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Resumo

Este trabalho de tese estd dividido em dois capitulos. Abaixo descreveremos brevemente
os achados de cada um deles.

O primeiro capitulo entitulado Desenvolvimento de Drogas Experimentais trata da
atividade antimaldrica de um composto natural, a violaceina e suas formula¢des geradas com o
auxilio da nanotecnologia. Neste sentido, a violaceina foi eficiente em eliminar in vitro formas
sanguineas de P. falciparum 3D7 e P. falciparum S20, sendo este ultimo isolado resistente a
cloroquina. Quando testada in vitro em isolados frescos de P. vivax, a violaceina ndo foi capaz de
inibir o desenvolvimento parasitario. No entanto, acreditamos que novos ensaios S0 necessarios
para confirmar este dado, uma vez que o ICsy (concentracdo inibitoria 50%) observado para
cloroquina apresentou-se estranhamente elevado. Os experimentos in vivo utilizando
camundongos infectados com Plasmodium chabaudi chabaudi AS revelaram uma potente
atividade desta droga, inclusive quando o tratamento foi iniciado apds o estabelecimento de
infeccdo patente nos animais. Quando administrada em animais infectados com uma cepa murina
letal (Plasmodium chabaudi chabaudi AJ), a violaceina protegeu 80% dos animais. Como a
violaceina é um composto insolivel em dgua, novas formulagdes com essa molécula foram feitas
visando sua solubilidade e também potencializar sua atividade antimalérica. Neste sentido, tanto
a violaceina encapsulada com co-polimero de 4acido liactico e &4cido glicdlico quanto as
formulacdes de violaceina com trés diferentes nanotubos de carbono também foram capazes de
inibir o crescimento parasitario in vitro contra P. falciparum, no entanto esta atividade nao foi

potencializada. Em sintese, este capitulo nos mostra que a violaceina apresenta capacidade de

Xxiii



inibir o crescimento parasitario de Plasmodium sp., no entanto as suas formulacdes nao foram
capazes de potencializar a atividade antimaldrica.

O segundo capitulo entitulado Imunopatogénese na maldria vivax trata da capacidade
adesiva de eritrocitos infectados por P. vivax (Pv-EIl) a diferentes receptores endoteliais e da
capacidade deste parasita em formar rosetas. Uma vez que hd uma baixa propor¢cdo de formas
maduras principalmente esquizontes na circulacdo periférica de pacientes infectados por P. vivax,
estabelecemos uma técnica de cultivo in vitro para obtengdo destas formas maduras e
investigamos a capacidade adesiva destas formas do parasita. Neste sentido, observamos que Pv-
EI p6s-amadurecimento apresentam maior capacidade adesiva em HLEC (células endoteliais de
pulmdo humano) que parasitas do mesmo isolado antes do amadurecimento. Quando avaliado os
receptores envolvidos antes e apds o amadurecimento, ensaios com células transfectadas ou uso
de inibidores especificos, revelou a participagdo de ICAM-1 (molécula de adesdo intercelular 1) e
CD36 (cluster de diferenciacdo 36) na citoadesao deste parasita enquanto a participacdo de CSA
(Condroitin Sulfato A) permanece a ser elucidada. Ao passo que ICAM-1 parece estar envolvida
na citoadesdo de todos os estdgios do parasitas, o CD36 parece ser estritamente envolvido na
citoadesdo de formas maduras, essencialmente esquizontes. Além disso, a citoadesdo de Pv-EI
em HLEC foi potencializada na presenga de soro do préprio paciente, sugerindo a existéncia no
soro dos infectados de mediadores adesivos. Quando investigada a formacgao de rosetas por Pv-EI
verificamos que a porcentagem de rosetas foi maior nas formas amadurecidas e também foi
potencializada na presencga de soro autélogo. Os dados aqui apresentados abrem perspectivas para
novos estudos visando compreender o fendmeno patolégico envolvido na maldria vivax grave,
incluindo a participa¢do de mediadores plasmaticos e a identificagdo dos receptores celulares e

dos ligantes parasitarios envolvidos.
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Abstract

This thesis was divided into two chapters, and below we briefly describe the findings of
each one.

The first chapter entitled Experimental Drug Development investigates the antimalarial
activity of a natural compound, violacein, and its formulations developed by nanotechnology.
Violacein effectly killed in vitro blood stages of P. falciparum 3D7 and P. falciparum S20, a
chloroquine resistant strain. When tested in vitro against P. vivax fresh isolates, violacein did not
inhibit parasite development. However, further experiments are needed to confirm this finding, as
chloroquine ICsy (inhibition concentratios 50%) was strangely high. The in vivo experiments
using mice infected with Plasmodium chabaudi chabaudi AS revealed a potent activity of this
drug, even when treatment was initiated after the establishment of patent infection in animals.
When administered to lethal strain (Plasmodium chabaudi chabaudi Al) infected mice, violacein
protected 80% of animals. As violacein is insoluble in water, new formulations were developed
to enhance its solubility and also its antimalarial activity. However, violacein encapsulated with
PLGA (poly(lactic-co-glycolic acid)) and violacein formulations with three different carbon
nanotubes did not enhanced violacein activity in vitro against P. falciparum. In summary, this
chapter shows that violacein has the capacity to inhibit Plasmodium sp. growth; still their
formulations were not able to potentiate violacein antimalarial activity.

The second chapter entitled Immunopathogenesis of vivax malaria investigates the
adhesive capacity of P. vivax infected erythrocytes (Pv-IE) in different endothelial cell receptors

and the ability of this parasite to form rosettes. Since there are a low proportion of mature forms,
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especially schizonts, in peripheral circulation of malaria vivax patients, we established an in vitro
technique to obtain these mature forms and investigate their adhesive capacity in endothelial
cells. Here we showed that post-maturation Pv-IE presented more adhesive capacity in HLEC
(human lung endothelial cells) than the same isolate before maturation. The search for receptors
involved in cytoadhesion before and after maturation, using transfected cells or specific
inhibitors, showed that ICAM-1 (intracellular adhesion molecule 1) and CD36 (cluster of
differentiation 36) were involved in Pv-IE cytoadhesion whereas CSA (chondroitin sulfate A)
involvement remains to be elucidated. While ICAM-1 seems to be involved in all stages of Pv-IE
cytoadhesion, CD36 seems to be strictly involved in mature forms cytoadhesion, essentially
schizonts. Furthermore, Pv-IE cytoadhesion in HLEC was enhanced in patient's serum presence,
suggesting the existence of adhesive mediators in Pv-IE infected serum. Rosette formation by Pv-
IE was also higher in mature forms and rosette formation was enhanced in autologous serum
presence. These data collectively open new perspectives to study the pathological phenomenon
involved in severe vivax malaria, including the involvement of plasma mediators and

identification of cell receptors and parasite ligands involved in Pv-IE cytoadhesion.
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Apresentacao






A maldria € uma doenga infecciosa parasitaria causada por protozodrios pertencentes ao filo
Apicomplexa, a familia Plasmodiidae e ao género Plasmodium. Dezenas de espécies de
Plasmodium sdo capazes de infectar uma ampla faixa de espécies animais, como répteis, aves e
mamiferos, entretanto somente quatro espécies sdo reconhecidas como parasitas naturais do
homem: Plasmodium falciparum, P. vivax, P. malariae e P. ovale. Recentemente, observou-se
um aumento nos relatos de infec¢des maldricas em humanos nas quais o agente etiolégico é P.
knowlesi, parasita que normalmente circula entre simios (Sing et al., 2004). Contudo, essa espécie
ainda apresenta um cardter de zoonose, diferente das outras quatro espécies que infectam o
homem.

Apesar de haver peculiaridades de cada espécie de Plasmodium, o ciclo biolégico € bem

similar entre as espécies que infectam o homem.

1. Ciclo Biologico

Os plasmédios apresentam um ciclo de vida complexo (Figura 1) com o envolvimento de
dois hospedeiros, um hospedeiro intermedidrio vertebrado e um hospedeiro definitivo
invertebrado.

Resumidamente, o ciclo de vida dos plasmddios inicia-se com a picada do mosquito
fémea do género Anopheles sp., que durante o repasto sanguineo, inocula formas esporozoitas no
hospedeiro vertebrado. Recentemente, observou-se que a maioria dos esporozoitos sao retidos na
pele por minutos ou horas antes de atingir o fluxo sanguineo e ainda que alguns deles migram

ativa ou passivamente para os linfonodos (Amino et al., 2006). Apds invadirem os hepatdcitos,



apenas as formas que atingem a corrente sanguinea sao capazes de se desenvolverem (Amino et
al., 2007).

Nos hepatdcitos, os parasitos se desenvolvem em esquizontes que irdo originar milhares
de merozoitos. Ainda no figado, P. vivax e P. ovale evoluem para uma forma latente conhecida
como hipnozoita que, posteriormente, por mecanismos ainda desconhecidos podem dar inicio a
um novo ciclo sanguineo, sendo responsavel pela recaida da doenca. O ciclo hepético dura entre
6 a 15 dias, e corresponde ao periodo de incubacdo da doenca.

Os merozoitos liberados pelos hepatdcitos nos sinuséides hepdticos, inicialmente em
pequenas vesiculas chamadas merossomos (Sturm et al., 2006), irdo rapidamente invadir os
eritrocitos, desenvolvendo-se em trofozoitos, que através de através da divisd@o nuclear, dardo
origem aos esquizontes. Os esquizontes se rompem, culminando com a ruptura dos eritrécitos
infectados, e entdo ha liberacdo de merozoitos na corrente sanguinea, que rapidamente invadem
novos eritrdcitos, repetindo o ciclo assexuado. O ciclo eritrdcito se repete a cada 48h nas espécies
P. falciparum, P. vivax e P. ovale e a cada 72h em P. malariae. Esse sincronismo € o que causa o
cendrio de febres ciclicas em infec¢des estabelecidas.

Alguns merozoitos diferenciam-se em formas sexuais masculinas e femininas
(gametdcitos), que sao ingeridas pelo mosquito durante o repasto sanguineo. A fusdao dos gametas
forma o zigoto, que se desenvolve em um oocineto. Este penetra na parede do intestino do inseto,
formando um oocisto entre o epitélio intestinal e a 1amina basal. Entdo, muitos esporozoitos sao
formados assexuadamente dentro do oocisto, e sdo liberados ao amadurecer. Esses esporozoitos
migram para a glandula salivar do mosquito, onde podem ser transmitidos para o hospedeiro

intermedidrio durante o repasto sanguineo, dando continuidade ao ciclo.
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Figura 1. Ciclo de vida de Plasmodium sp. O ciclo da malaria envolve dois hospedeiros.
Durante o repasto sanguineo, o mosquito Anopheles fémea infectado inocula esporozoitas no
hospedeiro humano @. Os esporozoitas infectam as células do figado @ e se desenvolvem em
esquizontes €, que se rompem liberando merozoitas ©. Apés esta primeira replicacdo no figado
(Ciclo exoeritrocitico E¥), o parasita se multiplica assexuadamente no eritrécito (Ciclo eritrocitico
). Os merozoitas liberados infectam os eritrécitos. . Os trofozoitas amadurecem em
esquizontes, que se rompem culminando com a liberacdo de mais merozoitas . Alguns parasitas
se diferenciam em estidgios sexuados (gametocitos) . Os gametdcitos, macho
(microgametdcitos) e fémea (macrogametdcito), sdo ingeridos pelo mosquito Anopheles durante
o repasto sanguineo @.A multiplicacio do parasita no mosquito é conhecida como Ciclo
Esporogonico . No estdbmago do mosquito o microgameta penetra o macrogameta gerando o
zigoto ©. O zigoto se torna mével e alongado (oocineto) @, invade a parede do intestine do
mosquito e se desenvolve em oocisto ®. O oocisto cresce e se rompe, liberando esporozoitas @,
que migram para a glandula salivar do msoquito. A inoculac¢io de esporozoitas @ em um novo
hospedeiro humano perpetua 0 ciclo da maldria.
Fonte:.http://www.cdc.gov/malaria/about/biology/index.htm
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2. A doenca Malaria

A maldria na sua forma mais frequente, ndo grave, traduz-se clinicamente em uma
sindrome febril aguda indiferenciada. O paroxismo febril € decorrente da ruptura de eritrécitos
parasitados (Figura 1, item ¥), ja que nesta etapa ocorre a liberacio na circulagcdo sanguinea de
antigenos constituintes do parasito e os formados em consequéncia de seu metabolismo, que
causam uma intensa ativacao do sistema imune (de Souza & Riley, 2002).

Outra manifestacao clinica observada em individuos infectados é o quadro de anemia, que
pode ser decorrente de um somatdrio de eventos responsaveis pelo seu desenvolvimento, entre
eles o processo de destruicdo de eritrocitos durante a liberacdo do parasito, o aumento da
eritrofagocitose esplénica e a defici€éncia do mecanismo de eritropoiese (Chang & Stevenson,
2004).

A maldria grave, por ser responsdvel por grande nimero de 6bitos em dreas tropicais, tem
sido o alvo de grande parte dos estudos em maldria. Alguns fatores estdo envolvidos com a
viruléncia dos plasmédios, como a capacidade de multiplicacdo do parasita, a capacidade do
parasita em citoaderir ao endotélio capilar e tecido placentério, a imunidade do hospedeiro (Good
et al., 2005), além de questdes geograficas e sociais (Miller et al., 2002).

As infecgdes por P. falciparum levam a mais quadros de complicacdo e, portanto maior
nimero de 6bitos (WHO, 2011). Essa maior patogenicidade da maléria falciparum € atribuida a
capacidade de eritrécitos infectados por P. falciparum citoaderirem na microvasculatura de
diferentes 6érgiaos como cérebro, pulmdes e placenta (MacPherson et al., 1985; Rowe et al., 1995;
Newbold et al., 1999; Roberts et al., 2000; Pain et al., 2001). Nesse sentido, em 1990 a

Organiza¢dao Mundial de Saide (OMS) estabeleceu os sinais e sintomas clinicos que caracterizam



a maldria grave por P. falciparum (WHO, 2000). Sdo consideradas formas graves da doenca
maldria cerebral (MC), anemia grave, insuficiéncia renal aguda, edema pulmonar, hipoglicemia,
colapso circulatério e acidose metabdlica (WHO, 2000).

Apesar de ainda serem desconhecidos os mecanismos fisiopatogénicos, casos de maldria
vivax grave, inclusive com 6bitos, tém sido relatados em vdrias partes do mundo (Price et al.,
2007; Kochar et al., 2005; Kochar et al., 2007; Kochar et al., 2009; Barcus et al., 2007; Baird et
al.,, 2007; Baird et al., 2009; Tjitra et al., 2008; Genton et al., 2008; Tanwar et al., 2011),
inclusive na Amazodnia brasileira (Lomar et al., 2005; Alexandre et al., 2010; Andrade et al.,
2010; Lacerda et al., 2012). Nesse sentido trabalho recente de nosso grupo constatou que
eritrocitos infectados por P. vivax sdo capazes de citoaderir ex vivo em diferentes receptores de

células endoteliais e em criocortes de tecido placentario (Carvalho et al., 2010).

3. Situacdo da malaria no Brasil e mundo

A maldria € a doenca parasitdria mais comum, causadora de mortalidade e morbidade em
paises localizados em regides tropicais e subtropicais, e continua sendo o maior desafio em saide
publica em todo o mundo (WHO, 2011). A doenca é endémica em mais de cem paises (Figura 2),
e cerca de 40% da populacao do mundo permanece sob o risco de infeccdo por maldria (WHO,

2011).
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Figura 2: Mapa de distribuiciao global de malaria em 2008. Adapatado de: WHO, 2008..

Em 2010, foram estimados 216 milhdes de novos casos de malaria, e cerca de 660 mil
mortes por esta infec¢do (WHO, 2011). Aproximadamente 81% do total de casos (174 milhdes) e
91% das mortes ocorreram na Africa (WHO, 2011), em parte devido a maior incidéncia de
maldria falciparum nessa populagio. Embora, a maioria dos casos ocorra na Africa, a doenca estd
amplamente distribuida na América Latina, sudeste asidtico e Oceania, como podemos ver na
Figura 2.

Enquanto P. falciparum predomina no continente africano, P. vivax € a espécie mais
prevalente nas outras 4reas onde a doenga é endémica, como por exemplo, sul e sudeste da Asia,

Pacifico Ocidental, leste do Mediterraneo, América Central e América do Sul (Bassat & Alonso,

2011).




Na América do Sul e América Central, em 2010, foram mais de 700 mil casos registrados,
sendo o P. vivax responsdvel por mais de 70% dos casos de maldria nessa regido. O Brasil é
responsdvel por mais de 50% das infec¢des maldricas nas Américas, e em 2009 foram registrados
306 mil casos sendo 83,7% por P. vivax (Oliveira-Ferreira et al., 2010). A maldria no Brasil
ocorre quase que exclusivamente (99,8%) na regido da Amazonia Legal, que inclui os estados do
Amazonas, Pard, Acre, Roraima, Rond6nia, Amapd, Mato Grosso, Tocantins e Maranhao (Figura

3).

Figura 3: Mapa de distribuicao da malaria no Brasil em 2008. IPA: Indice Parasitario Anual.
Adaptado de Oliveira-Ferreira et al., 2010.

Desde a década de 60, diversas campanhas para erradicacao da malédria vém sendo seguidas
mundialmente, mais recente o Plano de A¢do Global em Malédria (GMAP) coordenado pela OMS

em parceria com Roll Back Malaria (RBM) vem apresentando resultados satisfatorios. Nesse




sentido, 43 de 99 paises em drea de transmissao reduziram em 50% ou mais o nimero de casos
entre os anos 2000 e 2010 (WHO, 2011). No Brasil, o Programa Nacional de Controle de Maléria
(PNCM) também apresentou resultados bastante promissores, com a reducao de 50% dos casos
de maldria em 47 municipios que juntos eram responsdveis por 70% dos casos no pais (Oliveira-
Ferreira et al., 2010). Entretanto, globalmente os nimeros ainda estdo abaixo do esperado
(reducdao de 17% na incidéncia e 26% na mortalidade entre os anos 2000 e 2010) e novos
financiamentos, melhorias em prevengdo, diagnéstico e tratamento sao necessarios para a

idealizada elimina¢do da maldria.

10



Capitulo 1

Desenvolvimento de drogas
experimentais



12



Introducao



14



Antimalaricos e Resisténcia

O quinino (QN), extraido da raiz da arvore chinchona, foi o primeiro agente antimaldrico e foi
utilizado no tratamento de malaria desde 1632 (Talisuna et al., 2004). Até o século 19 era o tinico
antimaldrico conhecido, mas apds a Primeira Guerra Mundial, foram produzidos alguns derivados
de QN, como a primaquina (PQ) e a cloroquina (CQ).

CQ ¢é um 4-aminoquinoleina derivada de quinino sintetizada pela primeira vez
em 1934 (Coatney, 1963) e desde entdo foi a droga antimaldrica mais amplamente usada.
Historicamente, foi a droga de escolha para o tratamento de maldria ndo-grave ou maldria ndo
complicada por muitos anos, entretanto a resisténcia do parasita a CQ reduziu drasticamente sua
utilidade (WHO, 2011).

Acredita-se que a resisténcia a CQ tenha emergido independentemente em quatro focos
(Talisuna et al., 2004). O primeiro foco de resisténcia a CQ por P. falciparum foi identificado na
divisa entre Tailandia e Cambddia em 1957 (Harinasuta et al., 1965). Posteriormente, em 1960
dois focos foram identificados na América do Sul, um na Venezuela e outro na Colémbia (Moore
& Cowman, 1994). Em 1976, o quarto foco de resisténcia foi reportado na Papua Nova Guiné
(Talisuna et al., 2004). A resisténcia a CQ na Africa foi encontrada em 1978 no Quénia (Fogh et
al.,, 1979) e na Tanzéania (Campbell et al., 1979). Hoje a resisténcia a CQ estd presente em
praticamente todos os paises onde hd infec¢do por P. falciparum como podemos ver na Figura 4.

Em 1973, a Tailandia foi o primeiro pais a trocar o tratamento de primeira escolha para
maldria falciparum com CQ, pela combinag@o Sulfadoxina-Pirimetanina (SP), seguido por paises
da Asia e América do Sul (Talisuna etal., 2004). Na Africa, somente em 1988 o tratamento com

CQ foi substituido por SP.
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[1] Areas de transmissdo de malaria (alta/baixa)
A P falciparum resistente a cloroquing P &
@ P foiciparum resistente a sulfadoxina-pirimetamina Cf
Falha terapéutica de mefloguina em P. folciparum

O Arpas sem transmissio de maléria

Figura 4: Mapa de distribuiciao global de resisténcia aos antimalaricos por P. falciparum em
2004. Adaptado de WHO, 2005..

