
sease severity.

Severe malaria syndromes are heterogeneous conditions resulting
from complicated infections (5). The characteristics of severe vivax
malaria are controversial, because the specific pathogenesis of the
clinical complications is still poorly understood. In the present pa-
per, we used the previously indicated characteristics to define severe
vivax cases (8), which are adapted from the criteria for P. falciparum
malaria severity. Despite the heterogeneity of malaria clinical pre-
sentations, elevated hemolysis was a major symptom presented in
all severe cases, documented in this paper by the measurement of
indirect bilirubin and also by the estimation of total heme plasma
concentrations. In addition, both heme and indirect bilirubin are
elevated in experimental cerebral malaria (10), in noncerebral forms
of severe malaria (11), as well as in other hemolytic disorders (45).
Moreover, there is experimental evidence to suggest that heme re-
lease from Hb contributes in a critical manner to malaria-related
immunopathology (10, 11, 36). During Plasmodium infection, the
parasites metabolize free heme molecules into hemozoin. It is well
known that P. falciparum-derived hemozoin exerts many different
pathological effects on the host, such as inducing inflammation (46)
and reducing cyclooxygenase-2-mediated PGE, production (19).
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The results presented in this paper suggest that general priming of
inflammation could be mediated by heme itself, which causes ROS
and TNF-a production in macrophages (37) and hampers PGE, and
TGF- secretion, similar to hemozoin. Therefore, patients with
severe forms of P. vivax or P. falciparum malaria who present
elevated hemolysis display two major inflammatory stimuli, free
heme and hemozoin. We did not analyze possible effects of
heme on the adaptive immune responses, as has been described for
hemozoin (47). It is plausible to expect some degree of influence, as
heme induces important oxidative stress.

To our knowledge, this is the first paper on the direct effect of heme
on SOD-1, PGE,, and TGF- secretion by human cells. Most of the
data regarding the effect of heme on oxidative stress involves the
anti-oxidant enzyme HO-1 (12, 48). Interestingly, some antioxidant
mechanisms of HO-1 on vascular cells require the production of
extracellular SOD-1 (49, 50). In the current study, neither the
HO-1 inductor CoPPIX nor the inhibitor of HO-1 activity SnPPXI
interfered with SOD activity, suggesting that the heme effect on
SOD is not directly mediated by HO-1. Aside from playing a pro-
tective role during oxidative stress, SOD-1 activity has been linked
to several inflammatory diseases and infections, including malaria
(26, 27, 51-53).

In the current study, we demonstrated that heme triggers
SOD- 1 release, atleastin part, by bindingto CD14. Heme can activate
TLR4/CD14 and induce TNF-a production macrophages (37).
However, ROS production induced by heme is not dependent on
TLR4 (37). Our findings suggest that the consequence of ROS
production is not the single mechanism responsible for the
negative regulation of PGE, and TGF-B by heme, because this
effect was reduced when we neutralized the SOD-1 activity using
DETC. Thus, SOD-1 may trigger an effect that is still unknown and
that could synergize with the ROS produced. This hypothesis was
confirmed by the reversal of the heme effect on PGE, and TGF-
when PBMCs were cultured in the presence of SOD siRNA.
Interestingly, LPS, a CD14 agonist, is a potent inductor of PGE,
(54), and it induces TNF-a production via SOD-1 release as a con-
sequence of ERK-1 phosphorylation (24). In our study, blocking
CD14 led to a reversal of the heme effect on PGE, secretion but
had no effect on TGF-8 levels. Although heme and LPS bind to the
same receptor, they have opposite effects on the production of PGE..
Investigating the divergent effects of heme and LPS is beyond the
scope of this paper. Unexpectedly, a CDI14 blockage did not
influence the effect of heme on TGF-B, indicating a diverse
mechanism in its relationship with PGE,. Heme-induced TGF-8
reduction may involve ROS production rather than binding to
a specific receptor. Recent studies have shown that superoxide
anions increase the release of TGF-B1 and collagen from human
lung fibroblasts (55). In our study, enhanced SOD-1 secretion could
scavenge superoxide radicals, negatively impacting the production
of TGF-B. The release of free heme during hemolysis could exert
effects that are dependent on ROS generation and are also dependent
on CD14 binding. SOD-1 appears to be involved in both situations.