A resisténcia de P. falciparum a SP emergiu quase que simultaneamente a sua introducao, por
exemplo, na Tailandia esse tratamento foi introduzido em 1967 e no mesmo ano ja houve relato
de resisténcia (Wernsdorfer & Payne, 1991). Isso pode ser devido ao pequeno nimero de
mutagdes genéticas envolvidas (em comparacdo a CQ) e também a elevada meia-vida da droga
(Foote & Cowman, 2004). Em 1980, depois destas duas drogas (CQ e SP) terem sido
consideradas ineficientes, os pacientes com maldria falciparum passaram a ser tratados com QN.

No entanto, a resisténcia ao QN foi constatada logo apds a sua introducao e em 1981 foi iniciado

16




um tratamento combinado com QN e tetraciclina (Trigg & Kondrachine, 1998). Todavia, um dos
problemas associados a esta combina¢do de drogas era a necessidade de longos periodos de
tratamento para a completa eliminag@o do parasita dificultando o monitoramento do tratamento.
Sendo assim, em 1984, foi introduzido um regime de tratamento a base de mefloquina (MQ)
administrada em dose Unica. Entretanto, nos anos 90, casos de resisténcia a MQ comegaram a ser
constatadas na Tailandia, principalmente nas areas de fronteira com o Camboja e o Vietnam
(Nosten et al., 2000).

A resisténcia a CQ por P. vivax, a segunda espécie de Plasmodium mais prevalente, surgiu
tardiamente, com os primeiros casos descritos em 1989 na Papua Nova Guiné (Rieckmann et al.,
1989) e ainda hoje ndo € tdo disseminada como em P. falciparum (Figura 5). Estudos posteriores
avaliando os indices de resisténcia a cloroquina em P. vivax mostram claramente que a Indonésia
Oriental apresenta o problema da resisténcia mais avancado, com somente 50% de sucesso
terapéutico em média (Baird et al., 1995; Baird et al., 1997a; Baird et al, 1997b; Ratcliff et al.,
2007; Sumawinata et al., 2003; Sutanto et al., 2009). J4 em outros paises asidticos, como
Tailandia (Congpuong et al., 2002; Krudsood et al., 2007; Tasanor et al., 2006; Vijaykadga et al.,
2004), India (Nandy et al., 2003; Valecha et al., 2006), Paquistdo (Leslie et al., 2007),
Afeganistdao (Kolaczinski et al., 2007) e Azerbaijao (Valibayov et al., 2003) a resisténcia € baixa
(menor que 5%) ou mesmo ausente. Pesquisas na América do Sul mostraram evidéncias que vao
desde auséncia a um baixo nivel de resisténcia (5%) (Castillo et al., 2002; Ruebush et al., 2003),
no entanto um estudo com apenas 27 pacientes encontrou 11% de resisténcia (Soto et al., 2001).
Um recente estudo realizado em Manaus, Brasil com 109 pacientes encontrou 10% de falha
terapéutica, mesmo tendo estes pacientes niveis adequados de cloroquina no plasma no momento

da parasitemia recorrente (de Santana Filho, 2007).
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Figura 5: Mapa de distribuicdo global de resisténcia a cloroquina por P. vivax em 2010.
Adapatado de WHO, 2010.

O tratamento da maldria vivax na maioria dos paises ainda se d4 através da combinacdo CQ e
PQ (WHO, 2011). Entretanto, em paises do sudeste asidtico como Papua Nova Guiné e
Indonésia, onde a resisténcia de P. vivax a CQ € alta, o tratamento da maldria vivax é a base de
artemisininas (ART). Alguns autores defendem o uso do tratamento combinado a base de
artemisininas (ACT) na maldria vivax em todos os paises onde haja possibilidade de infeccOes
mistas com P. falciparum (Price et al., 2011).

Com elevados indices de resisténcia a todos os antimalaricos no mercado, desde 2001 a OMS
recomenda o uso do ACT como primeira linha de tratamento para malaria falciparum nos paises

onde ha resisténcia aos outros antimalaricos (WHO, 2011).
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Na década de 70 foi descoberto o potencial antimaldrico da ART, usada extensamente na
Medicina Tradicional Chinesa (White, 2008). A sua descoberta foi rapidamente seguida de sua
identificacdo quimica, como perdxido sesquiterpeno, e do desenvolvimento de métodos para a
producdo de seus derivados: artesunato (ARS), artemether (ARM) e dihydroartemisinina (DHA).
Como antimalérico, os derivados de ART apresentam a habilidade de rapidamente diminuir o
numero de formas sanguineas, além de um amplo espectro de a¢do sendo eficaz contra formas
extremamente jovens € também contra trofozoitos maduros, além de sua agdo gametocida
(Kumar & Zheng, 1990). A tolerabilidade dessas drogas é excelente também (White & Olliaro,
1998). A tnica barreira no uso dos derivados de ART € sua meia vida curta, em geral entre 1 e 3
horas (Olliaro & Taylor, 2003). Assim, clinicamente a monoterapia com esses derivados s6 €
curativa quando administrada por 7 dias e a recrudescéncia € comum (Stepniewska et al., 2010).
Sendo assim, os derivados de ART foram combinados com drogas de meia vida mais longas, e
assim os tratamentos puderam ser reduzidos, normalmente para 3 dias, e também proteger contra
a emergéncia de resisténcia (Wells et al., 2009).

Em 2010, dos 87 paises em dreas de infeccado maldrica por P. falciparum, 84 ja adotaram o
ACT (Figura 6) (WHO, 2011). Ainda, alguns paises, como Indonésia e Papua Nova Guiné, ji o
utilizam também no tratamento da maldria vivax (WHO, 2011). Hoje temos cinco combinagdes

no mercado (ARM-Lumefantrina, ARS-MQ, DHA-Piperaquine, ARS-Amodiaquina e ARS-SP),

e algumas outras em etapas de ensaios clinicos.
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B Artesunato-Mefloguina
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= Artesunato-Sulfadoxina-Pirimetamina
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Figura 6: Atual distribuicao global do tratamento de primeira linha com ACT para malaria
falciparum nao complicada. Adaptado de O’Brien et al., 2011.

Apesar do uso terapéutico de formulagdes contendo ART ser recomendado pela OMS, vem
sendo reportados atrasos no clearence parasitario e também casos de falha terapéutica por essa
droga em regides da Tailandia, Cambddia, Myanmar e Vietnam (WHO, 2010).

As primeiras indicacdes de falha terap€utica com ACT se deram no inicio dos anos 2000 em
regides da divisa Tailandia- Cambdédia (WHO, 2010; Vijaykadga et al., 2006; Denis et al., 2006).
No entanto ndo ficou claro se essa falha devia-se a resisténcia ao derivado de ART, a droga em

combinagdo, ou ainda devido a fatores farmacoldégicos ou do individuo. Em 2008, Noedl et al.
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(2008) identificou dois pacientes, no oeste do Cambddia, com evidéncias claras de resisténcia ao
ARS. Esses pacientes apresentaram rescrudescéncia parasitdria apds sete dias de monoterapia
com ARS, mesmo em concentragdes plasmaticas adequadas da droga (Noedl et al., 2008). Outro
estudo, que dd suporte a emergéncia da resisténcia ao ARS, mostrou um atraso no clearence
parasitario em pacientes de Paillin (oeste do Cambddia) em relagdo aos pacientes de Wang Pha
(nordeste da Tailandia) sob tratamento de ARS e também da combina¢do ARS-MQ (Dondorp et
al., 2009). Em 2008, para conter a emergéncia da resisténcia ao ARS nessa regido do Cambddia,
a OMS mudou o tratamento de primeira linha para a combinacdo DHA-piperaquine (WHO,
2011). Entretanto, apds a implantacao do novo tratamento houve um aumento na porcentagem de
pacientes com parasitemia positiva no dia 3 (8% em 2008, 27% em 2010), indicando queda na
eficacia do tratamento devido a pressdo seletiva da droga (Yadav et al., 2011; WHO, 2011b).

Os fatores associados a emergéncia da resisténcia a0 ARS no oeste do Cambddia incluem o
uso de sua monoterapia por 30 anos, o uso de drogas fora do padrdo e/ou o uso de doses abaixo
da curativa, e possivelmente um background genético desses parasitas que favorece ao
surgimento de parasitas multiresistentes (Dondorp et al., 2010).

Em outros paises da regido, como Tailandia, Myanmar e Vietnam, estudos j4 mostram que em
algumas dreas mais de 10% dos pacientes tratados com ACT tem parasitemia positiva no dia 3
pos-tratamento (Figura 7) (WHO, 2011b). Na Tailandia, nas provincias de Tak e Ranong, a falha

terapéutica ja é maior que 10% em estudos de seguimento por 42 dias (WHO, 2011b).
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Figura 7. Porcentagem de pacientes de P. falciparum com parasitemia positiva no dia 3 pos-
tratamento com derivados de ART. Adaptado de WHO, 2010.

Apesar do atraso na resposta ao ACT em algumas 4dreas da sub-regidio de Mekong, ACT

continuam sendo o tratamento mais eficaz para maldria falciparum ndo complicada; e a maioria
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dos pacientes com resposta atrasada sdo curados se a droga combinada for eficaz (O’Brien et al.,
2011). No entanto, a OMS estd preocupada com a crescente evidéncia de resisténcia, e em
resposta aos novos dados, projetos de contengdo da resisténcia aos ACTs estdo sendo iniciados,
como o GPARC (Global Plan for Artemisin Resistance Containment).

Uma vez que a resisténcia as drogas tem sido implicada na propaga¢ao da maldria para novas
areas e re-emergéncia de maldria em areas onde a doenca havia sido erradicada e também teve
um significativo papel na ocorréncia e gravidade de epidemias em algumas partes do mundo, € de
grande importincia o planejamento de novas formas de controle da malédria. E mais devido a
emergéncia de resisténcia a todos os antimalaricos no mercado, inclusive aos derivados de ART,
mesmo que em menor propor¢do, € urgente o desenvolvimento de novos compostos antimalaricos
que apresentem novas estruturas quimicas e também mecanismos de acdo distintos das drogas ja
disponiveis (White et al., 1999).

As drogas antimaldricas disponiveis tem como alvo diferentes estidgios durante o ciclo do
Plasmodium, entretanto a maioria delas agem nos estdgios intraeritrociticos (Olliaro, 2001). O
mecanismo de acdo da maioria dos antimaldricos em uso ainda ndo foi completamente elucidado.
A seguir descreveremos o que até entdo sabe-se a respeito do mecanismo de acdo deles.

Alguns dos antimaldricos disponiveis, como as sulfonamidas e pirimetaminas, agem inibindo
enzimas da via do folato, e assim hd uma diminuicao da sintese de pirimidinas e portanto reducao
na replicagdo do DNA, formacao de serina e metionina (Olliaro, 2001). J4 a atovaquona, utilizada
tanto como no tratamento quanto na prevencdo da maldria, age essencialmente nas fungdes
mitocondriais interferindo com a cadeia de transporte de elétrons e também no potencial de
membrana mitocondrial (Srivastava et al., 1997). Os antimaldricos mais comuns, cOmo

cloroquina, quinino e mefloquina, pertencem a classe das quinolinas. Varios mecanismos de acao
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jé foram propostos para as quinolinas, no entanto a hipdtese mais aceita é que essas drogas agem
primariamente na detoxificagdo do grupamente heme liberado durante o metabolismo parasitério
(Olliaro et all, 2001). O mecanismo de a¢do dos derivados de artemisinina, drogas de escolha no
tratamento antimaldrico em infecc¢des por P. falciparum, ainda nao foi completamente elucidado,
a hipdtese prevalente é de que a clivagem do perdxido intacto pela protoporfirina IX geraria

radicais que poderdo alquilar biomoléculas levando a morte do parasita (Olliaro et al., 2001).

1. Violaceina

A violaceina (Figura 8) é o principal pigmento violeta produzido pela bactéria
Chromobacterium violaceum. A primeira descri¢do documentada sobre a bactéria e seu pigmento
foi feita pelo italiano Curzio Bergonzini em 1881, porém a férmula quimica e a estrutura exata da
violaceina s6 foram determinadas entre 1958-1960 (Ballantine et al., 1960). A violaceina é um
derivado inddlico caracterizado como 3(1,2- dihidro-5-(5-hidroxi-1H-indol-3-il)-2-0x0-3H-

pirrol-3-ilideno)-1,3-dihidro-2H-indol-2-ona.

Figura 8: Estrutura quimica da violaceina. Adaptado de Lopes et al., 2009.
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A Chromobacterium violaceum ¢é uma bactéria Gram-negativa pertencente a familia
Neisseriaceae e a classe das PB-proteobactérias, é anaerdbia facultativa em forma de bastonetes
(Duran & Menck, 2001). Trata-se de uma bactéria sapréfita amplamente distribuida, podendo ser
encontrada em dguas e solos de regides tropicais e subtropicais do Brasil onde constitui um
componente minoritdrio da microbiota total. Seu genoma foi sequenciado por um Consoércio
Brasileiro em 2003, e revelou diversas vias alternativas para a geracdo de energia, complexos e
extensivos sistemas de adaptagcdo ao estresse, amplo uso de quorum sensing a fim de aumentar a
versatilidade e adaptabilidade do organismo (Brazilian National Genome Project, 2003).

A partir do estabelecimento da cepa CCT 3496 da Chromobacterium violaceum, a producio,
extracdo e purificagdo do pigmento foram otimizadas e estudos de sua biossintese, bem como
reacOes de bio-transformagdo foram realizadas (Rettori & Duran, 1998; Bromberg & Duran,
2001; Duran, 1997; Bromberg, 2000).

Diversos trabalhos atribuiram a violaceina diferentes atividades bioldgicas tais como
bacteriostatica (Lichstein & Van De Sand, 1946; Duran et al., 1983), antiviral (Andrighetti-
Frohner et al., 2003; Andrighetti-Frohner et al., 2006), antioxidante (Rettori & Duran, 1998),
antimicobacteriana (De Souza et al., 1999), fungicida (Shirata et al., 2000; Barreto et al., 2008),
antiulcerogénica (Duran et al., 2003), antitumoral (Melo et al., 2003; Saraiva et al., 2004; de
Carvalho et al., 2006; Kodach et al., 2006) e também contra protozodrios patogénicos (Duran &
Menck, 2001; Leon et al., 2001; Duran et al., 1989; Haun et al., 1992).

Seu potencial antibidtico foi sugerido ao notar-se que nas lesdes na pele causadas por essa
bactéria, nenhum outro organismo contaminante era encontrado. Um estudo com 51 linhagens de

bactérias, totalizando 21 espécies, mostrou que a violaceina apresenta um notdvel efeito inibitério
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no crescimento de bactérias Gram positivas, mas pequeno em Gram negativas (Lichstein & Van
De Sand, 1946). Posteriormente foi demonstrada atividade antibacteriana in vitro em ambos oS
grupos (Durdn et al., 1983), apesar de mais reduzida no grupo das Gram negativas.

Diversos trabalhos mostraram o potencial citotéxico da violaceina e na Tabela 1
apresentamos um resumo da citotoxicidade mostrando o tipo celular e a ICsy (concentragao
inibitoria responsavel por 50% de morte celular) encontrada (Duran et al., 2007). Em ensaios de
citotoxicidade utilizando fibroblastos V79 de pulmdo de hamster chinés, a violaceina demonstrou
um potencial citotéxico com valores de ICsyde 5-12 uM e essa citotoxicidade deve-se a apoptose
e nao necrose (Melo et al., 2003; Haun et al., 1992; Melo et al., 2000). A citotoxicidade da
violaceina também foi avaliada em linfécitos humanos normais e o ensaio de MTT mostrou ICs
maior que 10 pM. Apesar dessa toxicidade a linfocitos normais, a violaceina foi capaz de inibir o
crescimento de células leucémicas em concentracdes bem abaixo (ICso< 1 uM) da encontrada em
para linfocitos normais (Bromberg et al., 2005). Entretanto, em algumas linhagens celulares,
como FRhK-4 (células embriondrias de rim de macaco Rhesus) e Vero (células epiteliais de rim
de macaco), concentragdes baixas de violaceina (ICso< 1,5 pM) foram capazes de provocar dano

no DNA (Andrighetti-Frohner et al., 2006).
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Tabela 1. Citotoxicidade da violaceina frente a varios tipos celulares. Adaptada e modificada
de Duran et al., 2007.

Célula I1C5p ou GI50* Referéncia
(M)
V79 1,7-4,1 (5,0-12) Haun et al., 1992; Melo et al., 2000.
Linfécito >3,4 (>10) Bromberg et al., 2005.
humano

HL60 0,27 (0,8) Melo et al., 2003; Ferreira et al., 2005.

MOLT-4 0,01 (0,03)* Melo et al., 2000.
NCI-H460 0,01 (0,03)* Melo et al., 2000.
KM12 0,02 (0,06)* Melo et al., 2000.
92.1 0,95 (2,78) Saraiva et al., 2004.
COM-1 1,27 (3,69) Saraiva et al., 2004.
HT29 >3,4 (>10) de Carvalho et al., 2006.
Caco-2 0,68 (2,0) de Carvalho et al., 2006; Kodach et al.,
2006.

SW480 0,68 (2,0) Kodach et al., 2006.

DLD1 0,51 (1,5) Kodach et al., 2006.
HCT116 0,51 (1,5) Kodach et al., 2006.
RENCA 0,2 (0,6) Justo et al., 2005.

EAT 1,7 (5,0) Justo et al., 2005; Bromberg et al., 2010.
FRhK-4 1,08 (3,14) Andrighetti-Frohner et al., 2003.

VERO 1,02 (2,96) Andrighetti-Frohner et al., 2003.
MA104 1,22 (3,55) Andrighetti-Frohner et al., 2003.

Hep2 1,18 (3,42) Andrighetti-Frohner et al., 2003.

EOMA 0,17 (0,5) Justo et al., 2005.

A maioria dos estudos de atividade bioldgica da violaceina tem seu foco na sua atividade
antitumoral e sua habilidade de induzir apoptose nessas células, assim como as vias moleculares
para atingir esse efeito. Nesse sentido, o primeiro trabalho demonstrando a atividade antitumoral
da violaceina utilizou um painel de células tumorais provenientes do NCI (National Cancer
Institute) e obteve boas taxas de inibicdo do crescimento das células nas linhagens MOLT-4
(células leucémicas), NCI-H460 (células de cancer de pulmdo) e KM12 (células de cancer de
c6lon) (Melo et al., 2000). Com base nesses resultados, diversos trabalhos vém investigando nao

sO a atividade citotéxica da violaceina em diferentes linhagens tumorais (como células de cancer
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de coélon Caco-2, DLD-1, SW480 e HCT116; células leucémicas HL60; Tumor ascitico de
Ehrlich; fibrosarcoma 2237; células de melanoma B16F10, 92.1 ¢ OCM-1), mas também
buscando o mecanismo de ag@o nessas diferentes linhagens (de Carvalho et al., 2006; Kodach et
al., 2006; Ferreira et al., 2004; Justo et al., 2005; Bromberg et al., 2010).

A fim de melhor investigar o mecanismo envolvido na citotoxicidade da violaceina em
células leucémicas, estudo conduzido em células de leucemia mieldéide humana (HL60)
demonstrou que o composto é capaz de mediar a apoptose via ativacdo especifica do receptor do
fator de necrose tumoral 1 (TNFR1), e que sua citotoxicidade € precedida pela ativacdo da
caspase-8, da transcricdo de NF«B (fator nuclear kB) e da ativagdo da p38 MAP quinase (Ferreira
et al., 2004).

Além dos estudos em células leucémicas, o mecanismo de agdo da violaceina também foi
investigado em linhagens de células de cancer de célon (de Carvalho et al., 2006; Kodach et al.,
2006). Neste sentido, de Carvalho et al.(2006) demonstraram que o estresse oxidativo induzido
pela violaceina é um dos mediadores dos niveis de apoptose em células Caco-2 do célon
intestinal. Entretanto, a violaceina foi incapaz de aumentar os niveis de EROs (Espécies reativas
de oxigénio) em outra linhagem de cancer de célon (HT29), sugerindo a existéncia de
mecanismos célula-especifico do composto (de Carvalho et al., 2006).