In many infectious conditions, uncontrolled activation of the in-
flammatory responses is strongly associated with severe outcomes.
Conversely, indiscriminate immunosuppression is linked to dis-
seminated infection and death. Therefore, an adequate modulation of
the immune responses can minimize immunopathology while lim-
iting the infectious agent. The elevation of proinflammatory medi-
ators is usually accompanied by the increase of anti-inflammatory
factors. This balance determines the outcomes of the infections. With
regard to malaria, high ratios of proinflammatory to anti-
inflammatory cytokines are associated with increased symptoms
(56) and disease severity (8). Intriguingly, heme hampers reg-
ulatory responses by reducing TGF-B and PGE, while also
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inducing inflammation, which favors uncontrolled inflammation. To
better understand the specific mechanism underlying this finding,
a detailed description of the intracellular signaling pathways in-
volved is urgently needed.

In a broad context, the inhibition of SOD-1 could engage the
host’s immune system and reinforce the regulatory responses that
could ultimately diminish the severity of the disease. The SOD-1
inhibitor DETC has also been used in vivo as an adjuvant of the
immune system, delaying the disease progression in HIV-infected
patients (57). However, this approach would need to be cautiously
evaluated before being used in humans because the consequences of
interfering with highly complex systems are unknown. The insights
into the pathogenesis of severe malaria reported here may present
new and interesting approaches for the management of human dis-
eases where hemolysis is an important element.
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6. DISCUSSAO

Esta tese traz uma coletdnea de manuscritos que abordam diversos aspectos da
maldria no estado de Rondonia, Brasil. Seis trabalhos apresentam resultados que em
conjunto tragam consideragdes importantes para o direcionamento de futuras

intervengdes. na area.

Antes de conseguir investigar os fatores imunolégicos associados a infecg¢do
assintomatica ou grave, tornou-se imperativo avaliar corretamente o diagnéstico da
infecgdo. Para tanto, diversos testes diagnosticos foram comparados no primeiro
manuscrito. Através de busca ativa e passiva de casos foi possivel rastrear individuos
com diferentes probabilidade pré-teste de ter maldria. No nosso estudo, o método do
nested-PCR mostrou-se o mais eficaz na identificagio dos casos sintomaticos e
assintomaticos, independente da parasitemia. Este achado ja foi observado em estudos
anteriores (Zalis et al., 1996; Coleman et al., 2006). Quanto a identificagdo de casos
com baixa parasitemia, 0 nosso estudo mostrou o achado surpreendente de que o teste
rapido avaliado (Optimal-IT) apresentou maior sensibilidade do que a microscopia.
Poucos estudos anteriores exploraram o uso de testes rapidos na regiio amazonica
(Arcanjo et al., 2007; Metzger et al., 2008). Em outras regides, os testes rapidos
apresentam eficacia semelhante ao da microscopia (Igbal et al., 2002; Pattanasin et
al., 2003; Ashley et al., 2009; Valea et al., 2009). Outro resultado que atrai a ateng¢do
¢ o fato de que mesmo o melhor método diagnostico (nested PCR) identificou o
plasmodio em apenas 55,6% dos individuos que apresentavam sintomas compativeis
com maléria e que procuraram o centro diagnostico da FUNASA. Os individuos com

outras doengas procuraram a exclusdo da malaria antes de buscar atendimento nas
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clinicas de atendimento primario, provavelmente devido a alta prevaléncia desta
infec¢do no municipio. Este costume pode levar a um atraso no diagnodstico correto e,
em casos graves, pode comprometer um manejo adequado precoce, afetando
diretamente o prognostico e os custos dos cuidados de satide. Os dados deste trabalho
também mostram que nessa regido ha um baixo desempenho do exame microscopico
para o diagnéstico de malaria. Isto pode ser conseqii€éncia de uma deficiéncia no
treinamento continuado dos técnicos microscopistas da FUNASA, ou mesmo de
investimento em reagentes ou novos microscopios. Embora importante, esta questio
ndo foi aprofundada no trabalho. Assim, foi estabelecido que o nested PCR seria o

exame utilizado nas nossas futuras abordagens para o diagnostico da malaria.