Nas células HCT116, o tratamento com a violaceina causou bloqueio no ciclo celular em G1,
devido ao aumento nos niveis das proteinas p27 e p21, diminuicdo nos niveis da ciclina D1 e
bloqueio da fosforilacdo da proteina Rb (Retinoblastoma). Além disso, a violaceina levou a
inibicdo de Akt (proteina quinase B) com subseqiiente ativacdo da via apoptdtica (caspases) e

inibicao da sinaliza¢dao por NF-kB (Kodach et al., 2006).
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O papel das caspases na apoptose mediada pela violaceina também foi demonstrado no
carcinoma murino renal (RENCA) e no tumor de Ehrlich (Justo et al., 2005). Além da habilidade
da violaceina em inibir o crescimento do tumor de Ehrlich in vitro, seu potencial também foi
avaliado in vivo. Os estudos in vivo mostraram que tratamentos com 0.1 e 1 mg/kg didrios por via
i.p. foram capazes de reduzir o tamanho do tumor nos animais € mais aumentou a sobrevida
nesses animais (Justo et al., 2005; Bromberg et al., 2010), sendo esse o primeiro trabalho a
mostrar a atividade antitumoral in vivo da violaceina.

Efeitos moderados da violaceina também foram observados contra protozodrios patogénicos.
Em ensaios para medir sua atividade contra Trypanosoma cruzi a violaceina apresentou agao
similar ao Nifurtimox, um importante quimioterapico utilizado no tratamento da doenca de
Chagas (Duran & Menck, 2001; Duran et al., 1989). No entanto, seu potencial quimioterapico in
vivo foi extremamente baixo (Haun et al., 1992).

Além de atividade tripanossomicida, estudos de Leon et al. (Leon et al., 2001) mostraram que
a violaceina também apresenta atividade contra promastigotas de Leishmania amazonensis,
apesar de apresentar-se dez vezes menos ativa que a pentamidina, uma das drogas mais utilizadas
no tratamento de leishmanioses. Além disto, neste estudo (Leon et al., 2001) ndo foi avaliado o
potencial deste composto na célula hospedeira (macréfagos) alvo do parasita,e nem nos modelos
murinos das leishmanioses.

A violaceina apresenta uma baixa solubilidade em 4gua, caracteristica essa que faz com que
alguns procedimentos experimentais ndo sejam vidveis, devido a citotoxicidade do solvente em
que ela é diluida como, por exemplo, DMSO (Dimetil Sulféxido). Assim, uma estratégia que esta

sendo explorada € sintetizar derivados de violaceina com grupos glicosidicos (Duran et al., 2007)

29



ou a sua biotransformagdo por enzimas oxidativas (Bromberg & Duran, 2001) permitindo maior
solubilidade e atividade bioldgica.

Tentativas de aumentar a solubilidade e a atividade bioldgica através da complexacdo da
violaceina com P-ciclodextrina também tém sido relatadas (Duran et al., 2003; Duran et al.,
2007). As ciclodextrinas apresentam uma cavidade interna com caréter hidrofébico (apolar) o que
faz com que compostos organicos com baixa solubilidade possam interagir com esta cavidade
aumentando sua solubilidade. A este respeito, a capacidade de violaceina em evitar a ulceracao
gastrica foi potencializada pela complexacdo com [-ciclodextrina em diferentes proporcdes
molares (Duran et al., 2003).

O uso de polimeros biocompativeis e biodegraddveis em formulacdes contribui para o
aumento da eficdcia terap€utica e reducdo dos efeitos colaterais de drogas. Estudos de
citotoxicidade realizados em células HL60 t€ém demonstrado que a incorporacdo de violaceina em
microesferas de PCL (poli-g-caprolactona) potencializa a sua atividade citotdxica em comparacao
a violaceina livre (Duran et al., 2007).

A citotoxicidade da violaceina encapsulada em PLGA (co-polimero de 4cido latico e
glicdlico) foi estudada em diferentes linhagens celulares tumorais. Neste sentido, uma correlagao
entre a citotoxicidade e o tempo de exposi¢do foi observada em células HL60 tratadas com a
violaceina encapsulada com PLGA (NP-violaceina), sugerindo que a violaceina foi liberada de
forma dependente do tempo. No entanto, a formulag@o da violaceina em PLGA reduziu seu efeito
citotoxico em HL60 (Melo et al., 2009).

Diante do potencial bioldgico da violaceina e seus derivados aqui apresentado, este trabalho

visa em avaliar o potencial antimalérico da violaceina livre e também de suas formulacdes.
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1. Objetivo Geral

Este projeto visa avaliar a capacidade quimioterdpica deste composto, livre e formulado, no

combate de formas sangiiineas de Plasmodium sp. in vivo e in vitro.

2. Objetivos especificos

2.1. Avaliagdo do potencial antiplasmodial da violaceina livre in vitro, em culturas de P.
falciparum.

2.2.  Avaliacdo do potencial antiplasmodial da violaceina livre in vivo em camundongos
infectados com P. chabaudi chabaudi, levando-se em consideracdo: (i) a parasitemia, (iii) a taxa
de mortalidade.

2.3. Avaliagdo do potencial antiplasmodial da violaceina livre em isolados de P. vivax
coletados de pacientes infectados provenientes de Manaus, AM.

2.4. Avaliagdo do potencial antiplasmodial da NP-violaceina in vitro contra estigios
sanguineos de P. falciparum e in vivo contra estagios sanguineo de P. chabaudi chabaudi.

2.5. Avaliagdo do potencial antiplasmodial da violaceina funcionalizada com diferentes

nanotubos de carbono (NTs) in vitro contra estagios sanguineos de P. falciparum.
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Meétodos
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1. Violaceina

1.1 Purificacao da violaceina

A violaceina (3-(1,2-dihydro-5-(5-hydroxy-1H-indol-3-yl)-2-oxo-3H-pyrrol-3ilydene) -1,3-
dihydro-2H-indol-2-one) foi isolada a partir de Chromobacterium violaceum (CCT3496) como
descrito previamente (Rettori & Duran, 1998). Através da purificacdo com cloroférmio, a parede
celular e os residuos da membrana foram extraidos, e usando éter dietil e posteriormente etanol,
foi obtido um extrato contendo a violaceina. Apds a evaporacdo do etanol, a violaceina foi
purificada por cristalizacdo (metanol/dgua) seguida de HPLC (Cromatografia Liquida de Alta
Eficiéncia). DMSO foi utilizado para dissolver a violaceina devido sua pobre solubilidade em
dgua. Todo esse procedimento de obtencdo e purificacdo da violaceina foi realizado em
colaborag@o com o grupo do Prof. Dr. Nelson Duran (Instituto de Quimica, Unicamp). Como a
violaceina € um produto derivado de bactéria, avaliamos se havia residuos de lipopolissacarideo
(LPS) presente nas amostras purificadas da violaceina. Para isso, utilizou-se o kit Limulus
Amebocyte Lysate QCL-1000® (Cambrex) e os procedimentos foram feitos de acordo com o

protocolo do produto. Nio foi detectada a presenca de LPS em nenhum os lotes utilizados.

1.2 Encapsulacao da violaceina em PLGA

Devido a pobre solubilidade da violaceina, nés preparamos NP-violaceina segundo o método
de nanoprecipitacao (Cui et al., 2006). Resumidamente, violaceina e PLGA foram dissolvidos em

acetona na concentracao de 0,63% e 0,05%, respectivamente. Essa solucdo foi adicionada em
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uma fase aquosa contendo 0,06% (peso/volume) de surfactante Pluronic F68 e PVA (solugao
aquosa saturada de dlcool polivinilico). A mistura foi mecanicamente agitada por 5 minutos e
evaporada por rotacdo até atingir o volume de 5 ml de suspensdo. O encapsulamento da
violaceina foi feito pelos grupos do Prof. Nelson Durdn (Departamento de Quimica Bioldgica,
Instituto de Quimica, UNICAMP) e do Prof. Marcelo Brocchi (Departamento de Genética,

Evolugdo e Bioagentes, Instituto de Biologia, UNICAMP).

1.3 Funcionaliza¢ido da Violaceina com Nanotubos de Carbono

NTs consistem exclusivamente de 4dtomos de carbono dispostos em uma série de anéis
benzeno laminados em uma estrutura tubular. Este novo nanomaterial pertence a familia dos
fulerenos, a terceira forma alotrépica de carbono, juntamente com grafite e diamante. NTs podem
ser classificados em duas categorias gerais, com base na sua estrutura: paredes simples (single-
walled), que sdo constituidos por uma tnica camada cilindrica de grafeno; e paredes mutiplas
(multi-walled), que contém vérias folhas de grafeno concéntricas. Existe um interesse crescente
em explorar todas estas propriedades que os NTs possuem para aplicagdes diversas, inclusive
como sistemas de distribuicdo para uma variedade de agentes diagndsticos ou terapéuticos
(Martin & Kohli, 2003).

Neste sentido, utilizamos trés diferentes nanotubos de carbono, dois deles com paredes
simples: SW e NT-1 e um com paredes multiplas: NTC-2. Os NTs foram gentilmente cedidos
pelo grupo do Prof. Helder José Ceragioli (Faculdade de Engenharia Elétrica e Computagdo-

Unicamp).
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Para a funcionaliza¢do da violaceina com os NTs, a mesma quantidade em massa dos dois
compostos (violaceina e nanotubos de carbono NT-1, SW e NTC-2) foi reunida em um mesmo
tubo de 1,5 ml, seguido de sonicag@o por 30 minutos. Para a violaceina a quantidade utilizada foi
a ICsy pré-determinada para P. falciparum 3D7 e para os NTs foi utilizada essa mesma
quantidade em massa. Nos ensaios antimalaricos foi utilizada a violaceina livre e os NTs puros na

mesma concentracao da funcionalizacio para controle.

2. Atividade antimalarica in vitro contra formas sanguineas de P. falciparum

2.1 Cultivo

P. falciparum 3D7 e P. falciparum S20 foram cultivados em meio RPMI completo (RPMI
1640, Sigma, USA), suplementado com 10% de plasma humano decomplementado através do
método de candle jar (Trager & Jensen, 1976). O hematdcrito final foi ajustado a 4% com

eritrcitos sadios O fornecidos pelo banco de sangue da UNICAMP.

2.2 Sincronizacao

Para alguns ensaios in vitro, os parasitas foram sincronizados em Sorbitol como descrito em

(Fernandez, 2004). Resumidamente, o pellet de eritrcitos infectados (EI) com a parasitemia

maior que 5%, sendo a maioria das formas no estagio de anel, foi ressuspenso em uma solucao

5% de Sorbitol (J.T.Baker, USA). Apds 5 minutos em temperatura ambiente, o pellet foi lavado
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duas vezes em meio completo e a cultura foi retomada. O ensaio foi repetido pelo menos uma vez

para assegurar a sincronizagdo do parasita.

2.3 Atividade antimalarica da violaceina

2.3.1 Por incorporacdo de [ H] Hipoxantina

A atividade da droga foi determinada como descrito por Schmidt (2004), sendo que o
crescimento parasitario foi medido através da incorporagdo da [3 H] Hipoxantina (GE Healthcare),
essencial na replicacdo parasitdria. Os ensaios foram feitos em placas de cultura de 96 pogos com
o volume final de 200 pL sendo 100 pL de meio RPMI completo suplementado com 10% de
plasma humano com diferentes concentracdes da droga testada (violaceina) ou sem droga
(controle) e 100 puL de suspensdo de Eritrécitos infectados por P. falciparum (Pf-El) (2%
hematdcrito final e 1% parasitemia). Como a violaceina estd dissolvida em DMSO, na
concentracdo méaxima de 0.25%, essa quantidade de DMSO (Sigma, USA) foi adicionada ao
meio completo nos respectivos controles. No caso dos ensaios com a violaceina em PLGA, ndo
foi utilizado DMSO para dilui-la, portanto nos pogos controle colocamos somente meio
completo.

Ap6s 30 horas de incubacao a 37°C em candle jar, 50 pL de meio completo contendo 10 uCi
[*H] Hipoxantina foi adicionado a cada poco. Apés 18 horas a 37°C em candle jar, os eritrécitos
foram lisados com o auxilio de Cell Harvester semi-automatico (Skatron) em filtros de papel
(Millipore). Apos secos, os filtros foram revelados em um liquido de cintilacdo (2,5 Diphenyl

oxazole- Sigma, USA - diluido em Toluol - Merck). A leitura da radiotividade (contagens por
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minuto- CPM) se deu em um cintilador Beta (Beckman 56000TA). Também se incubou
eritrécitos sadios nas mesmas condicoes anteriores e a radioatividade foi determinada e usada
como branco. Cada concentragdo da droga foi testada em triplicata, e pelo menos trés ensaios
diferentes foram feitos utilizando-se diferentes amostras das drogas. O crescimento parasitario foi
comparado com o controle (auséncia de droga), representando 100% de crescimento parasitério.
A 1inibi¢do do crescimento parasitério foi calculada de acordo com a férmula: % Inibi¢ao = 100 —
[(CPM amostra — CPM Eritrécitos sadios / CPM Controle — CPM Eritrécitos sadios) x 100]. A
ICso foi calculada através de um grafico do Log da dose versus inibicdo (expresso em
porcentagem em relacdo ao controle).

Para os experimentos envolvendo parasitas sincronizados, realizou-se somente uma

incubacdo a 37°C por 18 horas na presenga de 10 uCi [*H] Hipoxantina.

2.3.2 Por citometria de fluxo

Por impossibilidade de se utilizar o cintilador Beta para andlise da atividade antimaldrica nos
ensaios com a violaceina associada aos nanotubos de carbono utilizamos marcacdo com Acridina
Orange e leitura em citdmetro de fluxo BD FACSCanto II.

Nesses ensaios apds 48h de cultivo em meio completo, na presenca ou nao de violaceina e/ou
NTs, acrescentou-se 20 uL de Solucdao de Acridine Orange 200 uM (Invitrogen) em cada poco e
ap6s 5 minutos de incubag¢do procedeu-se a leitura no citdmetro. Como esse corante tem
afinidade por dcido nucléico, somente os eritrocitos infectados sdo marcados e assim € possivel
determinar a parasitemia em cada poco. A fim de eliminar o background de fluorescéncia pela

presenca do corante per se, eritrocitos sadios foram incubados com a mesma concentracdo de
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Acridine Orange. A inibi¢do do crescimento parasitdrio foi calculada de acordo com a férmula: %
Inibi¢ao = 100 — [(Parasitemia amostra — background Eritrocitos Sadios / Parasitemia Controle —

background Eritrécitos sadios) x 100].

3. Atividade antimalarica in vivo contra formas sanguineas de P. chabaudi

3.1 Animais e parasita

Foram utilizados camundongos isogénicos da linhagem C57BL/6 de 7 a 10 semanas de vida
provenientes do Centro de Bioterismo (CEMIB) - UNICAMP. Os animais foram mantidos em
condi¢Oes Germ-Free e todos os procedimentos foram analisados de acordo com o comité de
ética em experimentacao animal desta instituicio (CEEA/UNICAMP) (protocolo n°® 1436-1).

Duas linhagens de Plasmodium foram testadas: P. chabaudi chabaudi AS (PcchAS) e P.
chabaudi chabaudi AJ (PcchAl), cedidos gentilmente, respectivamente, pelos professores Dr.
Hernando Del Portillo (Departamento de Parasitologia, ICB, USP, Sao Paulo, SP, Brasil) e Dra.
Maria Regina d’Imperio (Departamento de Imunologia, ICB, USP, Sao Paulo, SP, Brasil). As
formas sanguineas dos dois parasitas foram coletadas de animais doadores (C57BL/6)
previamente infectados com 100 pL de pellet de eritrocitos infectados mantidos em criotubos a -
80°C; de acordo com o protocolo descrito por (Engwerda et al., 2005). Os animais foram

infectados por via intraperitoneal (i.p.) com 10° EL
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3.2 Toxicidade

A toxicidade da violaceina foi avaliada através da analise didria de sobrevida, densidade de
eritrécitos e peso de 5 camundongos C57BL/6 injetados i.p. com a maior dose de violaceina (7,5
mg/kg) durante 11 dias consecutivos, ou apenas com solucdo salina (controle). A densidade de
eritrocitos foi determinada diariamente, através da retirada de 10 uL de sangue da cauda do
animal, diluicdo em PBS com heparina e contagem em Camara de Neubauer. O valor didrio
encontrado para cada animal foi dividido pelo valor desse mesmo animal no dia 0 da infeccao,
obtendo-se assim a densidade relativa (Nimero de eritrécitos por mL de animal num determinado
dia pds-infeccdo /Numero de eritrécitos por mL do mesmo animal no dia 0). A massa corpdrea
foi calculada de acordo com a férmula: [(peso do animal em determinado dia de tratamento / peso

do animal no dia anterior ao tratamento) x 100].

3.3 Analise da Parasitemia

A parasitemia foi determinada diariamente por meio de esfregacos de sangue obtido da cauda
do animal a partir do dia 3 pés-infecc@o até a morte do animal ou a cronificacdo da doenca na
qual € observada uma baixa quantidade de parasitas nos esfregacos (menor que 1%). Os
esfregacos foram fixados e corados através do kit Pandtico Répido (Laborclin). A porcentagem

de parasitemia foi determinada calculando-se o niimero de EI em 1.000 eritrécitos.
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3.4 Atividade antimalarica

3.4.1 PcchAS (Tratamento a partir do dia 0)

Para a andlise da atividade antimaldrica da violaceina in vivo, grupos de 7 a 10 camundongos
foram infectados, 1.p., com 10° EI por PcchAS. Os camundongos foram tratados diariamente com
100 pL de diferentes doses de droga (7.,5; 3,75; 0,75 e 0,075 mg/kg de violaceina ou salina)
durante 11 dias consecutivos (dia 0-10 pds-infeccdo) por via i.p.. A primeira administracao da
droga foi efetuada 1 hora apods a infeccdo, as administracdes sucessivas ocorreram 24 horas apds
a anterior. O DMSO, usado para solubilizar a droga ndo ultrapassou 1.25%, sendo que o grupo
controle recebeu essa mesma concentracdo diluida em salina. Nesse tratamento acompanhou-se a
parasitemia até dia 22 pds-infec¢do a fim de avaliar se haveria recrudescéncia parasitdria, uma

vez que o tratamento se encerra no dia 10 pds-infecgao.

3.4.2 PcchAS (Tratamento a partir do dia 5)

Para verificar se o tratamento teria eficdcia se iniciasse apds o estabelecimento da infeccao,

ou seja, j4 com a infeccdo patente, camundongos infectados com 10° EI por PcchAS foram

tratados diariamente a partir do dia 5 p6s-infec¢ao (5-10) com 100 pL de 7,5 mg/kg de violaceina

ou DMSO 1,25% em salina.
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3.4.3 PcchAJ (Tratamento a partir do dia 0)

A fim de avaliar se a violaceina teria efeito protetor na mortalidade, camundongos foram
infectados com 10° EI por PcchAJ, uma cepa letal. Esses animais foram tratados diariamente com
100 pL de 7,5 mg/kg de violaceina ou DMSO 1,25% em salina durante 11 dias consecutivos (dia

0-10 p6s infeccao) e foram monitorados diariamente quanto a sobrevivéncia.

4. Atividade antimaldrica contra formas sanguineas de P. vivax

Os estudos de novas drogas contra P. vivax esbarram na dificuldade em se cultivar esse
parasita que infecta preferencialmente sendo exclusivamente, reticuldcitos. Até hoje a metodologia
utilizada para o cultivo de P. vivax s6 permite seu cultivo por um curto periodo de tempo
(Chotivanich et al., 2001; Udomsangpetch et al., 2008). Por esta razdo, os ensaios conduzidos em
P. vivax foram realizados em &4rea endémica de maldria (Manaus-AM) em parceria com a
Fundacgdo de Medicina Tropical Heitor Vieira Dourado (FMT-HVD) e Instituto Lednidas e Maria
Deane (ILMD- Fiocruz) a fim de trabalhar com isolados frescos de pacientes positivos para

maldria vivax e que ainda ndo deram inicio ao tratamento.