Nés desenvolvemos um programa de computador que utilizou redes neurais
artificiais para o diagndstico de casos com maléaria assintomatica. Em uma
investigagdo piloto, nossos colaboradores encontraram que esta metodologia
evidenciava associagdes mais fortes do que a analise tradicional utilizando a
estatistica tradicional (regressdo logistica) e a estatistica bayesiana (Duarte et al.,
dados ndo publicados). O programa baseado em redes neurais apresentou desempenho
inferior ao da microscopia, quando utilizou na sua rede de neurdnios apenas variaveis
epidemioldgicas. Este achado sugere que apesar de apresentarem fortes associagoes
com a infec¢do assintomatica, as variaveis epidemiolégicas ndo sdo capazes de gerar
boa predigdo diagnostica. O nosso estudo evidenciou que o perfil imunoldgico parece
ser importante nesse processo, no momento em que a rede neural apresentou um
sucesso muito maior na predi¢do quando utilizou dados referentes aos niveis séricos
de IL-10 e IFN-gama. Neste e nos outros estudos, nés usamos estas duas citocinas

porque a razdo entre elas tem sido utilizada para correlacionar o balango das respostas
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imunolégicas com a gravidade da doenga (Metenou et al, 2009). Assim, o
conhecimento sobre o perfil imunolégico parece ser fundamental para a ocorréncia da

imunidade clinica na malaria.

O conhecimento sobre os determinantes da imunidade clinica contra a maldria
ainda é escasso. A maioria dos trabalhos descreve fatores associados a malaria
assintomatica por P. falciparum. A malaria causada pelo P. vivax foi por muito tempo
negligenciada nesse sentido, devido a sua reduzida letalidade. A maioria dos estudos
relaciona fatores epidemiologicos com a ocorréncia da malaria assintomatica. Nos
consideramos valido investigar a relacdo entre a exposigdo a picadas do vetor An.
darlingi nesse contexto. Em outras doengas infecciosas, como a leishmaniose visceral
humana, a exposi¢gdo aos vetores pode ser avaliada nas areas endémicas pela
positividade da reagdo soroldgica contra a saliva do vetor (Barral et al., 2000) e isto se
correlaciona temporalmente com o desenvolvimento de resposta imunologica contra o
parasita (Gomes et al., 2002). Seguindo linha semelhante, estudos experimentais
mostraram que camundongos expostos repetidamente a picada de mosquitos An.
stephensi ndo infectados apresentam um aumento das respostas Thl que limita a
infecgdo por P. yoelii (Donovan et al., 2007). Além disso, em comunidades africanas,
a quantificagdo de anticorpos contra saliva de mosquitos vetores pode ser usada para
estimar o risco potencial de malaria (Remoue et al., 2006; Orlandi-Pradines et al.,
2007). No nosso segundo manuscrito nds evidenciamos a quantificagdo de anticorpos
anti-saliva do An. darlingi como marcador de imunidade clinica na maléria vivax.
Nos escolhemos focar na infec¢gdo por P. vivax porque este parasita ¢ o mais
prevalente na regido estudada (80% dos casos). Individuos com maiores titulos de

anticorpos anti-saliva apresentaram menor razio IFN-gama/IL10, sugerindo que a



122

associa¢do entre a resposta humoral e a protegdo clinica envolve um balango

adequado de citocinas. Este foi o primeiro estudo na Amazonia brasileira a testar essa

associacdo. Apesar de intrigante, este trabalho foi uma investigagdo inicial que
utilizou uma amostra pequena para testes de predigdo, em razio da disponibilidade
limitada de saliva dos insetos. Além disso, o estudo ndo mensurou anticorpos contra o
P. vivax. Pode ser que os anticorpos contra a saliva do vetor somente reflitam a
resposta humoral contra o parasita, € que podem nao influir diretamente na indugao da
imunidade clinica. Embora a fung¢do especifica nesse processo ndo tenha sido
identificada, a resposta humoral contra componente salivares do An. darlingi mostra-

se como um poderoso marcador de casos de maléria vivax assintomatica.