4.1 Procedimentos com paciente

A unidade de saude de selecdo de pacientes foi a FMT-HVD, situada em Manaus- AM,
unidade de referéncia da Secretaria do Estado da Saude do Amazonas (SUSAM) para o

atendimento de pacientes com doengas infecciosas.
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Os individuos que obedeceram aos critérios de inclusdao foram informados e convidados a
participar do projeto. Os pacientes que aceitaram participar do estudo fizeram a leitura e
concordancia do termo de consentimento livre e esclarecido (TCLE- em Anexo). Posteriormente
foi preenchido um Questiondrio (Anexo) e coletados cerca de 10 ml de sangue por pun¢do venosa
(um tubo com EDTA). Apds o preenchimento do questiondrio e coleta de sangue, o paciente
recebeu atendimento médico e tratamento antimaldrico apropriado dando seguimento a rotina

ambulatorial da FMT-HVD.

4.1.1 Critérios de inclusdo
e Pacientes com mais de 18 anos.
e Pacientes com diagndstico microscopico positivo para maldria vivax com parasitemia

maior ou igual a uma cruz (1- parasito/campo).

4.1.2 Critérios de ndao inclusdo.

e Pacientes com diagndstico microscopico para maldria por P. falciparum, ou co-

infeccao vivax e falciparum (malaria mista).

e Mulheres com histéria de gestagcdo atual.

e Paciente na vigéncia de tratamento antimaldrico.

4.1.3 Critério de exclusdo a posteriori

e Paciente com diagndstico molecular para P. falciparum ou infec¢do mista
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4.2 Cultivo de P. vivax

Inicialmente para a contagem apurada da parasitemia no tempo zero, um esfregaco sanguineo
da amostra foi efetuado. O sangue coletado foi lavado trés vezes em meio Waymouth (Sigma,
USA) com bicarbonato para a retirada de leucdcito e células do sistema fagocitdrio. O sangue
entdo foi diluido 25 vezes em Meio RPMI-Waymouth (1:1) suplementado com 20% de Plasma
AB" decomplementado (hematdcrito 4%). Entdo, 100 ul dessa solug¢do de hematdcrito 4% foram
colocados em cada poco da placa na presenca de 100 ul de diferentes concentracdes de violaceina
(4000; 2000; 1000; 500; 250; 125 e 62,5 NM), cloroquina (240; 120; 60; 30; 15; 7,5 e 3,75 nM),
artesunato (60; 30; 15; 7,5; 3,75; 1,88; 0,94 nM) ou 100 ul de meio (controle). Todas as
condi¢Oes foram testadas em quadruplicata. Apos 48h de cultivo em candle jar foram feitos

esfregacos de um poco controle e a placa foi armazenada a -20°C.

4.3 Atividade antimalarica

Primariamente, a placa foi congelada e descongelada cinco vezes para hemolisar os eritrocitos
e liberar os antigenos. O ensaio de ELISA (Enzyme-Linked Immunoabsorbent Assay) para o
antigeno LDH (Lactato Desidrogenase) foi feito como descrito anteriormente para P. falciparum
(Druilhe et al., 2001), com algumas modificacdes (Druilhe et al., 2007). Brevemente, 100 ul do
lisado de cada poco foi transferido para a placa de 96 pocos previamente marcada com o
anticorpo de captura contra a proteina LDH de P. vivax, e as placas foram incubadas por 1h a

37°C. Também foi colocado PBS (tampao fosfato) em um pogo para a leitura do branco. Apds
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cinco lavagens com PBS-1% BSA (albumina bovina), o anticorpo secunddrio biotinilado anti-
LDH foi adicionado e as placas incubadas por 1 h a 37°C. Apés 5 lavagens com PBS-BSA 1%,
as placas foram incubadas com Streptavidina-peroxidase por 30 min a temperatura ambiente.
Ap6s oito lavagens com PBS-1% BSA, o substrato da peroxidase 3,3',5,5'-tetramethylbenzidine
foi adicionado. Apds 5 minutos a temperatura ambiente a reacdo foi bloqueada com é&cido
fosforico 1M, e a densidade 6ptica (DO) foi quantificada em espectrofotdmetro a 450 nm. A
porcentagem de inibi¢do da droga foi calculada de acordo com a férmula: % Inibicdo = 100-
[(DO pogo com violaceina — DO pog¢o branco/ média DO poco controle — DO pogo branco)x100].
A 1Csp foi calculada através de um grifico do Log da dose versus inibicdo (expresso em

porcentagem em relag@o ao controle).

5 Analise estatistica

A andlise estatitica deste trabalho foi efetuada com o auxilio do software Prism™ versdo 5.0
(Graphpad, USA). Os testes utilizados para comparacdo de parasitemia, inibi¢do de parasitemia e
densidade de globulos vermelhos entre os grupos tratados e ndo tratados foram Teste U Mann-
Whitney (comparagdo de 2 grupos) ou Kruskal-Wallis- Dunn’s post test (comparacdo de 3 ou
mais grupos). As diferencas entre as taxas de sobrevivéncia foram analisadas pelo teste de Log-

Rank.
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Baseado nas propriedades quimioterdpicas da violaceina contra células tumorais, bactérias,
fungos e protozodrios patogé€nicos ao homem, somadas a urgéncia na descoberta de novos
compostos com atividade antimaldrica, esta tese teve como objetivo avaliar a capacidade
quimioterdpica da violaceina no combate de formas sangiiineas de Plasmodium sp. in vivo e in

Vitro.

1. Atividade antimalarica in vitro contra P. falciparum

Devido a elevada citotoxicidade da violaceina, j& relatada anteriormente em diversos
trabalhos (Tabela 1), nosso primeiro objetivo foi verificar se a violaceina era toxica aos
eritrocitos humanos ndo infectados, uma vez que o parasita utiliza estas células para completar
seu ciclo de vida e sem elas ndo sobrevive. Assim, apOs 48h de incubagdo dos eritrocitos
humanos nao infectados (hematdcrito 4%) a 37°C com diferentes concentracdes de violaceina,
observamos uma leve reducdo na densidade de eritrocitos em concentracdes acima de 14.0 uM
(P<0.05) (Figura 9). Nota-se, portanto, que a violaceina € menos toxica aos eritrécitos humanos
que aos linfocitos (ICso= 10 uM) (Bromberg et al., 2005) e ao se utilizar doses abaixo de 14.0 uM
para verificar se a violaceina € citotoxica ao Plasmodium, ndo teremos nenhuma alteracdo na

densidade eritrocitaria e assim podemos acessar a sua atividade antimaldrica.
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Figura 9. Toxicidade da violaceina em eritrocitos sadios. Os eritrécitos foram quantificados,
com auxilio da Camara de Neubauer, apos 48h de incubacido com diferentes concentragdes de
violaceina ou DMSO 0,25% (controle). Os dados estdo expressos em porcentagem em relacdo ao
controle e referem-se a média de triplicata + desvio padrao.

* P< 0,05 violaceina versus controle (Kruskall-Wallis, Dunn’s post test)

Para os ensaios contra P. falciparum, utilizamos doses abaixo de 10 uM. Nesse sentido, P.
falciparum 3D7 cultivados por 48h na presenca de diferentes concentracdes de violaceina
apresentaram inibicdo em seu crescimento de maneira dose-dependente (Figura 10) revelando
que a violaceina possui atividade antimaldrica. A ICsy da violaceina para P. falciparum 3D7 foi

de 825 nM (média de 3 experimentos independentes utilizando diferentes lotes de violaceina).
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Figura 10. Atividade antimalarica da violaceina em formas sanguineas de P. falciparum
3D7. P. falciparum 3D7 (parasitemia 1%, hematdcrito 2%) foram incubados em candle jar com
diferentes concentracdes de violaceina ou DMSO 0,25% (controle), a 37°C por 48 horas. A
inibi¢do da parasitemia foi calculada através da formula: % Inibi¢cdo = 100 — [(CPM amostra —
CPM Eritrécitos sadios / CPM Controle — CPM Eritrécitos sadios) x 100]. Os resultados estdo
expressos como a média de triplicatas + desvio padrao.

* P< 0,05 violaceina versus controle (Kruskall-Wallis, Dunn’s post test)

Como um dos maiores desafios no controle das infec¢cdes maldricas é o surgimento de
resisténcia aos antimaldricos disponiveis e existem parasitas resistentes a um medicamento que
apresentam resisténcia cruzada a outros antimaldricos (multi-resistentes) (Nateghpour et al.,
1993), verificamos se a violaceina, que é capaz de inibir o crescimento de P. falciparum 3D7, é
também eficaz no combate a formas sanguineas de P. falciparum S20. Esse parasita é um isolado
brasileiro resistente a CQ, droga que foi amplamente usada no tratamento da maldria falciparum
(Talisuna et al., 2004) e ainda € bastante utilizada no tratamento da malaria vivax (WHO, 2011).
Como pode ser visto na Figura 11, a violaceina também foi capaz de inibir o crescimento de P.

falciparum S20 de maneira dose-dependente. Neste sentido, a violaceina aboliu o
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desenvolvimento parasitario na concentracdo de 1 uM, e a ICsy da violaceina para esse parasita
foi de 625 nM. Esses dados mostram que a violaceina € eficaz contra um isolado CQ-resistente e

sugerem fortemente que essa droga apresenta mecanismo de acdo diferente da CQ (Nateghpour et

al., 1993).
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Figura 11. Atividade antimalarica da violaceina em formas sanguineas de P. falciparum
S20. P. falciparum S20 (parasitemia 1%, hematdcrito 2%) foram incubados em candle jar com
diferentes concentracdes de violaceina ou DMSO 0,25% (controle), a 37°C por 48 horas. A
inibi¢do da parasitemia foi calculada através da férmula: % Inibi¢cdo = 100 — [(CPM amostra —
CPM Eritrécitos sadios / CPM Controle — CPM Eritrécitos sadios) x 100]. Os resultados estdo
expressos como a média de triplicatas + desvio padrio.

* P< 0,05 violaceina versus controle (teste Kruskall-Wallis, Dunn’s post test)

Uma vez que o ciclo eritrocitario de Plasmodium sp. é bastante complexo, com proteinas
sendo expressas diferentemente em cada um dos estdgios pelo qual o parasita passa, as drogas
antimaldricas também apresentam ac¢do diferencial em cada um dos estdgios. A CQ, por exemplo,

apresenta atividade somente contra os estdgios maduros do parasita (Ashley, 2007) , ja os
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derivados de ART possuem um espectro de acdo bastante grande atuando em todos os estdgios
sanguineos de desenvolvimento do parasita (White, 2008). Assim, a fim de verificar se a
violaceina tem sua atividade restrita a um estdgio parasitdrio, parasitas sincronizados através do
método de Sorbitol (Fernandez, 2004) foram colocados em cultura com diferentes concentragdes
de violaceina. Neste sentido, incubamos somente formas jovens (anel e trofozoita jovem, 0-18 h
do ciclo) ou entdo formas maduras (trofozoito maduro e esquizonte, 24-42 h do ciclo) de P.
falciparum 3D7 com diferentes concentragdes de violaceina. O ensaio teve duragdo de 18 horas e
a incorporagdo de [*H] Hipoxantina foi medida. Como podemos observar na Figura 12, a
violaceina, assim como os derivados de ART, € eficaz contra parasitas em ambos 0s estigios

sanguineos.
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Figura 12. Atividade antimalarica da violaceina em diferentes estagios de desenvolvimento
de P. falciparum 3D7. P. falciparum 3D7 sincronizados no estidgio de anel ou trofoitas maduros
(parasitemia 1%, hematdcrito 2%) foram incubados em candle jar com diferentes concentragcdes
de violaceina ou DMSO 0,25% (controle), a 37°C por 18 horas. A inibi¢do da parasitemia foi
calculada através da férmula: % Inibi¢do = 100 — [(CPM amostra — CPM Eritrécitos sadios /
CPM Controle — CPM Eritrécitos sadios) x 100]. Os resultados estdo expressos como a média de
triplicatas + desvio padrao.
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2. Atividade antimalarica in vivo contra P.chabaudi chabaudi

Uma vez demonstrada sua atividade in vitro, investigamos se a atividade antimaldrica da
violaceina € sustentada in vivo em um modelo animal, onde outras caracteristicas como
biodisponibilidade e farmacocinética sao levadas em consideracdo (Landau, 1998).

Antes de avaliar a atividade antimalarica da violaceina in vivo, verificamos a tolerabilidade
dos animais naive a esse composto e acompanhamos ndo sé a sobrevida, mas também a
densidade eritrocitaria e o peso dos animais ao longo dos 11 dias de tratamento com 7,5 mg/kg de
violaceina ou PBS (controle). Nenhum animal sucumbiu ao tratamento com a violaceina, e mais
ndo houve perda de peso (Figura 13A) ou alteracdo na densidade eritrocitaria (Figura 13B)
durante o tratamento. Portanto, essa dose de violaceina ndo se mostrou téxica aos animais,
corroborando com trabalho anterior no qual a violaceina utilizada na dose de 10 mg/kg ndo foi

téxica aos animais (Justo et al., 2005).
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Figura 13: Toxicidade da violaceina em animais naive. Animais naive (n=5/grupo) tratados
por 11 dias consecutivos com 7,5 mg/kg de violaceina ou solugdo salina, foram acompanhados
quanto a perda de peso (A) e a densidade de eritrécitos (B). Os dados estdo expressos em relacao
ao mesmo animal antes do tratamento (dia 0).
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Como a violaceina nao foi téxica em animais naive na dose de 7,5 mg/kg, avaliamos a sua
atividade antimaldrica in vivo em animais infectados por PcchAS. Para isso, esses animais foram
tratados diariamente, por 11 dias consecutivos (dia 0-10 pds infec¢ao), com diferentes doses de
violaceina. Como podemos observar na Figura 14, os animais do grupo controle apresentaram um
pico médio de parasitemia de 37,2% no dia 7 pos-infeccdo. Semelhantemente ao controle, o
grupo tratado com a menor dose (0,075 m/kg) apresentou um elevado pico de parasitemia
(38,0%) no dia 7 pds-infecc@o. Sendo assim a violaceina nessa concentracdo ndo reduz a carga
parasitdria. Ja o grupo tratado com 0,75 mg/kg apresentou um pico de parasitemia bem reduzido
em relacdo ao controle, tendo inibido em 39,25% o desenvolvimento parasitario (P<0,01). Os
animais tratados com as maiores doses (3,75 mg/kg e 7,5 mg/kg) quase eliminaram por completo

0 parasita, inibindo em 82,12% + 4,30 (P<0.001) e 86,90% + 3,53 (P<0,001) respectivamente.
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Figura 14: Atividade antimalirica da violaceina em formas sanguineas de PcchAS.
Camundongos C57BL/6 (n=10 para cada grupo) infectados com 10° EI de PcchAS foram tratados
diariamente (dia 0-10 pds-infec¢do) via i.p. com diferentes doses de violaceina ou com DMSO
1,25% (controle). A parasitemia foi determinada diariamente e estd expressa como média do
grupo = desvio padrdo. A caixa cinza representa os dias de tratamento.
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Sabe-se que ao retirar-se a pressdo da droga, se houver algum parasita restante, o parasita
multiplica e ocorre a recrudescéncia parasitaria (Stepniewska & White, 2006). Uma vez que a
violaceina ndo foi capaz de eliminar o parasita e a pressao da droga foi removida no dia 10 pds-
infec¢do, monitoramos a parasitemia dos animais tratados com a maior dose até o dia 22 para
verificar se com a retirada da droga, os parasitas restantes se multiplicariam e terfamos um pico
de parasitemia tardio. Como podemos observar na Figura 15, nos animais tratados a parasitemia
nio ultrapassou 5% mesmo apds a retirada da droga. J4 nos animais ndo tratados, podemos
observar a existéncia de um segundo pico menos expressivo de 9,1% no dia 16. Esse segundo
pico de parasitemia € devido a variacdo antigénica, que possibilita um escape do sistema
imunoldgico e assim multiplicagdo parasitaria (McLean et al., 1982). Na Figura 15, podemos
observar também que a maior dose de violaceina ainda foi capaz de inibir (58,9%)

significativamente o segundo pico parasitario (p< 0,05, teste U de Mann Whitney).
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Figura 15: Atividade antimalarica da violaceina na recrudescéncia parasitaria em PcchAS.
Camundongos C57BL/6 (n=8 para cada grupo) infectados com 10° EI de PcchAS foram tratados
diariamente (dia 0-10 pés-infeccdo) via i.p. com 7,5 mg/Kg de violaceina ou com DMSO 1,25%
(controle). A parasitemia foi determinada diariamente até o dia 22 pds-infec¢io e estd expressa
como média do grupo + desvio padrdo. A caixa cinza representa os dias de tratamento.

Apesar de a violaceina apresentar demonstrada atividade antimaldrica in vivo contra formas
sanguineas de PcchAS, o tratamento foi iniciado no mesmo dia que procedemos a infec¢do, e
portanto antes da existéncia de infec¢do patente. A fim de verificar se a violaceina tem algum
efeito contra o parasita apds o estabelecimento da infec¢do, animais infectados com PcchAS
foram tratados com 7,5 mg/kg de violaceina dos dias 5-10 pés infeccdo. Como mostrado na
Figura 16, nos animais controle o pico da infeccdo se deu no dia 7 pds-infecgdo e foi de 48% de
parasitemia, j4 nos animais tratados houve uma redugdo de mais de 50% na parasitemia (23% no
dia 7) no dia de pico (P<0,01). Assim, a violaceina foi capaz de inibir consideravelmente a

parasitemia quando administrada em esquema de tratamento iniciado durante a infeccao patente,
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refletindo o periodo em que pacientes com maldria apresentariam sintomas, teriam o diagndstico

e receberiam o tratamento.
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Figura 16. Atividade antimalarica da violaceina em formas sanguineas de PcchAS apés a
instalacdo de infeccao patente. Camundongos C57BL/6 (n=8 para cada grupo) infectados com
10° EI de PcchAS foram tratados diariamente apGs a instalacdo de infeccdo patente (dia 5-10 pés-
infec¢do) via i.p. com 7,5 mg/Kg de violaceina ou com DMSO 1,25% (controle). A parasitemia
foi determinada diariamente e estd expressa como média do grupo + desvio padrdo. A caixa cinza
representa os dias de tratamento.

A fim de verificar se a violaceina seria eficaz no controle de infec¢des maléricas mais graves,
utilizamos um modelo murino no qual os animais infectados sucumbem a infec¢do. Neste
sentido, animais infectados com a cepa letal PcchAJ foram tratados com 7,5 mg/kg de violaceina
por 11 dias consecutivos (0-10 pos infecc@o) e a taxa de sobrevivéncia avaliada. Como podemos
verificar na Figura 17, 100% dos animais nao tratados sucumbiram a infec¢ao enquanto 80% dos
animais tratados sobreviveram a ela (P< 0,001, teste Log Rank). Esses dados revelam que a

violaceina apresenta efeito protetor, mesmo ao se utilizar parasita murino bastante agressivo e,
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portanto, se extrapolarmos a sua atividade para infec¢des em humanos, a violaceina poderia ser

utilizada nos casos de maldria grave.
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Figura 17. Atividade antimalarica da violaceina em formas sanguineas de PcchAJ, uma
cepa letal. Curva de sobrevivéncia de camundongos C57BL/6 (n=8 para cada grupo) infectados
com 10°EI de PcchAlJ e tratados diariamente via 1.p. (dia 0-10 pos-infec¢do) com 7,5 mg/Kg de
violaceina ou com DMSO 1,25% (controle). A caixa cinza representa os dias de tratamento.

3. Atividade antimalarica da violaceina encapsulada em PLGA

Todos esses resultados somados demonstram a capacidade antimalérica da violaceina e seu
potencial como droga de escolha no tratamento da maldria. No entanto, a fim de aperfeicoar a
atividade antimaldrica da violaceina, nds obtivemos em associacdo com os grupos do Prof.
Marcelo Brocchi (Instituto de Biologia, Departamento de Genética, Evolucdo e Bioagentes) e

Prof. Nelson Durdn (Instituto de Quimica, Departamento de Quimica Bioldgica), uma nova
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formulacdo da violaceina baseada em nanoparticulas (NP-violaceina) que aumentou sua
solubilidade e estabilidade.

Nesse sentido, P. falciparum 3D7 cultivados por 48h na presenca de diferentes concentracoes
de NP-violaceina apresentaram inibicao similar a violaceina livre (Figura 18), com ICsy de 730

NM, revelando que a encapsulag¢do nao alterou a atividade antimaldrica da violaceina.
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Figura 18: Atividade antimalarica da NP-violaceina in vitro contra formas sanguineas de P.
Jalciparum 3D7. P. falciparum 3D7 (parasitemia 1%, hematdcrito 2%) foram incubados em
candle jar com diferentes concentracdes de NP-violaceina ou meio (controle), a 37°C por 48
horas. A inibicdo da parasitemia foi calculada através da férmula: % Inibicdo = 100 — [(CPM
amostra — CPM Eritrocitos sadios / CPM Controle — CPM Eritrécitos sadios) x 100]. Os
resultados estdo expressos como a média de quadruplicatas + desvio padrao.

Uma vez que nos ensaios in vitro, a NP-violaceina apresentou atividade similar a violaceina
livre, verificamos a atividade antimaldrica da NP-violaceina in vivo frente a formas sanguineas de
PcchAS. Para isso, 5 animais infectados com PcchAS foram tratados com 7,5 mg/kg/dia a partir

do dia O pds-infeccdo. Entretanto, no dia 3 pds-infeccdo e tratamento todos os animais
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sucumbiram, mostrando elevada toxicidade da NP-violaceina (Figura 19). Essa elevada
toxicidade do composto encapsulado, provavelmente deve-se ao fato da violaceina ser liberada de
forma gradual quando encapsulada (Melo et al., 2009; Martins et al., 2010). Neste sentido, estudo
in vitro da cinética de liberagdo da NP-violaceina mostrou que a liberacdo da violaceina das
nanoparticulas tem uma explosao inicial apds trés horas de incubacdo, seguida de uma liberacio
gradual. Tal comportamento sugere que o sistema tenha violaceina em sua superficie externa ou
misturado com a superficie externa da matriz (sendo, portanto, facilmente liberado em
incubagdes com curto espaco de tempo) e um conteido interno de droga que € liberado
gradualmente, chegando a uma liberacdo de 80% do teor inicial apés 72 horas (Martins et al.,

2010).
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Figura 19: Toxicidade da NP-violaceina em animais infectados com PcchAS. Curva de
sobrevivéncia de camundongos C57BL/6 (n=5 para cada grupo) infectados com 10° EI de
PcchAS e tratados diariamente i.p.(dia 0-10 pds-infec¢do) com 7,5 mg/Kg de violaceina ou com
solucdo salina(controle). P< 0,05 violaceina versus controle (Teste Log Rank).
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Portanto, antes de avaliar a atividade antimalarica in vivo da NP-violaceina € necessario o
estudo da farmacocinética desse composto, definindo o tempo de liberacdo e meia vida da NP-
violaceina, assim como concentracdes plasmadticas toxicas desse composto. Diante disso, a

atividade antimalarica in vivo da NP-violaceina ndo foi determinada.

4. Atividade antimalarica da violaceina complexada a nanotubos de carbono

Nas tltimas duas décadas, uma série de particulas em nanoescala foi desenvolvida para o uso
terapéutico. Uma propriedade interessante e muito ttil dos NTs € sua capacidade de penetrar nas
membranas celulares, proporcionando uma rota de entrega de cargas para o citoplasma e, em
muitos casos, para o nuicleo das células (Kam et al., 2006). O mecanismo pelo qual isso ocorre
ndo é bem entendido, mas pode ser mediado por endocitose (Kam et al., 2006) ou insercao direta
dos nanotubos através de membranas celulares (Pantarotto et al., 2004). Portanto, NTs tém sido
estudados para entrega intracelular de proteinas e peptideos e farmacos (drug delivery) (Martin &
Kohli, 2003).

Para investigar se a violaceina funcionalizada com diferentes NTs apresenta atividade
antimaldrica potencializada, devido a um delivery mais eficiente, avaliamos a capacidade das trés
formulacdes (NT1-Violaceina, NTC2-Violaceina, SW-Violaceina) em inibir o crescimento
parasitario de P. falciparum 3D7. Como podemos observar na Figura 20, nesse ensaio a
violaceina na concentrag¢do de 825 nM (ICso pré-determinada para P. falciparum 3D7) foi capaz
de inibir em 31% o crescimento parasitario. J4 quando avaliada a atividade antimalérica dos trés
NTs livres (0,28 pg/ml), nenhum deles foi capaz de inibir o crescimento parasitario. A violaceina

(825 nM) funcionalizada com os trés diferentes NTs ndo foi capaz de potencializar a inibi¢ao da
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parasitemia que foi similar a inibi¢do pela violaceina livre (31%, 35%, 37% e 33% para
Violaceina, NT1-Violaceina, NTC2-Violaceina e SW-Violaceina, respectivamente). A nao
potencializacdo da atividade da violaceina pela funcionalizagdo com NTs pode ser devido a falha
no processo de funcionaliza¢do, uma vez que nao determinamos a eficicia deste procedimento.
Até entdo ndo hd uma ferramenta adequada para determinar a porcentagem de composto que
realmente foi incorporado pelo NT e o quanto de composto e/ou NT permaneceram livres e,
portanto a atividade da violaceina funcionalizada com os diferentes NTs pode ter sido similar a

da violaceina livre, pois esta poderia estar livre e ndo incorporada aos NTs.

Figura 20: Atividade antimalarica da violaceina funcionalizada com trés diferentes NTs in
vitro contra formas sanguineas de P. falciparum 3D7. P. falciparum 3D7 (parasitemia 1%,
hematdcrito 2%) foram incubados em candle jar com a violaceina funcionalizada com trés
diferentes nanotubos (NT-1, NTC2 e SW), os trés nanotubos puros ou a violaceina livre, a 37°C
por 48 horas. A inibi¢do da parasitemia foi calculada de acordo com a férmula % Inibicao = 100
— [(Parasitemia amostra — background Eritrécitos Sadios / Parasitemia Controle — background
Eritrécitos sadios) x 100]. Os dados apresentados sdo a média e desvio padrao de quadruplicata
em cada condicao.
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5. Atividade antimalarica da violaceina in vitro contra P. vivax

Para investigar a atividade antimaldrica da violaceina contra formas sanguineas de P. vivax,
foram coletados 13 isolados provenientes de pacientes que procuraram atendimento médico no
Ambulatério da FMT em Manaus- Amazonas. Dentre os 13 isolados, somente 9 apresentaram
desenvolvimento adequado in vitro. O desenvolvimento in vitro foi considerado adequado
quando a porcentagem de esquizontes apds 48h de cultivo em candle jar, era maior, similar ou
até 50% da parasitemia do mesmo isolado no tempo 0 (Russell et al., 2003). Entdo, procedemos a
avaliacdo da atividade antimalarica da violaceina através de ELISA nos 9 isolados restantes. O
ensaio de ELISA s6 foi considerado satisfatorio quando a leitura da DO do poco controle (sem
droga) fosse maior ou igual a 0,5; sendo assim os isolados que obtiveram leitura menor foram
descartados. Ao final, somente em 4 dos 13 isolados foi possivel avaliar a atividade antimalarica.
Como podemos observar na Tabela 2, em 3 dos quatro isolados, nenhuma dose de violaceina
testada foi capaz de inibir o desenvolvimento parasitirio e, portanto nao foi possivel fazer o
célculo da ICsy. No unico isolado que inibiu o desenvolvimento parasitario, a ICsy foi de 3241
NM, bem acima do encontrada para P. falciparum 3D7 (825 nM). Nos mesmos isolados também
testamos a atividade da cloroquina e do artesunato. Em todos os isolados a cloroquina inibiu o
desenvolvimento parasitdrio e a ICsy média foi de 269,3 nM (206,5-485,8 nM), bastante superior
a ICsg encontrada para P. falciparum 3D7 (30,82 nM). J4 o artesunato inibiu o desenvolvimento
parasitdrio em trés dos quatro isolados e a ICsp média foi de 33,61 nM (9,5-54,2 nM) também

acima da ICs para P. falciparum 3D7 (3,2 nM).
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Tabela 2: ICso (nM) da violaceina, cloroquina e artesunato encontrada para diferentes
isolados de Plasmodium vivax.

ICso MM)
Violaceina Cloroquina Artesunato
Isolado 1 NI 206,5 37,08
Isolado 4 NI 271,9 54,2
Isolado 6 NI 112,9 9,55
Isolado 11 3241 485,8 NI
P. falciparum 3D7 825 30,82 3,2

NI: Nio Inibiu

Esses dados geram bastante divida, uma vez que todas as drogas testadas apresentaram ICs
bastante superior a ICsy para P. falciparum e também a encontrada na literatura para P. vivax
(Russell et al., 2003; Kaewpongsri et al., 2011; Chotivanich et al., 2009). Assim, questionamos a
eficdcia da nossa metodologia em investigar a atividade antimaldrica contra P. vivax.

A parasitemia periférica de pacientes com maldria vivax geralmente é bastante baixa, e
ensaios para medir o desenvolvimento parasitdrio através da quantificagdo de pLDH por ELISA
tem sua eficicia reduzida quando iniciados com baixa parasitemia (Basco et al., 1995). Segundo
Basco et al. (1995), para uma performance 6tima do ensaio quando se utiliza isolados frescos €
necessario iniciar com parasitemias enre 1 e 2%. E mais, Kaewpongsri et al. (2011) mostraram
que a presenga de leucdcitos durante os ensaios de atividade antimalarica aumentou a ICsy de
cloroquina e artesunato em relagdo ao mesmo isolado testado apds a remog¢do de leucécitos. E
como em nossos ensaios ndo utilizamos nenhuma técnica para remog¢do de leucécitos, podemos
ter obtidos valores equivocados de ICsy para as drogas testadas. Portanto, € necessario aprimorar

a técnica de avaliacdo da atividade antimaldrica em P. vivax, testando diferentes metodologias
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simultaneamente, como microscépica (Russell et al., 2011; Kaewpongsri et al., 2011), marcacio
com fluoréforo e contagem em citdmetro de fluxo (Malleret et al., 2011) e ELISA (Druilhe et al.,

2007) antes de avaliar a agao antimaldrica de novos compostos.
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Conclusoes
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Com os dados apresentados neste capitulo, podemos concluir que a violaceina:

1. Nao apresentou citotoxicidade in vitro sob eritrocitos humanos nao infectados em
concentracoes menores que 12 uM e também ndo se mostrou téxica em animais naive
tratados com 7,5 mg/kg/dia durante 11 dias consecutivos, sendo a toxicidade nos animais
avaliada quanto a sobrevida, peso e densidade de eritrocitos.

2. Apresentou atividade antimaldrica in vitro contras as formas sanguineas de P. falciparum
3D7 e S20, mas ndo contra formas sanguineas de P. vivax.

3. Apresentou atividade antimaldrica in vivo contras as formas sanguineas de P. chabaudi
chabaudi:

a. Quando administrada por 11 dias consecutivos a partir do dia 0, foi capaz de inibir o
crescimento parasitario nos animais infectados com PcchAS em diferentes doses;

b. Na maior dose testada (7,5 mg/kg/dia) evitou a recrudescéncia parasitaria, mesmo
sem a pressao da droga e reduziu em 80% a mortalidade de animais infectados com a
cepa letal PcchAlJ;

c. Foi capaz de inibir o crescimento parasitirio quando administrada apds o
estabelecimento de infeccao patente (tratamento entre os dias 5-10 pds-infeccdo).

4. Quando encapsulada em PLGA apresentou atividade antimaldrica in vitro contra formas
sanguineas de P. falciparum 3D7 similar ao composto livre, mas foi téxica aos animais
infectados com PcchAS quando administrada diariamente na dose de 7,5 mg/kg.

5. Quando funcionalizada com trés diferentes formulagdes de nanotubos de carbono (NT-1,

NTC2, SW) nio teve atividade antimaldrica aumentada em relacdo ao composto livre.
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Capitulo 2

Imunopatogénese na
malaria vivax
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1. Malaria e Imunopatogénese

Dentre as espécies de Plasmodium que infectam o homem, sabe-se que o P. falciparum € o
mais virulento, sendo responsdvel por cerca de 90% das mortes por maldria (WHO, 2011). P.
falciparum é conhecido pela sua capacidade em aderir ao endotélio capilar e pds-capilar
(processo conhecido como citoaderéncia), e esta capacidade estd associada a patologia da maldria
grave, como MC, maldria associada a gravidez (PAM) e sindrome do desconforto respiratdrio
agudo (ARDS) (MacPherson et al., 1985; Rowe et al., 1995; Newbold et al., 1999; Roberts et al.,
2000; Pain et al., 2001).

A citoaderéncia refere-se a um conjunto de mecanismos no qual os eritrécitos infectados por
formas maduras de P. falciparum se ligam a receptores expressos na superficie de diferentes
células do hospedeiro (Figura 21). Dentre esses mecanismos destacam-se: a sequestragdo, que
corresponde a retirada das formas maduras do parasita da circulacdo periférica para a
microvasculatura, onde aderem as células endoteliais; a formacdo de rosetas, que é a adesao de
eritrocitos infectados a outros nao infectados; e a autoaglutinacio, que corresponde a adesdo entre

eritrécitos infectados, podendo esta ser mediada por plaquetas (Handunetti et al., 1992; Ho &

White, 1999).
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Figura 21: Adesao de eritrécitos infectados por Plasmodium falciparum (PF-Els) a células
humanas. Adaptado de Rowe et al., 2009.
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Como a citoaderéncia estd relacionada a gravidade da doenca, os fatores que medeiam a
adesdo t€m sido o foco de numerosos estudos (Franke-Fayard et al., 2010). Estes estudos
resultaram na identificagdo de proteinas do parasita (ligantes) e do endotélio do hospedeiro
(receptores) que estdo diretamente envolvidas no processo (Kraemer & Smith, 2006; Sherman et
al., 2003; Deitsch & Hviid, 2004; Gamain et al., 2007; Sharma, 1991; Craig & Scherf, 2001;
Baruch, 1999).

A infeccdo do eritrécito por P. falciparum acarreta em modificacdes morfoldgicas e estruturais
da membrana eritrocitica, com o aparecimento de protuberancias elétrondensas denominadas
knobs. Estas protuberancias foram descritas como sendo os locais pelos quais os Pf-Els aderem a
superficies endoteliais (Sharma, 1991). Os knobs sdo constituidos por diversos polipeptidios, tais
como a proteina de membrana 1 do eritrécito infectado por P. falciparum (PfEMP-1). Esta
proteina € expressa a partir de 60 genes varidveis (var) por genoma haploide do parasita. Devido
a recombinacgdo ectopica que ocorre entre regioes teloméricas que contém os genes var, 0 numero
de alelos € muito grande. Entretanto, apesar desta variabilidade, apenas uma variante antigénica é
expressa na superficie dos Pf-Els de cada vez (Craig & Scherf, 2001). Isto possibilita um
constante e eficiente escape da resposta imune antes que sejam formados novos anticorpos que
revertam a citoadesdo. Por este mecanismo, a PFEMP-1 € capaz de mediar uma ampla gama de
interacOes adesivas a diversos receptores endoteliais, incluindo o CD36 (Cluster of
Differentiation 36) (Ockenhouse et al., 1989), a ICAM-1 (Intercelular Adhesion Molecule 1)
(Berendt et al., 1989) e a CSA (Chondroitin Sulfate A) (Robert et al., 1995; Rogerson et al.,
1995). Muitas dessas moléculas do hospedeiro, que podem agir como receptores de adesdo para
Pf-Els, tém sido identificados in vitro utilizando células endoteliais, no entanto o papel de cada

uma delas na patogénese da malaria permanece incerto (Beeson & Brown, 2002).
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Acredita-se que a citoadesdo de Pf-EI seja importante para a sobrevivéncia do parasita, uma
vez que os eritrocitos modificados pela infeccdo por Plasmodium sao reconhecidos como
anormais pelo bago e retirados da circulacdo juntamente com o parasita intracelular (Wyler,
1983). Portanto, ao citoaderir no endotélio, o eritrocito infectado nido circula evitando sua
depuracdo pelo baco (Berendt et al., 1990). Além disso, acredita-se que a citoaderéncia possa
aumentar a taxa de reinvasdo de eritrocitos, elevando a densidade populacional. Neste sentido,
trabalho de Handunnetti et al. (1989) sugere que a formacdo de rosetas propiciaria um maior
contato entre os merozoitos liberados pelos esquizontes e os eritrocitos ndo infectados,
aumentando a eficiéncia da reinvasdo. Outro trabalho sugere que o sequestro de Pf-EI possa
garantir um ambiente mais favoravel a maturacdo parasitiria (Ho & White, 1999).

A adesdo de Pf-Els as células endoteliais pode ocorrer na microvasculatura de varios orgaos e
tecidos, como coragdo, pulmao, cérebro, rins, figado, tecido adiposo e placenta (Rowe et al.,
2009; Baruch et al., 1999). Diversos fatores estdo envolvidos na citoadesao de P. falciparum ao
endotélio, entre eles podemos destacar os elevados niveis de citocinas circulantes, como TNF-a,
que propicia um aumento na quantidade de receptores presentes no endotélio devido sua ativacio
via NF-xB e as plaquetas que aderem a parte da proteina multimérica Von Willebrand Factor
(VWEF) presente no endotélio ativado, e podem aumentar a citoaderéncia de P. falciparum agindo
como ponte entre as células endoteliais e os eritrécitos infectados (Pf-Els) (Schoefield & Grau,
2005). Como resultado desse processo, observa-se a obstru¢do microvascular (Dondorp et al.,
2004; Dondorp et al., 2008), distirbios metabdlicos, como a acidose (Planche & Krishna, 2006) e
liberacdo de mediadores inflamatérios (Schoefield, 2007; van der Heyde et al., 2006), que podem
combinar-se causando manifestacdes clinicas graves e até morte do hospedeiro (Rowe et al.,

2009).
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Entre as formas graves da doenca a PAM € a manifestacdo na qual a patogénese é melhor
compreendida. O acimulo de Pf-EI no espaco interviloso da placenta (Rogerson et al., 2007), em
muitos casos associado com infiltrados de mondcitos e macréfagos (Ordi et al., 2001), e alta
expressao de citocinas pré-inflamatérias (Ordi et al., 1998; Rogerson et al., 2003) estd associado
a patogénese na PAM levando a abortos, retardo de crescimento intra-uterino, partos prematuros
e baixo peso da crianca ao nascimento (Brabin et al., 2004). Sabe-se que esse sequestro
parasitdrio € mediado pela forma VAR2csa de PFEMP1 que se liga a CSA no tecido placentério,
e que os parasitas da placenta quase sempre transcrevem o gene que codifica esta proteina (Duffy
et al., 2006; Tuikue Ndam et al., 2005; Salanti et al., 2003). Como o parasita na placenta, quase
sempre, apresenta o mesmo fendtipo (VAR2css), uma imunidade especifica contra as formas
placentarias do parasita € adquirida apds sucessivas gestacoes, podendo prevenir o sequestro e,
dessa maneira, evitar a cascata de eventos inflamatérios que conduzem ao agravamento da
doenca (Schoefield & Grau, 2005, Beeson & Duffy, 2005).

Ja a MC, responsavel pelas complicacdes mais sérias e pelo maior nimero de mortes das
infeccdes por P. falciparum (Mackintosh et al., 2004), tem sua patogénese pouco compreendida e
muitos trabalhos discutem os fendmenos patolégicos por detrds desta doenca. Neste sentido,
existem duas principais teorias para explicar a patogénese da MC humana. A primeira, teoria da
obstru¢do mecanica, proposta hd mais de cem anos e confirmada por numerosos estudos
posteriores, sugere que a MC é uma conseqiiéncia direta do seqiiestro de eritrdcitos, que acarreta
na obstrucao do fluxo cerebral e hipéxia cerebral (Berendt et al., 1994). A segunda, a teoria da
inflamacao, sugere que a MC ¢ resultado de uma resposta imune exacerbada, na qual citocinas do

tipo Thl, especialmente TNF-o (fator de necrose tumoral alfa) e IFN-y (interferon gama),
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apresentam um papel central no processo (Clark & Rockett, 1994). O mérito relativo destas duas
teorias tem sido extensivamente debatido, e existe um consenso em considerar uma hipétese
conciliatéria (van der Heyde et al., 2006). De fato, parece que a combinagcdo da obstrucio
mecanica, imunopatologia e outros mecanismos como a disfun¢do da homeostase e complicacdes
metabdlicas seja fundamental no desencadeamento da sindrome neurolégica (Combes et al.,
2006).