Outro fator que certamente afeta a apresentagdo clinica da malaria é a
presenga de co-infecgbes. As areas endémicas para malaria, incluindo a Amazonia
brasileira, apresentam geralmente alta endemicidade para varias outras doengas
infecciosas, como dengue, helmintiases, e hepatites virais (Da Silva Jr, 2006). Nesse
contexto, o estado de Ronddnia apresenta uma das maiores prevaléncias de maléria no
Brasil, e também apresenta a maior prevaléncia de hepatite viral B (Da Silva Jr,
2006). Estudos anteriores nessa regido sugerem que a prevaléncia de malana
assintomatica € alta e pode ser até cinco vezes maior do que os casos sintomaticos
(Alves et al., 2002). Por esse motivo nds decidimos avaliar o impacto da hepatite viral
B na apresentagdo clinica da malaria. Estudos prévios investigaram essa relagdo no
estado do Amazonas mas as evidéncias foram frageis e a metodologia utilizada para a
identificagdes dos casos foi primaria, utilizando apenas sorologia (Souto ef al., 2001;

Braga et al., 2005; Braga et al., 2006). O nosso achado de que a infecgdo pelo virus
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da hepatite B (VHB) se correlaciona fortemente com a ocorréncia da maldria
assintomatica vai contra dois trabalhos prévios em outras regides (Thursz ef al., 1995;
Barcus et al., 2002). Tais trabalhos avaliaram apenas pacientes admitidos em hospital
e/ou apresentando maldria grave. O nosso estudo realizou busca ativa e passiva de
casos € investigou em sua maioria casos de maladria ndo complicada. Na nossa
casuistica, os pacientes com malaria grave foram negativos para a hepatite viral B e
muitas outras co-infec¢des. Além disso, o estudo utilizou diagnodstico robusto
utilizando técnicas soroldgicas e moleculares. Outra informagdo véalida em nosso
estudo foi que os pacientes co-infectados apresentam valores da razdo [FN-gama/IL-
10 reduzidos quando comparados com os individuos portadores somente com a
hepatite B ou malaria. De uma maneira intrigante, os individuos que possuiam
marcadores de exposicdo prévia ao VHB também apresentaram resultados
semelhantes. Os individuos co-infectados ndo apresentaram elevagdo dos pardmetros
laboratoriais de disfungdo organica, como bilirrubinas, proteina C reativa,
fibrinogénio, transaminases hepaticas e creatinina sérica. Isso sugere que um provavel
mecanismo que pode favorecer a malaria assintomatica nos individuos co-infectados
seria a interferéncia no balango de citocinas e da atividade inflamatoria. As analises
mostradas no manuscrito foram feitas considerando tanto as infecg¢des por P. vivax €
P. falciparum, ¢ quando foram considerados apenas os casos de maldria vivax, as
mesmas associagdes se mantiveram. Portanto, apesar da malarias causada por P. vivax
e P. falciparum serem consideradas diferentes do ponto de vista imunopatologico,
existem fatores em comum que se relacionam com a magnitude da apresenta¢do