O aumento da permeabilidade dos capilares alveolares, resultando em perda de fluido
intravascular para os pulmdes parece ser a chave do mecanismo fisiopatolégico por detrds das
manifestacdes graves pulmonares (lesdo pulmonar aguda- ALI, e ARDS) (Mohan et al., 2008).
Neste sentido, acredita-se que o sequestro de EI nos capilares pulmonares e a consequente
liberacdo de proteinas parasitdrias na regido, atrairiam neutréfilos, macroéfagos e mondcitos para
o tecido, ativando-os e a consequente producdo de citocinas pro-inflamatdrias provocaria dano no
endotélio vascular levando ao aumento da permeabilidade dos capilares alveolares (Mohan et al.,
2008).

As outras manifestagdes de gravidade t€m sua patogénese pouco compreendida e estudos mais
aprofundados em pacientes ou modelos sdo necessdarios para elucidar os mecanismos
fisiopatoldgicos envolvidos na doenca.

Apesar de ser mais descrito em P. falciparum, o fendbmeno de citoaderéncia € comum em
outras espécies de Plasmodium. Por exemplo, a formacdo de rosetas ja foi descrita em todas as
espécies que infectam o homem (Handunnetti et al., 1989; Angus et al., 1996; Lowe et al., 1998;
Udomsangpetch et al., 1995; Chotivanich et al., 1998; Russell et al., 2011) e em espécies que
infectam outros mamiferos (Mackinnon et al., 2002; Udomsangpetch et al., 1991). A

autoaglutinacio, foi descrita ndo s6 em P. falciparum (Roberts et al., 1992), mas também em P.
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knowlesi (Knisely et al., 1941). Dentre os parasitas que infectam o homem o sequestro foi
verificado somente em P. falciparum, embora ja tenha sido descritas para algumas espécies de
roedores (Franke-Fayard et al., 2010; Cox et al., 1987; Coquelin et al, 1999; Mota et al., 2000;

Neres et al., 2008; Franke-Fayarad et al., 2006).

2. Malaria vivax e gravidade

Embora a mortalidade por P. vivax seja considerada baixa quando comparada a infec¢do por
P. falciparum, sua morbidade € elevada. Neste sentido, ao contrdrio dos 70-80 milhdes de casos
anuais previamente descritos (Mendis et al., 2001) para a infec¢do por P. vivax, dados recentes
estimam que esse nimero alcance de 130 a 435 milhdes de casos a cada ano (Hay et al., 2004).
Além disso, estudos recentes sugerem que o impacto clinico causado por essa infec¢do tem sido
subestimado e que seu impacto econdmico nunca foi adequadamente considerado (WHO, 2011).

Nos dltimos 10 anos, as complicagdes graves observadas em infec¢des por P. falciparum, que
incluem insuficiéncia renal, ictericia, ARDS, MC, convulsdes, anemia, hiperparasitemia,
trombocitopenia, edema pulmonar, ruptura do baco e morte, também foram relatadas para P. vivax
em varios paises (Figura 22) (Kochar et al., 2005; Kochar et al., 2007; Kochar et al., 2009; Tjitra et
al., 2008; Tanwar et al., 2011; Lomar et al., 2005; Alexandre et al., 2006; Andrade et al., 2010;
Lacerda et al., 2011; Anstey et al., 2007). Apesar do diagndstico na maioria dos casos ter sido feito
através da coloracao de Giemsa, alguns destes trabalhos utilizou a técnica de PCR (reacdes de

polimerase em cadeia) para exclusdo de infec¢do mista.
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Mudangas sistémicas: acidose metabdlica, choque e
faléncia multipla de 6rgaos.
Eventos adversos relacionados a drogas: hemdlise em
pacientes GOPD deficientes.

Cérebro: coma, convulsdes repetidas

Pulmiao: ALI, ARDS, edema
pulmonar néo cardiogénico.

Figado: ictericia, “hepatite
malarica”

J Misculo: Rabdomiliosis.

-~ Bago: hematomas,
lesdes ou ruptura.

L. Rins: insuficiéncia
renal aguda.

+———"| Sangue: anemia,
] I"l:"- trombocitopenia,
sangramento
anormal, CID.

—_— Feto: baixo peso,
mortalidade
infantil.

Figura 22: Clinica associada a infeccoes por P. vivax. CID: Coagulacio Intravascular
Disseminada. Adaptado de Bassat & Alonso (2011).

No Brasil, por exemplo, 234 mortes por maldria vivax foram oficialmente reportadas entre os
anos de 1998 e 2008 (Oliveira-Ferreira et al., 2010). Ainda, um estudo recente na cidade de
Manaus, Amazonas, mostrou um aumento do nimero de internacdes hospitalares de pacientes
infectados por P. vivax (Santos-Cinimera et al., 2007). Neste sentido, estudo clinico com 17
pacientes hospitalizados em Manaus, com diagndstico microscopico e molecular (PCR) para P.

vivax, revelou gravidade clinica, em sua maioria, relacionadas a ictericia e anemia grave
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(Alexandre et al., 2010). Em outro estudo na cidade de Buritis, Rondonia, além de anemia grave e
ictericia, a maior causa de gravidade nas infec¢des exclusivas (confirmada por PCR) por P. vivax
foi insuficiéncia respiratéria (Andrade et al., 2010). Neste estudo, dos 19 pacientes apresentando
maldria grave (segundo critério da OMS para P. falciparum), 6 sucumbiram a infecc¢do, 4 por
ARDS e 2 por insuficiéncia renal (Andrade et al., 2010). Também, foi observada uma associagao
entre a gravidade e o aumento nas citocinas inflamatérias TNF-a, IFN-y e no balango IFN-y/IL-10,
bem como nos niveis de proteina C reativa, creatinina sérica e bilirrubina (Andrade et al., 2010).

Estudo na Papua, Indonésia, entre os anos de 2004 e 2007, demonstrou que nesta regidao
pacientes com maldria vivax apresentam mais chances de desenvolver maldria grave que pacientes
com maldria falciparum, e mais a taxa de mortalidade foi similar entre pacientes com
monoinfec¢do por uma das duas espécies (Tjitra et al., 2008). Similarmente aos relatos no Brasil,
os principais quadros de gravidade na Papua foram a anemia grave (83%) e insuficiéncia
respiratoria (11%), embora também tenha sido elevada a frequéncia de coma entre esses pacientes
(6%) (Tjitra et al., 2008).

Na India, diversos estudos vem relatando manifestacdes graves em infecgdes por P. vivax
(Kochar et al., 2005; Kochar et al., 2007; Kochar et al., 2009; Tanwar et al., 2011; Yadav et al.,
2011; Mohapatra et al., 2002; Sarkar et al., 2010; Kute et al., 2011; Singh et al., 2011). Neste
sentido, um primeiro estudo publicado em 2002 relatou algumas manifestagdes consideradas na
época atipicas em infecgdes por P. vivax, como ictericia (7,2%), anemia grave (7,2%) e
manisfestagdes cerebrais (0,9%) (Mohapatra et al., 2002), no entanto estas manifestagdes pareciam
ser esporadicas e ndo foi descartada a possibilidade de infec¢Oes mistas por PCR. Estudos na

regido do Rajastdo, India, reportaram diversas manifestacdes grave em mono-infec¢des por P.
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vivax, confirmada por PCR (Kochar et al., 2005; Kochar et al., 2007; Kochar et al., 2009; Tanwar
et al., 2011). Entre os quadros de gravidade encontrados estdo anemia grave, ictericia, MC, ARDS,
insuficiéncia renal, sangramentos anormais e inclusive disfun¢do mudltipla de 6rgdos. Nesses
estudos, o pior progndstico (quatro mortes entre sete pacientes com esse quadro) estd relacionado a
ARDS (Kochar et al., 2005; Kochar et al., 2009).

Semelhante ao que tem sido observado no Brasil, Papua e India, um ndmero crescente de
casos com complicacdes na maldria vivax tém sido relatadas em todo o mundo (Baird et al., 2007;
Bassat & Alonso, 2011; Anstey et al., 2009; Costa F.T., 2011), confirmando que ha de fato um
aumento do nimero de casos graves exclusivamente associado com infec¢do por P. vivax. No
entanto, se essa gravidade esta diretamente associada a mudancas na biologia do parasita, aumento
de resisténcia as drogas antimaldricas ou a presenca de comorbidades ainda é uma questdo de
debate (Bassat & Alonso, 2011; Costa et al., 2011).

Devido a auséncia de knobs, de genes var e de proteinas homologas a PfTEMP-1, por muito
tempo inferiu-se que P. vivax ndo era capaz de citoaderir ao endotélio. Atualmente, com a
crescente documentacdo de casos graves de infec¢des por P. vivax (Price et al., 2007; Kochar et
al., 2005; Kochar et al., 2007; Kochar et al., 2009; Barcus et al., 2007; Tjitra et al., 2008; Genton
et al., 2008; Tanwar et al., 2011) inclusive na Amazonia Brasileira (Alexandre et al., 2010,
Andrade et al., 2010; Lacerda et al., 2011) e também a existéncia no genoma de P. vivax de
familia de genes subteloméricos variantes (vir) (del Portillo et al., 2001), essa inferéncia vem
sendo questionada. Ainda, mesmo sem apresentar knobs, Pv-Els sao capazes de formar rosetas
(Udomsangpetch et al., 1995, Chotivanich et al., 1998; Russell et al., 2011); bem como, alguns
plasmddios de roedores, como P. berghei e P. chabaudi, que também nao possuem knobs, sao

capazes de citoaderir ao endotélio (Franke-Fayard et al., 2010; Cox et al., 1987; Coquelin et al.,
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1999; Mota et al., 2000; Neres et al., 2008; Franke-Fayard et al., 2006). Estes achados sugerem
que a citoadesdo ao endotélio € uma caracteristica antiga dentro deste género, nao restrita ao P.
falciparum, aos knobs ou a PFEMP-1.

Ainda, apesar de estudos documentando a presenga de todos os estdgios de P. vivax no sangue
periférico de pacientes infectados, o sequestro de P. vivax chegou a ser proposto hd mais de 50
anos, ao se observar que apenas uma pequena propor¢cdo de estdgios maduros do parasita
(esquizontes) € encontrada na circulacio periférica (Leeson et al., 1957).

Neste sentido, estudo recente de nosso grupo demonstrou que Pv-EI obtidos de pacientes com
maldria ndo grave da Amazonia brasileira foram capazes de citoaderir em condi¢Oes estaticas e
de fluxo em criocortes de placenta, células endoteliais de pulmdo (HLEC) e de cérebro (SBEC).
Apesar do numero de Pv-EIl aderidos por mm®, sob condigdes estdticas, ter sido 10-15 vezes
menor do que de Pf-EIl, a for¢a de interacdo da adesdo sob condi¢des fisiolégicas (ensaios de
fluxo) foi similar nos dois parasitas (Carvalho et al., 2010).

Neste mesmo trabalho, para identificar os potenciais receptores endoteliais envolvidos na
citoadesdo de Pv-El, células CHO transfectadas com diferentes receptores endoteliais foram
utilizadas em ensaios de adesdo. Neste sentido, foi encontrada maior adesdo de Pv-EI a células
transfectadas com ICAM-1 em comparagdo a células transfectadas com CD36 ou sem
transfeccdo. Além disso, a adesdo de parasitas a células endoteliais foi inibida pela adi¢do de
CSA soldvel, embora o tratamento das mesmas células com condroitinase-ABC ndo tenha
afetado a adesdo (Carvalho et al., 2010). Estes resultados sugerem que a CSA ndo estd
diretamente envolvida na adesdo de Pv-EI, e como a CSA possui carga altamente negativa devido

a presenca de grupos sulfato, € possivel que a inibicdo da citoadesdo por CSA tenha sido
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sustentada por interacdes eletrostaticas e ndo através da competi¢ao pelo receptor (Costa et al.,
2011).

Como em P. falciparum a citoadesdo é mediada por proteinas codificadas através de genes
varidveis (var), foi questionado se as proteinas VIR expressas a partir de uma superfamilia génica
variante (vir) poderiam mediar a citoadesdo de Pv-EI. Neste sentido anticorpos policlonais contra
proteinas VIR de duas diferentes subfamilias (VIRgs € VIRa5) foram capazes de inibir a adesdo
ex vivo de Pv-El a células endoteliais (Carvalho et al., 2010). Além disso, devido a auséncia de
um método de cultivo prolongado de P. vivax, Bernabeu et al. (2011) utilizaram P. falciparum
3D7 transfectados com 3 antigenos VIR de diferentes subfamilias (subfamilia A- VIR;7;
subfamilia C- VIR 4 e subfamilia D- VIR () para acessar o papel dessas proteinas no fendmeno
de citoadesdo. Dos trés antigenos testados, dois (VIR;4 e VIR;p) foram exportados para a
membrana eritrocitdria, e somente um deles (VIR4) foi capaz de mediar adesdo a diferentes
receptores endoteliais expressos em CHO em condi¢Oes estdticas. Entretanto em condig¢Oes
fisiolégicas, esses parasitas s6 foram capazes de aderir a CHOjcam (Bernabeu et al., 2011).

Ainda, trabalho com autépsias de 17 pacientes, que sucumbiram a infeccdo por maldria vivax
no Brasil, observou que ARDS ¢é uma das principais patologias associadas a complicagdes nesse
parasita e mais a presenca de Pv-Els nos capilares pulmonares desses pacientes, mesmo na
auséncia de parasitemia periférica, sugere fortemente a existéncia de citoadesdo in vivo (Lacerda
M. V. G., comunicagdo pessoal).

Coletivamente esses dados indicam que Pv-EI sdo capazes de citoaderir a diferentes receptores
endoteliais e que pelo menos em parte essa citoadesdao ¢ mediada por proteinas VIR; e mais
juntos esses trabalhos dao suporte a ideia de que essa citoadesdo, a0 menos parcialmente, exerce

algum papel na patogénese observada na maléria vivax.
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1. Objetivo Geral

Avaliar o fendmeno de citoadesao em isolados de P. vivax da Amazdnia brasileira, quanto a
capacidade adesiva em células endoteliais e a formacao de rosetas antes e apds o amadurecimento

de Pv-El in vitro.

2. Objetivos Especificos

2.1 Avaliar a capacidade adesiva de Pv-EI coletados diretamente de pacientes infectados ou
amadurecidos in vitro em cé€lulas endoteliais e seus receptores.

2.2 Comparar as taxas de citoadesdo de Pv-EI coletados diretamente de pacientes infectados e
amadurecidos in vitro.

2.3 Verificar se os receptores envolvidos na citoadesdo de Pv-EI amadurecidos in vitro s@o
similares ou ndo aos receptores envolvidos na citoadesdo de Pv-EI coletados diretamente de
pacientes infectados.

2.4 Verificar e quantificar a formacdo de rosetas por Pv-El coletados diretamente de pacientes

infectados ou amadurecidos in vitro.
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Meétodos
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1. Procedimentos com o paciente

A unidade de satde de selecao de pacientes foi a FMT-HVD, situada em Manaus- AM,
unidade de referéncia da SUSAM para o atendimento de pacientes com doengas infecciosas.

Os individuos que obedeceram aos critérios de inclusao foram informados e convidados a
participar do projeto. Os pacientes que aceitaram participar do estudo fizeram a leitura e
concordiancia do TCLE (Anexo). Posteriormente foi preenchido um Questiondrio (Anexo) e
coletados cerca de 10 ml de sangue por puncdo venosa (um tubo com EDTA). Apds o
preenchimento do questiondrio e coleta de sangue, o paciente recebeu atendimento médico e

tratamento antimaldrico apropriado dando seguimento a rotina ambulatorial da FMT-HVD.

1.1 Critérios de inclusao

e Pacientes com mais de 18 anos.
e Pacientes com diagndstico microscopico positivo para maldria vivax com parasitemia

maior ou igual a uma cruz (1- parasito/campo).

1.2 Critérios de nio inclusdo.

e Pacientes com diagndstico microscopico ou molecular (por PCR) para maléria por P.

falciparum, ou co-infec¢do vivax e falciparum (malaria mista).

e Mulheres com histdria de gestacdo atual.

e Paciente na vigéncia de tratamento antimaldrico.
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1.3 Critério de exclusao a posteriori

e Pacientes com diagndstico molecular para P. falciparum ou infec¢do mista

2. Isolamento e amadurecimento de Pv-EI

Os eritrdcitos foram ressuspensos em PBS (50% hematdcrito) e a suspensao foi passada por
duas colunas de celulose CF11 (seringa de 10 ml com 1 cm’ de 1 de vidro e 5 cm® de celulose
CF11) sucessivamente para a remog¢ao de leucdcitos (Sriprawat et al., 2009). O obtido da coluna
foi entdo lavado uma vez em meio RPMI, e o pellet ressuspenso em meio RPMI (hematdcrito
20%). Em seguida, 5 mL dessa suspensdo foi transferida para tubo plastico conico de 15 mL.
Com auxilio de uma pipeta Pasteur longa, 5 mL de uma solucdo de Percoll® 45% (GE
Healthcare, USA) em RPMI foram depositados abaixo da suspensdo de eritrécitos. O material foi
centrifugado a 1.500g por 20 minutos, em baixa aceleracdo e sem freio para formacdo de
gradiente (Carvalho et al., 2010). Apds a centrifugacdo os eritrécitos sadios estavam depositados
no fundo do tubo, enquanto as formas maduras eram encontradas na interface. Os eritrdcitos
infectados foram retirados da interface e trés lavagens em meio RPMI foram feitas para a
completa remogio da solucdo de Percoll®. Apés a tltima lavagem os eritrécitos infectados foram
ressuspensos em meio RPMI, o nimero de eritrdcitos totais contado com o auxilio da Camara de
Neubauer e a parasitemia pés Percoll® determinada por meio de esfregacos corados com
Panético Rapido (Laborclin). Parte dos Pv-EI foi utilizado logo apds o enriquecimento por
Percoll® e parte foi mantida em cultivo (37°C, atmosfera de 5% de O,) para amadurecimento, em

meio McCoy 5A (Sigma, USA) contendo D-glicose e 20% de plasma humano AB+
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decomplementado, até que a maioria dos parasitas tenha atingido o estdgio de esquizonte (16-

24h) (Russell et al., 2011)

3. Cultivo de Células

Nos ensaios de citoadesao foram utilizadas células endoteliais do pulmao humano (HLEC) e
células de ovario de hamster chinés (CHO). HLEC foi cultivada em meio DMEM/HAM F12
(Nutricell, Brasil) suplementado com 30 pg/mL de fator de crescimento de células endoteliais
(ECGS, Sigma, USA) e 10% de SFB, e CHO cultivadas em meio RPMI 1640 suplementado com
10% de SFB. As células foram mantidas em incubadora com pressdo constante de 5% de CO; e

37°C.

4. Ensaio de Citoadesao

As células foram cultivadas em laminas de oito pocos com 0,69 cm” cada (Culture Slides,
Becton & Dickinson), até atingirem confluéncia total. Apds 3 lavagens com meio de adesdo
(Meio RPMI pH 6,8), foram adicionados 5 x 10* Pv-EI em cada poco, amadurecidos ou ndo,
seguido de incubagdo durante 1h. Apds este periodo, os eritrécitos ndo aderidos foram removidos
por meio de extensivas lavagens em meio de adesdo em condi¢des estiticas. Em seguida, as
laminas foram fixadas e coradas com o kit Pandtico Rdpido. O ndmero de eritrécitos infectados,
ou nao, aderidos a monocamada endotelial foi contado com auxilio de microscépio, e a adesao foi
expressa como a média + desvio padrdo do nimero de eritrcitos por mm?* observados em 3

POCoOS.
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Como as células HLEC expressam diferentes receptores (ICAM-1, CSA, CD36, E-Selectina,
entre outros), a fim de averiguar quais deles estdo envolvidos na citoadesdo de P. vivax, foram
adicionados em alguns pocos, juntamente com Pv-EI, 10 pug/ml de anticorpos monoclonais
(mADb) contra CD36 (clone FA6-152, Santa Cruz) ou contra ICAM-1 (clone 84H10, Chemicon)
ou ainda 100 pg/ml de CSA solivel (CSA salt from bovine trachea- Sigma, USA). Em alguns
ensaios de citoadesdo em HLEC, foi adicionado plasma do préoprio paciente (autdlogo) durante a
incubacao das células com Pv-EI.

Nos ensaios com as células CHO foram utilizados dois clones celulares diferentes: CHO745
que nao expressa CD36, CSA e ICAM-1 (Andrews et al., 2005), e CHOk; que ndo expressa
CD36 e ICAM-1 (Golnitz et al., 2008), mas expressa fortemente CSA. Além disso, foram

utilizadas células CHO~45 transfectadas com CD36 ou ICAM-1.

5. Ensaio de Rosetas

Para o ensaio de rosetas, Pv-EI amadurecidos ou ndo foram incubados em placa de 96 pocos a
37°C por 1h em meio RPMI com 20% de soro AB (Sigma, USA) ou plasma do préprio paciente
(volume total de 50 uL, hematdcrito de 4%, parasitemia de 2%). Apds a incubacdo, foi
adicionado 5 pL de Acridine Orange (200 uM ) e a porcentagem de rosetas [ 100x (n° de parasitas
em rosetas/ n° de parasitas totais)] foi quantificada com auxilio de microscopdcito de
fluorescéncia Nikon. Foram considerados parasitas em rosetas quando mais de trés eritrécitos

sadios estavam aderidos ao eritrdcito parasitado.
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6. Tipagem sanguinea

Foi feita a tipagem sanguinea de todos os isolados utilizados nos ensaios de roseta com
auxilio de um kit (Ebram). Resumidamente os eritrécitos foram ressuspensos em solugdo salina
(hematdcrito 20%) e uma gota dessa solucdo foi colocada junto a uma gota de solu¢do contendo
0s soros com os anticorpos (anti-A, anti-B, anti-AB) sobre lamina. Ap6s homogeneizar com o
auxilio de uma ponteira, foi verificada a aglutinacdo do sangue na presenca de cada um dos

anticorpos. A tipagem foi feita de acordo com a Tabela 3.

Tabela 3: Tipagem sanguinea ABO.

Tipo sanguineo Anti-A Anti-B Anti-AB
A Aglutinado N3ao aglutinado N3ao aglutinado
B Nao aglutinado Aglutinado N3ao aglutinado
AB Aglutinado Aglutinado Aglutinado
O N3ao aglutinado N3ao aglutinado N3ao aglutinado

7. Citometria de fluxo

Para verificar a porcentagem de Pv-EI com IgG aderidos antes e pds-amadurecimento
realizamos a marcag¢do dupla de Pv-EI com brometo de etideo (Sigma, USA), para marcar o
parasita, e anti-IgG conjugado com Alexa 488 (Invitrogen, USA) para marcac¢do do anticorpo.
Para constru¢do do gate, utilizamos Pv-EI sem marcacdo e para eliminacido de background nos

diferentes filtros Pv-El também foi marcado com cada fluoroféro separadamente. Apds 5
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lavagens, Pv-EI marcado ou ndo foi fixado em Solu¢do 2% de Paraformaldeido (Sigma, USA)

em PBS e a leitura no citdmetro se deu em no maximo 24h.

8. Analise Estatistica

A andlise estatitica deste trabalho foi efetuada com o auxilio do software Prism™ versdo 5.0
(Graphpad, USA). Para comparar a frequéncia dos estdgios de desenvolvimento de P. vivax na
circulacdo periférica utilizamos o teste Kuskall-Wallis. O teste utilizado para comparagdo de
porcentagem de esquizontes antes e pos o amadurecimento foi o teste t pareado. Para comparar as
taxas de adesdo em diferentes condicoes utilizamos o teste t pareado ou Teste U Mann-Whitney.

A 4nalise da correlagdo foi feita através do teste de Spearman.
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1. Amadurecimento de Pv-EI

Recentemente, nosso grupo demonstrou que formas circulantes de Pv-EI, diferente do que se
acreditava, apresentam capacidade adesiva ex vivo a diferentes células endoteliais e em criocortes
de placenta, no entanto essa adesao foi 10-15 vezes menor que em P. falciparum (Carvalho et al.
2010). Em P. falciparum somente os trofozoitos jovens estdo circulantes na corrente periférica
dos pacientes, o restante dos estdgios estdo sequestrados na microvasculatura de diferentes
Orgdos, e assim os ensaios de adesdo com isolados desse parasita sio efetuados apds algum tempo
de cultivo para o seu amadurecimento (Cojean et al., 2008). Diante disto, nos questionamos se ao
utilizar as formas que estdo na circulagcdo periférica do paciente, ndo estivamos excluindo dos
ensaios os estagios que realmente tem capacidade adesiva.

Embora diversos estudos afirmem que todos os estdgios de desenvolvimento de P. vivax
encontram-se na circulacdo periférica, nossas observacdes, que corroboram com as de Leeson
(Leeson, 1957), demonstram uma baixa porcentagem de esquizontes na circulacdo periférica de
pacientes com maldria vivax em relacdo a outros estagios de desenvolvimento (Figura 23A). A
porcentagem de Pv-EI na circulacdo periférica de pacientes em esquizonte foi em média de 9,5%
(variando entre 0 e 50%), a de trofozoitas jovens foi de 68,5% e de trofozoitas maduros de 22,0%
(Figura 23B). Esta baixa porcentagem de esquizontes de P. vivax nos leva a pensar que estes
estdgios estdo se desenvolvendo em algum outro local que ndo a circulagdo periférica e, portanto
podemos especular que estas formas devam estar sequestradas, aderidas em algum 6érgio deste

paciente.
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Figura 23: Porcentagem de Pv-EI nos diferentes estagios de desenvolvimento presentes na
circulacdo periférica dos pacientes. (A) Porcentagem de Pv-EIl nos diferentes estdgios de
desenvolvimento em cada um dos 12 isolados. (B) Média e desvio padrdao da porcentagem de Pv-
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** p<0,01 trofozoitas jovem versus esquizonte (teste Kruskal-Wallis- Dunn’s post-test).

Para verificar a capacidade adesiva dos esquizontes de P. vivax, que sdo encontrados em

baixas porcentagens na circulagdo periférica de pacientes, desenvolvemos uma técnica para
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amadurecimento de Pv-El. Como podemos observar na Figura 24, apds 16-24h de cultivo in
vitro, a porcentagem de esquizontes nos isolados aumentou (9,6% antes de amadurecer para
57,2% pbés-amadurecimento). Entretanto, em alguns isolados, mesmo apds 24h de
amadurecimento, ndo foi possivel a obtencdo de esquizontes; em outros, no entanto, conseguimos

obter 100% dos parasitas no estigio de esquizonte (Figura 24).
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Figura 24: Porcentagem de Pv-EI esquizontes antes e apods cultivo de 16-24 horas para
amadurecimento. Cada ponto corresponde a um isolado e o traco central é a média dos 12
isolados testados.

** p<0,01 esquizontes (%) direto versus esquizontes (%) apds 16-24h de cultivo (teste t pareado).

2. Citoadesao de Pv-EI amadurecidos

Para verificar se esquizontes de P. vivax apresentam maior capacidade adesiva que
trofozoitos, formas que estdo circulantes na corrente periférica dos pacientes, realizamos ensaios

de citoadesao em HLEC com Pv-EI em dois diferentes momentos: direto da circulagdo periférica
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e pos-amadurecimento (18-24 h de cultivo). Como podemos observar na Figura 25, a citoadesdo
de Pv-EI amadurecidos in vitro em HLEC foi cerca de 4 vezes maior que a citoadesdo de Pv-EI

retirados da circulacdo de pacientes (em média 27,8 El/mm? e 7,0 EI/mmZ, respectivamente).
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Figura 25: Citoadesao de Pv-EI em HLEC antes e apds cultivo de 16-24 horas para
amadurecimento. 5 x 104/pogo Pv-El amadurecidos ou ndo foram deixados aderir a
monocamada de células HLEC durante 1 hora a 37 °C. Apds este periodo, os eritrdcitos nao
aderidos foram removidos por meio de extensivas lavagens e Pv-EI aderidos foram contados. (A)
Citoadesdo expressa em EI/mm2 de Pv-El em HLEC antes e p6s amadurecimento. Cada ponto
representa um isolado e o traco central a média dos 10 isolados testados. (B) Fotomicrografia da
citoadesdo de Pv-El em HLEC antes e p6s-amadurecimento.

** p<0,01 Citoadesdo de Pv-EI direto versus Citoadesao de Pv-EI apds 16-24h de cultivo (teste t
pareado).

108




Uma vez que o amadurecimento propiciou o aumento da porcentagem de esquizontes e
também o aumento na capacidade adesiva de Pv-EIl, entendemos que os esquizontes de P. vivax
obtidos no amadurecimento foram os responsiveis pela maior capacidade adesiva de Pv-EIL
Neste sentido, estudos in vivo utilizando o Plasmodium murino P. berghei ANKA demonstraram
que os esquizontes ficam sequestrados na microvasculatura tecidual do animal e mais, que esse
processo € finamente regulado, uma vez que o sequestro s ocorre em parasitas que ja iniciaram a
divisdo nuclear (Franke-Fayard et al., 2010). Neste trabalho, os animais foram infectados com
esquizontes de P. berghei ANKA sincronizados in vitro, e logo apds a infecg@o ja era possivel
observar trofozoitos jovens na circulacdo periférica dos animais, no entanto apds 18-22h horas da
infec¢do ndo era possivel encontrar parasitas circulantes, exatamente no momento que in vitro o
parasita estava no estagio de esquizonte, levando a conclusdo de que os parasitas estavam
sequestrados e ndao mais circulantes quando neste estagio (Franke-Fayard et al., 2010).

Nossos dados sugerem que esquizontes sdo as formas responsdveis pela citoadesdo, no
entanto, em alguns isolados ndo encontramos esta relagdo. Neste sentido, em dois isolados (11-05
e 11-10), que mesmo apds 24 horas de amadurecimento ndo houve aumento na porcentagem de
esquizontes, a citoadesdo também foi potencializada (Figura 26A, Tabela 4). E ainda em outros
dois isolados (11-01 e 11-03), mesmo o amadurecimento aumentando a porcentagem de

esquizontes, a citoadesao antes e pds amadurecimento foi similar (Figura 26B, Tabela 4 ).
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Tabela 4: Citoadesao de Pv-EI em HLEC antes e apds cultivo de 16-24 horas para
amadurecimento. Quantidade de Pv-EI em esquizontes em porcentagem e citoadesdo expressa
em EI/mm?2 antes e pds amadurecimento. Em cinza, pacientes nos quais nao ha relacdo entre o
aumento da porcentagem de esquizontes € 0 aumento na citoadesdo.

16-24h de cultivo

Isolados Esquizontes Citoadesao Esquizontes Citoadesao
(%) (E/mm’) (%) (E/mm®)
11-01 1,3 21.0+5.6 85,6 21.7+119
11-02 1,5 152+3.7 77,0 542 +5.5%
11-03 2,5 8.0+2.1 78,5 152+74
11-04 1,0 25+1.0 39,9 25.7 +8.9*
11-05 0,0 42+34 0,0 52.0+£11.3%
11-06 0,0 43+1.1 50,0 64.2 +20.8*
11-09 42,6 99+1.1 50,0 16.3+0.7*
11-10 50,0 82+2.0 11,0 19.7 + 6.8*
11-11 2,3 25+1.38 20,0 6.2 +2.2*
11-12 5,0 28+1.3 77,0 26.1 +7.0*

* p<0,05 Citoadesao direto versus Citoadesao ap6s 16-24h de cultivo (teste U de Mann Whitney).
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Figura 26: Citoadesao de Pv-EI em HLEC antes e apods cultivo de 16-24 horas para
amadurecimento, relacionando com os estagios de desenvolvimento dos isolados nos dois
momentos. 5 x 104/p090 Pv-EI amadurecidos ou ndo foram deixados aderir a monocamada de
células HLEC durante 1 hora a 37 °C. Apds este periodo, os eritrcitos ndo aderidos foram
removidos por meio de extensivas lavagens e Pv-El aderidos foram contados. Resultados sdo
expressos como a média de 4 pogos + desvio padrdo. (A) Citoadesdo dos isolados 11-01 e 11-03
em HLEC. Nestes isolados, mesmo com o aumento da porcentagem de esquizontes pds-
amadurecimento, a citoadesao foi nao foi potencializada. (B) Citoadesao dos isolados 11-05 e 11-
10 em HLEC. Nestes isolados a citoadesdo foi potencializada pés-amadurecimento mesmo sem
ter havido aumento na porcentagem de esquizontes.

* p<0,05 Citoadesao direto versus Citoadesao apés 16-24h de cultivo (teste U de Mann-Whitney).
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Assim nos questionamos, se algum outro fator propiciado pelo amadurecimento de Pv-EI in
vitro seria o responsavel pelo aumento na citoadesao. Neste sentido, sabemos que a presenga de
anticorpos contra os antigenos expressos na superficie de Pf-EI sdo capazes de bloquear e
também reverter a citoadesdo de Pf-El a receptores endoteliais in vitro (Sharling et al., 2004).
Como o amadurecimento poderia propiciar ndo s6 uma mudanca no padrdo de antigenos
expressos na superficie de Pv-EI, mas também na presencga de anticorpos capazes de bloquear os
ligantes parasitdrios responsdveis pela adesdo, investigamos o quanto a presenca de anticorpos
aderidos a Pv-EI poderia estar influenciando a capacidade adesiva desse parasita nos dois
momentos avaliados: direto da circulacdo periférica e pds-amadurecimento (18-24 h de cultivo).
Como podemos observar na Figura 27, a porcentagem de IgG aderidos a Pv-EI foi
significativamente menor pds-amadurecimento (74,4% e 20,8%, antes e pos amadurecimento
respectivamente). E, portanto, a menor quantidade de anticorpos aderidos a Pv-EIl, além do
aumento na porcentagem de esquizontes, pode ser responsavel pela maior capacidade adesiva de

Pv-EI amadurecido in vitro.
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Figura 27: Porcentagem de IgG aderidos a Pv-EI antes e apés cultivo de 16-24 horas para
amadurecimento. Pv-El obtidos pds Percoll ou pds-amadurecimento foram duplamente
marcados com brometo de etideo e anti-IgG conjugado com Alexa e por citometria de fluxo foi
determinada a porcentagem de Pv-EI positivos para Alexa (com IgG aderidos). Resultados
expressos sdo a média e desvio padrdo de 3 diferentes isolados.

* p<0,05 Direto versus 16-24h de cultivo (teste U de Mann-Whitney).

No entanto, se existem anticorpos contra as proteinas expressas em Pv-El antes de
amadurecer circulantes no soro de pacientes, existem anticorpos circulantes contra as proteinas
expressas nos estagios obtidos pds-amadurecimento in vitro. E assim, se IgG aderidas aos
antigenos Pv-El retiradas diretamente da circulagdo periférica estdo realmente bloqueando a
citoadesdo destes a HLEC, ao incubarmos os parasitas pOs-amadurecimento com SOro
provenientes do mesmo paciente que o isolado estariamos aumentando a porcentagem de IgG
aderidos a Pv-EI e consequentemente diminuindo a capacidade adesiva do mesmo. Entdo,
realizamos novos ensaios de citoadesio em HLEC com Pv-EI nos dois momentos avaliados,
direto da circulagdo periférica e pos-amadurecimento (16-24 h de cultivo), no entanto na presenca
de soro do proprio paciente (autélogo). Como podemos observar na Figura 28, a citoadesdo de

Pv-EI amadurecidos nao foi reduzida na presenca de soro autélogo, mas sim potencializada. Isto
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nos leva a acreditar que ndo é a presenca de IgG aderidas a Pv-EI que estd bloqueando a

citoadesdo dos parasitas coletados diretamente da circulagao.

A
15+ # )
o &3 Direto
@@ 16-24h de cultivo
104
N
£
g *
i
5-
T
il | |
Meio Soro Autdélogac
B
2001 # .
&3 Direto
- @ 16-24h de cultivo
150+
N
£
E 100+
17}
50 *
Meio Soro Autdlogao

Figura 29: Citoadesao de Pv-EI em HLEC antes e apds cultivo de 16-24 horas para
amadurecimento, na presenca ou nio de soro autélogo. 5 x 10*/poco Pv-EI amadurecidos ou
ndo foram deixados aderir a monocamada de células HLEC durante 1 hora a 37 °C, na auséncia,
ou na presenca de soro autdlgo (1/50). Apds este periodo, os eritrécitos nao aderidos foram
removidos por meio de extensivas lavagens e Pv-El aderidos foram contados. Resultados sdao
expressos como a média de 4 pocos + desvio padrao. (A) Citoadesao do isolado 11-11 em HLEC.
(B) Citoadesao do isolado 11-12 em HLEC.

* p<0,05 Citoadesao direto versus Citoadesdo apés 16-24h de cultivo (teste U de Mann-Whitney).
** p<0,01 Citoadesdao direto versus Citoadesdo ap6s 16-24h de cultivo (teste U de Mann-

Whitney).
# p<0,05 Citoadesao apos 16-24h de cultivo meio versus soro autélogo (teste t Mann-Whitney).
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Portanto, a citoadesao de Pv-EI ap6s o amadurecimento nao foi potencializada pela auséncia
de anticorpos que bloqueassem esse fendmeno, mas sim pela presenga de formas mais maduras
nos isolados pés cultivo. Neste sentido, de acordo com o coeficiente de relagdo de Spearman
observou-se que existe correlacdo significativa entre a porcentagem de esquizontes e a taxa de
citoadesdo em HLEC nos diferentes isolados em ambos os momentos avaliados (Rs = 0,47; p =

0,01; n = 20) (Figura 29).

Rg=0,47 *

Esquizontes (%)

Figura 29: Correlacao de Spearman entre porcentagem de esquizontes e citoadesao de Pv-
EI em HLEC expressa em EI/mm®.
* p<0,05 (Correlag@o de Spearman)

Assim, nossos dados indicam que o aumento na frequéncia de esquizontes de P. vivax estd
relacionado com o aumento na capacidade adesiva de Pv-El, sugerindo que a presenca de
antigenos com expressdo elevada ou exclusiva neste estigio sejam os responsaveis pela maior
capacidade adesiva do mesmo. Neste sentido, estudo do transcriptoma de formas sanguineas de
P. vivax, que avaliou a expressdao de RNA,, em diferentes estdgios do parasita, mostrou que 52

genes vir, 13 pvtrag (familia génica associada a evasido do sistema imune) e outros 156 genes
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hipotéticos tem sua expressdo aumentada justamente durante a esquizogonia, diferente de P.
falciparum no qual os genes de familias antigé€nicas tem sua expressdo silenciada em estdgios
mais maduros (Bozdech et al., 2008).

Além disso, o fato da citoadesao de Pv-EI amadurecidos ter sido potencializada pela presenga
de soro autélogo (Figura 28), nos leva ao fato da existéncia de algum mediador da citoadesdo no
soro desses pacientes. Neste sentido, ensaios in vitro com P. falciparum mostraram que a
presenca de TNF-a, LT-0, plaquetas e microparticulas de diferentes origens sdo capazes de
potencializar a citoadesdo (Schoefield & Grau, 2005). Qual o papel desses na citoadesdo de P.
vivax € incerto, mas nossos dados abrem perspectiva para estudos posteriores investigando o

papel de cada um deles nesse fendmeno.

3. Receptores envolvidos na citoadesao de Pv-EI amadurecidos

Uma vez verificada a maior capacidade adesiva de Pv-ElI amadurecido in vitro,
provavelmente pela presenca de estdgios mais avancados do desenvolvimento de P. vivax, nos
questionamos se a citoadesdo de Pv-El amadurecido in vitro poderia se dar em receptores
diferentes daqueles observados no parasita coletado diretamente da circulagdo periférica do
paciente.

Para isso, além de utilizarmos inibidores especificos ou competidor da citoadesdo a alguns
dos receptores presentes na HLEC (mAb contra CD36 e ICAM-1, CSA soldvel), utilizamos
linhagens celulares expressando majoritariamente um dos receptores avaliados (CHOkj,

expressando CSA e CHO74s transfectadas com CD36 ou ICAM-1). A citoadesdo na presenca dos
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inibidores ou competidor e nas células CHO foram realizados com Pv-EI antes e pods
amadurecimento e a taxa de citoadesao foi quantificada e comparada nos dois momentos.

Como podemos observar na Figura 30, a CSA solidvel inibiu a citoadesdao de Pv-EI apods
amadurecimento em HLEC nos trés isolados testados, mas s6 foi capaz de inibir a citoadesdo de
Pv-EI circulantes na corrente periférica no isolado 11-10 (Figura 30C). Como podemos observar
na Figura 30C, o paciente 11-10, diferente da maioria dos pacientes aqui analisados, apresentava
elevada porcentagem de esquizontes circulantes na corrente sanguinea (50%). E, portanto, o fato
da CSA soluvel ter competido com receptores nas células endoteliais e inibido a citoadesdo deste
isolado antes do amadurecimento deve-se, provavelmente, a essa elevada porcentagem de
esquizontes. Em outro dos isolados testados (11-05), o cultivo de 16 a 24 horas nao foi eficaz na
obten¢do de maior porcentagem de esquizontes, entretanto da mesma maneira que nos outros
isolados a CSA soluvel inibiu significativamente a adesdo de Pv-EI pds amadurecimento em
HLEC (Figura 31B). Contudo, apesar do cultivo ter sido ineficaz na obtengdo de esquizontes no
isolado 11-05, os parasitas amadureceram durante a incubacdo e passaram do estigio de
trofozoito jovem para trofozoito maduro. Portanto, a CSA solivel foi capaz de inibir ndo s6 a
citoadesdo de esquizontes de Pv-EI (Figura 30), mas também trofozoitas maduros (Figura 30B e

300).