clinica da doenga.
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Outro achado importante do estudo da co-infecgdo foi o fato dos pacientes co-
infectados apresentarem maiores viremias do que os infectados com o VHB somente.
Estudos prévios evidenciaram resultados semelhantes em um menor nimero de
pacientes com o P. falciparum (Brown et al.,, 1992). Assim, os individuos co-
infectados apresentam maior chance de permanecerem assintomaticos € a0 mesmo
tempo sustentam maior viremia, o que pode favorecer a cronificagdo do virus. O
nosso estudo ndo fez seguimento dos pacientes co-infectados e portanto nio pode
inferir mais do que a associagdo referida. Entretanto, os resultados podem em ultima
analise explicar porque as duas infec¢des sdo altamente prevalentes em muitas regides
o mundo. Como o objetivo primario do trabalho era avaliar a co-infecgdo natural, n6s
ndo avaliamos o papel da vacinagdo contra a hepatite viral B nesse processo. Isso sera
realizado em futuras abordagens. Nos também ndo avaliamos a razdo pela qual os
individuos com marcadores de infecgdo pregressa pelo VHB apresentaram também
maior chance de terem malaria assintomatica. Os individuos que cronificam a hepatite
viral B geralmente apresentam perfil inflamatdrio distinto daqueles que se curam
(Boonstra et al., 2008; Liaw, 2009; Wang e Zhang, 2009). E sugerido que os
individuos que cronificam a infecg¢do pelo VHB ndo conseguem estruturar uma forte
resposta Th1 (Boonstra et al., 2008; Wang e Zhang, 2009). N6s mostramos que esses
individuos apresentam altos niveis séricos de IFN-gama. Pode ser que apesar de
insuficiente para eliminar a infecgdo viral, a resposta mediada pelo IFN-gama pode
ser util no controle da infecgdo pelo plasmédio. E importante ressaltar que este
trabalho investigou a hepatite viral B no contexto da malaria. Ndo foi objetivo do
trabalho estudar profundamente a hepatite viral. Nos individuos co-infectados que
apresentavam-se sintomaticos, por exemplo, nio sabemos se os sintomas foram

causados pela malaria ou hepatite viral. Todos os individuos positivos para hepatite
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viral foram aconselhados a procurarem um servico de referéncia do estado

(CEMETRON).

Os trés primeiros estudos que compdem a tese investigaram diferentes
aspectos da malaria assintomatica. Igualmente importante ¢ a identificagdo de
marcadores confiaveis de malaria grave, a fim de melhorar a assisténcia de saide e
reduzir a carga de doenga. Quando comparado as outras espécies, o P. falciparum
causa maior morbimortalidade, além de apresentar crescente resisténcia a cloroquina e
outras drogas, ja detectada na maioria das zonas endémicas conhecidas (Talisuna et
al., 2007). A doenga causada pela infecgdo pelo P. vivax, por outro lado, por muito
tempo foi considerada uma doenga benigna, com raras complicagdes (Mueller ef al.,
2009). Apesar disso, ha um aumento significativo da resisténcia do P. vivax a
cloroquina (Baird, 2004; De Santana Filho et al., 2007). Diante do fato de termos uma
amostra maior de pacientes infectados pelo P. vivax, e da aparente negligéncia dada a
malaria vivax, nos decidimos focar as investigagdes nas infec¢des causadas por este
parasita. Historicamente, os relatos de casos de malaria complicada causada pelo P.
vivax foram raros (Price et al., 2009). Evidéncias recentes no entanto tém refor¢cado a
associa¢do entre a maldria vivax, complicagdes graves e morte em outras areas
endémicas (Barcus et al.,, 2007, Genton et al., 2008; Tjitra et al., 2008). As
complicagdes graves associadas a malaria vivax também foram relatadas na regido
amazonica (Makkar et al., 2002; Daniel-Ribeiro et al., 2008). Uma analise superficial
sobre os dados do ministério da satide sobre a taxa de hospitalizagdo por malaria na
regido amazonica evidencia que a infec¢do pelo P. vivax apresenta indice semelhante
a infecgdo pelo P. falciparum (Brasil, 2008). Estes mesmos dados revelam um alto

numero de casos de malaria nos quais ndo foi possivel identificar a espécie o
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plasmoédio (Brasil, 2008). Considerando que o diagnostico da maléria vivax pode estar
sendo subestimado, a morbidade pode ser muito maior do que a relatada oficialmente.
Essa idéia é reforgada pelo fato de que durante um estudo no municipio de Buritis n6s
identificamos 19 casos de pacientes admitidos com alta parasitemia por P. vivax e
com sintomas diversos de doenga grave. A triagem dos casos foi consistente e a uinica
espécie de plasmodio identificada pelos teste moleculares foi o P. vivax. Além disso,
as principais manifestagdes clinicas apresentadas nos casos estdo de acordo com
relatos prévios no contexto do P. vivax (Price et al, 2007). Uma série de
possibilidades de co-infec¢do foram excluidas pelos médicos assistencialistas do
hospital municipal e ainda pelos nossos testes sorologicos. Apesar disso, ¢ possivel
que estes pacientes tenham infecgdes outras que ndo foram rastreadas. Mesmo diante
desta limitagdo, se compararmos aos outros estudos da area, nosso trabalho apresenta
uma triagem satisfatoria dos casos. Além disso, vale ressaltar que ndo ha critérios
padronizados para o diagnéstico da maléria vivax grave. Os critérios utilizados nesta
série de trabalhos foram previamente padronizados para a infecgio pelo P. falciparum
(WHO, 2000). Viarios trabalhos que estudaram a malaria vivax grave usaram
metodologia semelhante (Barcus e al., 2007; Genton et al., 2008; Tjitra et al., 2008).
No nosso trabalho, os individuos com doenga grave apresentaram maiores niveis de
parasitemia, TNF-alfa e [IFN-gama, além de todos os parametros laboratoriais de lesdo
organica, do que os individuos sem complicagdes. Isso sugere que, assim como na
infec¢do pelo P. falciparum, a malaria vivax grave também esta associada a ativagdo
inadequada de cascatas inflamatdrias sistémicas. Curiosamente, em outros estudos a
gravidade da malaria vivax ndo esta fortemente associada a altas parasitemias (Barcus
et al., 2007; Genton et al., 2008; Tjitra et al., 2008). Além disso, seis dos 19 pacientes

morreram poucos dias depois da hospitalizagdo, mostrando uma alta mortalidade. Os
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individuos que morreram podem ter procurado a assisténcia médica tardiamente ou
ainda podem ter tido resisténcia a cloroquina, mas esses dados ndo foram coletados
para os seis pacientes. Os outros 13 pacientes ndo apresentaram resisténcia terapéutica
e, apesar de terem sido admitidos com doenga muito grave, apresentaram cura clinica.
Pode ser que uma variante de P. vivax esteja associado a estes casos. Outro achado foi
a reduzida concentragio de IL-10 nos casos graves. Diferentes estudos mostraram que
a IL-10 pode estar elevada nos casos graves de malaria por P. vivax ou P. falciparum
(Ageely et al., 2008; Jain et al., 2009), e que polimorfismos associados a IL-10 se
associa com a doenga grave causada pelo P. falciparum (Ouma et al., 2008). A
variabilidade genética do parasita e a influéncia de polimorfismos néo foi investigada
neste série de trabalhos. O quarto manuscrito foi portanto somente um primeiro passo
na descri¢do inflamatéria e imunoldgica da malaria vivax grave e no entendimento de

potenciais preditores desta condigao.

Recentemente, tem sido uma prioridade do nosso laboratorio o estudo de
biomarcadores envolvidos na resposta inflamatoria. Neste panorama, além do analise
de perfis de citocinas, a investigacdo do estresse oxidativo aponta como uma
promissora abordagem. Varios sdo os estudos em andamento do nosso grupo que
tratam de estudar o perfil do metabolismo oxidativo no desfecho de infecgoes.
Durante a infecgdo pelo plasmoddio, um intenso estresse oxidativo ja foi descrito, com
produgdo de varios radicais livres, principalmente os anions superoxido (Delmas-
Beauvieux et al., 1995). A enzima superoxido dismutase-1 (SOD-1) € importante a
eliminagdo dos ions superoxidos (Dive et al., 2003) e parece estar elevada durante a
maldria experimental (Golenser et al., 1998) e humana (Pabon et al., 2003). Como

uma abordagem inicial para testar se essa enzima serviria como marcador de malaria
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vivax grave, nés comparamos o poder de predicgdo com o TNF-alfa, citocina que €
associada aos paroxismos malaricos (Karunaweera et al., 2003) e também ¢é
considerada marcador de gravidade na malaria (Kern et al., 1989). A enzima anti-
oxidante apresentou-se como ou preditor de casos graves mais poderoso do que o
TNF-alfa. Vale ressaltar que este estudo usou uma pequena amostra e que esses dados
deverdo ser validados em populagdes maiores, em estudos de seguimento. Além
disso, a aplicabilidade clinica do uso da sorologia para SOD-1 ainda € incerta, pois
ndo foi realizada analise de custo. Mais do que indicar um novo biomarcador, este
trabalho nos evidenciou a possibilidade da SOD-1 estar desempenhando papel
importante na imunopatogénese da doenga, fato que foi explorado no ltimo
manuscrito da série. Até o momento, ndo tinhamos idéia se as concentragdes
sistémicas elevadas da SOD-1 estavam contribuindo para o desfecho grave, como
sugerido por estudos experimentais (Golenser ef al., 1998), ou somente representaria
uma resposta do hospedeiro para evitar mais dano tecidual e restabelecer a

homeostasia.

O proximo passo foi entdo avaliar se a SOD-1 tem papel direto na malina
vivax grave. Além de ser relacionada com o inflamagdo e seqiiestro de parasitas na
periferia (Clark ef al., 2004; Schofield, 2007), a gravidade da maldria causada pelo P.
falciparum associa-se com uma hemolise mais intensa (Ferreira et al., 2008). Como
um mecanismo de protegdo contra os efeitos toxicos da hemoglobina livre, o
plasmoédio metaboliza moléculas de heme livre em cristais de hemozoina. Ao mesmo
tempo que protege o parasita do dano oxidativo, a hemozoina causa alteragbes no
sistema imunolégico que resulta na inadequagdo das respostas anti-inflamatorias

(Perkins et al., 2003; Coban et al., 2005; Keller et al., 2006; Awandare et al., 2007).
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Nossos estudos com pacientes portadores de malaria vivax grave evidenciaram
elevados niveis de bilirrubina total, bilirrubina direta e bilirrubina indireta, sugerindo
que esses pacientes também apresentam hemolise intravascular aumentada. Além
disso, os pacientes com doenca grave apresentaram niveis sistémicos de
prostraglandina E2 (PGE2) e TGF-beta reduzidos em comparagdo aqueles com
doenga ndo camplicada, de maneira semelhante a infec¢io pelo P. falciparum (Keller
et al., 2006; Awandare et al., 2007). Noés testamos se o heme livre estaria
desempenhado papel semelhante & hemozoina no sistema imune do hospedeiro.
Nosso trabalho mostrou que o heme livre influencia a redugdo de PGE2 e TGF-beta
por células mononucleares do sangue periférico de doadores saudaveis e ainda que
este efeito ¢ mediado pela enzima SOD-1. O mecanismo especifico que relaciona
diretamente o heme livre a produgdo da SOD-1 e a redugdo de TGF-beta e PGE2 foi
parcialmente explorada no nosso trabalho. O CD14 e o receptor do tipo toll 4 (TLR4)
ja foram descritos como ligantes do heme livre e inclusive foram relacionados a
alguns dos seus efeitos, como migragéo celular e produgio de radicais livres (Pacheco
et al., 2002; Figueiredo et al., 2007). No nosso estudo, o efeito do heme sobre a SOD-
1 e também sobre a produgdo de PGE2 envolveu parcialmente a sua ligagdo ao CD14.

Entretanto, via relacionada a na produgdo de TGF-beta ndo foi esclarecida com as

tentativas empregadas neste estudo, mas ha indicios de que pode estar sendo regulada

por um mecanismo que envolve produgdo de radicais livres (Qi et al., 2009).

A caracterizagdo das peculiaridades das respostas imunoldgicas relacionadas
as diversas apresenta¢des clinicas da malaria é de fundamental importincia para o

direcionamento de futuras intervengdes profilaticas e terapéuticas. Para que esta
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caracterizagdo seja possivel, o diagnostico preciso das diversas formas clinicas ¢
necessario. Neste quesito, a séric de estudos desta tese iniciou uma abordagem
promissora na identificagdes de fatores relacionados tanto & imunidade clinica na
quanto na gravidade, principalmente no escopo das infecgdes pelo P. vivax. Uma
atengdo especial foi dada a maldria vivax devido a sua importancia epidemiolégica no
Brasil e a .aparente negligéncia com que vem sendo tratada por muitos
malariologistas. Apds estabelecimento de uma metodologia robusta para o
rastreamento de casos, diversos candidatos a novos biomarcadores foram testados em
estudos iniciais que servirdo de base para futuras investigagdes. Além disso, alguns
estudos apresentados aqui foram além e indicaram possiveis papéis desses
biomarcadores na imunopatogénese das doengas. Assim, esta tese contribui em

diversos aspectos para o entendimento da malaria no Brasil.
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7. CONCLUSOES

Os achados dos trabalhos que compdem a tese levam as seguintes conclusdes:

A técnica do nested PCR apresenta-se como a mais eficiente para o diagnostico da
maldaria sintomatica e assintomatica, mas seu custo ainda torna o seu uso restrito
na rotina dos postos diagnosticos;

O uso racional do teste rapido Optimal-IT para o diagndstico da malaria pode ser
promissor em areas em que existe dificuldade de treinamento continuado dos
recursos humanos da FUNASA,;

Apesar do baixo desempenho diagndstico do teste baseado em redes neurais
artificiais usando somente dados epidemiologicos, uma abordagem baseada em
metodologia semelhante pode ser vidvel futuramente em casos onde métodos mais
simples para discriminar individuos abaixo e acima de um limiar dos niveis de
citocinas estejam disponiveis. Investimentos no software de redes neurais
favorecerdo o desenvolvimento de uma poderosa ferramenta diagnodstica ao SUS;
A sorologia para mensuragio de anticorpos IgG contra o sonicado de glandula
salivar do vetor Anopheles darlingi é uma valiosa técnica que pode ser utilizada
para estimar exposi¢do ao P. vivax e pode também estimar a imunidade clinica;

A exposi¢do natural ao virus da hepatite B esta associada a redugéo da gravidade
clinica da malaria causada tanto pelo P. vivax quanto pelo P. falciparum;

A malaria grave causada pelo P. vivax apresenta uma intensa ¢ desregulada
resposta inflamatoria sistémica;

A enzima superéxido dismutase-1 ¢ um marcador potencial de gravidade na

infecgdo pelo P. vivax e provavelmente estd envolvida na patogénese da malaria
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grave onde ha liberagdo de quantidades elevadas de heme livre. Os niveis desta

enzima podem ser estimados por um método simples facilmente aplicavel ao SUS.

O conjunto de manuscritos que compdem a tese acrescenta importantes informagdes
sobre os determinantes da malaria. Tais conhecimentos poderdo servir para

fundamentar investimentos futuros na area de controle da malaria no Brasil.
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9. ANEXO I: PRODUCAO CIENTIFICA NO DOUTORADO
Desempenho do estudante quanto a producéo cientifica:

O estudante iniciou os trabalhos no Laboratério Integrado de Microbiologia e Imuno-
regulagdo em margo de 2002, como bolsista de iniciagdo cientifica do CNPq. Até 28
de Margo de 2010, o estudante foi autor de 22 trabalhos publicados em periédicos,
incluindo 9 como primeiro autor e 13 colaboragdes. A figura abaixo ilustra a
produgdo em todo o periodo. Em seguida ha uma listagem de todos os trabalhos ja
aceitos que foram produzidos no periodo do doutorado. H4 ainda 01 manuscrito desta
tese em andlise em revistas e outros 5 frutos de colaboragdes que ainda ndo foram
aceitos até Margo de 2010.
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