117



Tl e T e

# 80-

801
Inibicdo: 46,5% Inibigao: 70,2%
60- T 60 T
~ S * o~
£ S £
£ 404 SEE £ 404 S
ﬁ NI G i .
S NI S
20+ SR 20+ S
0 = T 0 F%,i .i
Direto Maduro Direto Maduro
C
[ Trofozoito jovem
I Trofozoito maduro
Hl Esquizonte
25- Inibicdo: 47,7%
E3a Meio
20+ T @l CSAs
NE 15+ *
£ Inibicdo: 56,1%
o104 -
S *
5_ S
LD

Direto Maduro

Figura 30: Citoadesao de Pv-EI em HLEC antes e apds cultivo de 16-24 horas para
amadurecimento, na presenca ou nio de CSA solivel (CSAs). 5 x 10*poco Pv-EI
amadurecidos ou ndo foram deixados aderir a monocamada de células HLEC durante 1 hora a
37°C, na auséncia, ou na presenca de CSAs (100ug/mL). Apds este periodo, os eritrdcitos nao
aderidos foram removidos por meio de extensivas lavagens e Pv-EI aderidos foram contados.
Resultados sdo expressos como a média de 4 pogos + desvio padrio. (A) Citoadesdo do isolado
11-02 em HLEC. (B) Citoadesao do isolado 11-05. (C) Citoadesao do isolado 11-10..

NI: Nao inibiu.

* p<0,05 Citoadesao direto versus Citoadesdo ap6s 16-24h de cultivo (teste U de Mann-Whitney).
# p<0,05 Inibicdo antes de amadurecer versus inibicdo pds-amadurecimento (teste U de Mann-

Whitney).
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A citoadesdo ao receptor CSA também foi avaliada através de ensaios de adesdao de PvEI
a CHOkj, célula que expressa CSA e nao expressa CD36 e ICAM-1. No isolado 11-08, a
citoadesdo a CHOk; foi similar antes e pds o cultivo por 16-24 horas in vitro (Figura 31). O
isolado 11-08 ja apresentava 100% das formas maduras antes do amadurecimento (92,3%
trofozoitas maduros e 7,6% esquizontes). E, portanto o fato da citoadesao nao ter sido diferente
nos dois momentos avaliados deve-se a presenca de formas maduras antes e pos-
amadurecimento. Isso corrobora com os dados encontrados nos ensaios com a CSA solivel, nos
quais o receptor CSA parece estar envolvido na citoadesdo tanto de trofozoitos maduros quanto
de esquizontes. Entretanto, no isolado 11-07 a citoadesdo de Pv-EI a CHOk; foi menor pods
amadurecimento in vitro que a citoadesdo de Pv-EI retirados diretamente da circulagdo, mesmo
tendo atingido 100% de formas maduras (trofozoitas e esquizontes) depois do amadurecimento,
em comparacdo a somente 30% (trofozoitas maduros) antes do cultivo (Figura 31). Isso
contrapoe os dados obtidos anteriormente, que mostraram que a adesdo ao receptor CSA se da
por formas maduras de P.vivax. Uma explicagdo para esses dados seria a existéncia de outros
receptores existentes nas células CHOg; que possam estar envolvidos na citoadesdo de formas
jovens de Pv-El. Outra possibilidade é a da CSA soluivel estar atuando, ndo s6 competindo com o
receptor CSA de HLEC, mas também inibindo a adesdo a outros receptores através de ligacdes
eletrostéticas (Costa et al., 2011). Neste sentido, trabalho anterior do nosso grupo mostrou que a
CSAs foi capaz de inbir a citoadesdao de PVEI, enquanto o tratamento das células com
condroitinase ABC, enzima que cliva as condrotinas A,B e C, ndo inibiu (Carvalho et al., 2010),

sugerindo que a CSA solivel esteja inibindo a adesdo a outros receptores que nao a CSA.
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Figura 31: Citoadesdo de Pv-EI em CHOg; antes e apds cultivo de 16-24 horas para
amadurecimento. 5 x 10%poco Pv-EI amadurecidos ou ndo foram deixados aderir a
monocamada de CHOx; durante 1 hora a 37 °C. Apds este periodo, os eritrocitos nao aderidos
foram removidos por meio de extensivas lavagens e os Pv-El aderidos foram contados.
Resultados sdo expressos como a média de 4 pocos + desvio padrao.

* p<0,05 Citoadesao direto versus Citoadesao apds 16-24h de cultivo (teste U de Mann-Whitney).

A capacidade adesiva de PvEI, antes e pés-amadurecimento, ao receptor CD36 das células
HLEC foi investigada utilizando mAb contra CD36 para bloquear a citoadesdo a esse receptor.
Como podemos observar na Figura 32, o mAb CD36 foi capaz de inibir a citoadesdo de PvEI
somente pds o amadurecimento in vitro nos dois isolados testados, sugerindo que as formas
maduras obtidas no cultivo sdo capazes de aderir a esse receptor, enquanto as formas mais jovens
ndo. A inibi¢do da citoadesdo por mAb CD36 foi de 70,5% no isolado 11-02, que apresentava
77% dos PVEI em esquizonte e de 47,1% no isolado 11-05, que apresentava 100% dos PvEI em

trofozoita maduro.
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Figura 32: Citoadesao de Pv-EI em HLEC antes e apds cultivo de 16-24 horas para
amadurecimento, na presenca ou nio de mAb CD36. 5 x 10*/poco Pv-EI amadurecidos ou ndo
foram deixados aderir a monocamada de células HLEC durante 1 hora a 37 °C, na auséncia, ou
na presenca de mAb CD36 (10ug/mL). Apds este periodo, os eritrocitos ndo aderidos foram
removidos por meio de extensivas lavagens e Pv-El aderidos foram contados. Resultados sdao
expressos como a média de 4 pocos + desvio padrao. (A) Citoadesdo do isolado 11-02 em HLEC.
(B) Citoadesao do isolado 11-05.

NI: Nio inibiu.

* p<0,05 Citoadesao direto versus Citoadesao apds 16-24h de cultivo (teste U de Mann-Whitney).
# p<0,05 Inibicdo antes de amadurecer versus inibicdo pds-amadurecimento (teste U de Mann-

Whitney).
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Nos ensaios utilizando células CHO transfectadas com CD36 (CHOcp3g), em um dos
isolados testados (11-08) a capacidade adesiva de Pv-EI ap6s 16 a 24 horas de cultivo in vitro foi
4 vezes maior que do que antes do cultivo (Figura 33). Importante ressaltar que neste isolado, o
amadurecimento resultou em 100% de esquizontes contra 7,6% antes do amadurecimento,
sugerindo que a maior capacidade adesiva se deva ao desenvolvimento de esquizontes poés-
cultivo (Figura 33). No outro isolado (11-07) a capacidade adesiva de Pv-EIl a CHOcp36 antes e
pos-amadurecimento foi similar (Figura 33) e o amadurecimento resultou em 100% de formas

maduras, mas uma baixa porcentagem de esquizontes (2,5%).
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Figura 33: Citoadesao de Pv-EI em CHOcp3¢ antes e apés cultivo de 16-24 horas para
amadurecimento. 5 x 104/p0g0 Pv-El amadurecidos ou ndo foram deixados aderir a
monocamada de CHOcp3¢ durante 1 hora a 37 °C. Ap6s este periodo, os eritrécitos ndo aderidos
foram removidos por meio de extensivas lavagens e os Pv-El aderidos foram contados.
Resultados s@o expressos como a média de 4 pogos + desvio padrao.

* p<0,05 Citoadesao direto versus Citoadesdo ap6s 16-24h de cultivo (teste U de Mann-Whitney).
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Estes dados somados sugerem fortemente que as formas maduras de P. vivax apresentam
capacidade adesiva a CD36, e mais que os esquizontes parecem ser o principal envolvido na
adesdo a esse receptor. Esses dados corroboram com os achados em P. berghei ANKA que
mostram o envolvimento desse receptor no sequestro de esquizontes nos pulmdes e tecido
adiposo dos animais, uma vez que animais deficientes na expressao de CD36 apresentaram
reducdo na quantidade de parasitas aderidos nesses tecidos em relacio a animais que
expressavam o receptor (Franke-Fayard et al., 2005). Ainda, o fato das complicagdes em
pacientes com maléria vivax serem muitas vezes por manifestacdes pulmonares, do receptor
CD36 estar relacionado a citoadesdo de esquizontes de parasitas murinos nesse Orgdo e da
capacidade adesiva de esquizontes de Pv-EI nesse receptor sugerem que o CD36 pode estar
envolvido na imunopatogénese da malaria grave por P. vivax.

Ao avaliar a capacidade adesiva de Pv-EI ao receptor ICAM-1 das células HLEC,
verificamos que o mAb ICAM-1 foi capaz de inibir a adesdo dos isolados que apresentavam
maior porcentagem de Pv-EIl em esquizonte, 11-02 pds-amadurecimento (77% de esquizontes,
inibicdo de 44,3%) e 11-10 antes de amadurecer (50% de esquizontes, inibicao de 42,1%), mas
ndo dos isolados com baixa porcentagem deste estdgio, 11-02 antes do amadurecimento (1,5% de
esquizontes) e 11-10 pdés-amadurecimento (11% de esquizontes) (Figura 34). Estes dados
sugerem que assim como CD36, o receptor ICAM-1 estaria envolvido pricipalmente na

citoadesdo de esquizontes de Pv-EI.
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Figura 34. Citoadesao de Pv-EI em HLEC antes e apds cultivo de 16-24 horas para
amadurecimento, na presenca ou nio de mAb ICAM. 5 x 10*/poco Pv-EI amadurecidos ou
ndo foram deixados aderir a monocamada de células HLEC durante 1 hora a 37 °C, na auséncia,
ou na presenca de mAb ICAM (10ug/mL). Apds este periodo, os eritrcitos ndo aderidos foram
removidos por meio de extensivas lavagens e Pv-El aderidos foram contados. Resultados sdao
expressos como a média de 4 pocos + desvio padrio. (A) Citoadesdo do isolado 11-02 em HLEC.
(B) Citoadesao do isolado 11-10 em HLEC.

NI: Nio inibiu.

* p<0,05 Citoadesao direto versus Citoadesao apds 16-24h de cultivo (teste U de Mann-Whitney).
# p<0,05 Inibicdo antes de amadurecer versus inibicdo pds-amadurecimento (teste U de Mann-
Whitney).
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Quando realizados ensaios de citoadesao de Pv-EI em células CHOcawm, a citoadesao nao foi
potencializada pds-amadurecimento nos dois isolados testados (Figura 35). Esses dados sugerem
que todos os estdgios de Pv-EI possuem capacidade de aderir a ICAM-1. Neste sentido, trabalho
anterior do nosso grupo mostrou que Pv-EI coletados diretamente da corrente periférica de
pacientes, ou seja com baixa propor¢do de esquizontes em relagdo a outros estdgios do parasita,
apresentava cerca de 2 vezes mais capacidade de aderir a CHOcam que a CHOcp36 (Carvalho et

al., 2010).

@ @ @ ‘ 1 Trofozoito jovem

I Trofozoito maduro
Bl Esquizonte

E3 Direto
Bl Maduro

11-07 11-08

Figura 35: Citoadesao de Pv-EI em CHOjcaym antes e apés cultivo de 16-24 horas para
amadurecimento. 5 x 10%poco Pv-EI amadurecidos ou ndo foram deixados aderir a
monocamada de CHOjcam durante 1 hora a 37 °C. Apos este periodo, os eritrécitos ndo aderidos
foram removidos por meio de extensivas lavagens e os Pv-El aderidos foram contados.
Resultados sdo expressos como a média de 4 pocos * desvio padrao.

Esta informag¢do somada aos dados aqui obtidos indicam que o ICAM-1 € receptor na

citoadesdo de Pv-El inclusive em estdgios mais jovens do desenvolvimento; ja o receptor CD36
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também estd envolvido na citoadesao de Pv-EI, entretanto essa capacidade adesiva parece ser
restrita as formas maduras de P. vivax, em especial, os esquizontes. J4 o envolvimento do
receptor CSA necessita de mais investigagdes, uma vez que a célula CHOg; apresenta outros
receptores que possam estar envolvidos na citoadesao de Pv-EI e a CSA soltvel parece nao ser

um competidor especifico da ligagc@o a esse receptor (Carvalho et al., 2010; Costa et al., 2011).

4. Formacao de Rosetas

Trabalhos anteriores ja descreveram a capacidade de Pv-El em formar rosetas
(Udomsangpetch et al., 1995; Chotivanich et al., 1998; Russell et al., 2011), mas nenhum deles
avaliou os estdgios ou outros fatores envolvidos nesse fenomeno. Neste estudo, a formacao de
rosetas por Pv-EI foi avaliada em 20 diferentes isolados antes e pds-amadurecimento in vitro, na
presenca de soro AB comercial (Serum AB, Sigma, USA) ou na presenca de soro do proprio
paciente (autélogo). Como podemos observar na Figura 36, a formacao de rosetas por Pv-EI
também foi potencializada pelo amadurecimento in vitro do parasita, tanto na presenca de soro
comercial (0,3% para 6,0%, antes e pds-amadurecimento, respectivamente) quanto na presenga
de soro autélogo (5,3% para 43,6%, antes e pés-amadurecimento, respectivamente). Além disso,
a porcentagem de parasitas em rosetas foi significativamente maior na presenca de soro aut6logo,
tanto antes de amadurecer (0,3% para 5,3%, soro AB e soro autélogo, respectivamente), quanto
depois do amadurecimento (6,0% para 43,6%, soro AB e soro autélogo, respectivamente) (Figura

36).
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Figura 36: Formacao de rosetas por Pv-El antes e apods cultivo de 16-24 horas para
amadurecimento, na presenca de soro AB ou soro autdlogo. Média e desvio padrio da
porcentagem de rosetas formada em 20 isolados diferentes.

** p<0,01 Citoadesdo direto versus Citoadesdo ap6s 16-24h de cultivo (teste U de Mann-
Whitney).

*** p<0,001 Citoadesdo direto versus Citoadesdo apds 16-24h de cultivo (teste U de Mann-
Whitney).

# p<0,05 Citoadesdo meio versus soro autélogo (teste U de Mann-Whitney).

Sabe-se que a formacdo de rosetas em P. falciparum também é mediada por PfEMP-1.
Neste sentido, diferente da citoadesdo na placenta que sabidamente ¢ mediada por uma Unica
variante de PFEMP-1 codificada por var,CSA, uma gama de genes var ja foram identificados na
formacdo de rosetas em P. falciparum (Mercereau-Puijalon et al., 2008). E mais, alguns dos
receptores celulares envolvidos na formagdo de rosetas, como CD36, CSA e PECAM, também
estdo envolvidos na citoadesdo ao endotélio (Mercereau-Puijalon et al., 2008). Sendo assim, é
possivel que os ligantes parasitarios e os receptores celulares envolvidos na formagao de rosetas e
na citoadesdo ao endotélio sejam compartilhados. Portanto, como a citoadesdo de Pv-El a
receptores endoteliais in vitro foi aumentada com o amadurecimento do parasita, era esperado

que a formacdo de rosetas também fosse potencializada. Assim, o aumento da formacdo de
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rosetas por Pv-EI apds o amadurecimento, provavelmente, deve-se também ao aumento na
propor¢ao de formas maduras, inclusive esquizontes, apds o cultivo.

A maior capacidade em formar rosetas de Pv-EI na presenca de soro do préprio paciente
nos leva ao fato da existéncia de algum mediador do fendmeno nesse soro. Sabe-se que no soro
existem alguns componentes essenciais para a formacdo de rosetas em P. falciparum.
Recentemente, um trabalho identificou dois desses componentes: o fator D do complemento e
albumina (Luginbuhl et al., 2007). Alguns trabalhos também consideram essencial a presencga de
IgG e/ou IgM obtidas em soros ndo-imunes a maldria (Clough et al., 1998; Fernandez et al.,
1998). Entretanto, ndo sabemos que fator esta presente no soro dos pacientes € nao no soro AB
comercial que tenha propiciado a maior quantidade de rosetas. Talvez o aumento na formacao de
rosetas na presenca de soro aut6logo ndo se deva a presenga de uma unica molécula, mas sim de
uma combinacdo de diferentes componentes, e estudos mais direcionados sdo necessarios para
identificar o que estd envolvido na formacdo de rosetas por Pv-EL

Por fim, avaliamos também o papel do sistema sanguineo ABO na formacdo de rosetas,
uma vez que em P. falciparum alguns trabalhos indicam que pacientes com o tipo sanguineo A e
B apresentem mais rosetas que pacientes com sangue tipo O (Mercereau-Puijalon et al., 2008).
Como podemos observar na Figura 37, ndo houve diferenca significativa na formacao de rosetas
em nenhum dos quatro tipos sanguineos ABO nas diferentes condicdes testadas: antes e pds-

amadurecimento e na presenca de soro autélogo ou soro AB.
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Figura 37. Formacao de rosetas em Pv-El e sistema sanguineo ABO. Envolvimento do
sistema sanguineo ABO na formagao de rosetas por Pv-EI nos 20 isolados testados nas diferentes
condigdes: antes e pés-amadurecimento e na presenca de soro AB ou soro autélogo.

Embora, neste trabalho, ndo tenhamos elucidado os fatores envolvidos na formacgao de
rosetas em P. vivax, os ensaios in vitro conduzidos na presenca de soro aut6logo sdo mais
proximos ao que ocorre na circulagdo dos pacientes in vivo do que na presenga de um soro
comercial (sem os mediadores produzidos na infec¢do malérica), e assim a elevada propor¢ao de
rosetas formadas pelo parasita amadurecido na presenga desse soro (43,6%) nos leva a acreditar

que esse fendmeno possa ter algum papel na patogénese desse parasita.
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Conclusoes
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Com os dados apresentados neste capitulo, podemos concluir que:

1. Em infeccdes por P. vivax, a propor¢cdo de parasitas circulantes no estdgio de esquizontes é
mais baixa que em outros estdgios (trofozoitas jovens e trofozoitas maduros).

2. O cultivo in vitro de Pv-EI por periodo de 16 a 24 horas permite o desenvolvimento do
parasita e culmina com o aumento na propor¢do de formas mais maduras do parasita,
principalmente esquizontes.

3. A citoadesdo de Pv-El em HLEC foi maior nos parasitas que foram cultivados in vitro por 16
a 24 horas que nos parasitas retirados diretamente da circulacdo periférica dos pacientes.

4. A porcentagem de IgG aderidos ao eritrcito infectado é maior em Pv-EI retirados
diretamente da circulacdo periférica de pacientes que em Pv-EI cultivados in vitro por 16 a
24 horas.

5. A taxa de citoadesio de Pv-El em HLEC estd correlacionada positivamente com a
porcentagem de Pv-EI no estdgio de esquizonte.

6. A citoadesdo de Pv-EI em HLEC foi potencializada na presenca de soro autélogo durante o
ensaio, tanto nos parasitas retirados diretamente da circulacdo periférica de pacientes, quanto
nos parasitas cultivados in vitro por 16 a 24 horas.

7. A CSA soluvel foi capaz de inibir a citoadesdo de Pv-EI em HLEC antes (1 entre 3 isolados)
e apos o cultivo in vitro (3 de 3 isolados). A inibi¢do por CSA soluvel s6 se deu quando 50%
ou mais dos parasitas estavam em estagios maduros (trofozoitas maduros e/ou esquizontes).

8. A citoadesdo de Pv-El em CHOk; foi menor apds o amadurecimento em 1 de 2 isolados
testados, mas nao foi possivel relacionar a citoadesdo a CHOg; com o amadurecimento in

vitro e/ou estagio de desenvolvimento parasitdrio.
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O mAb CD36 inibiu a citoadesao de Pv-El em HLEC nos dois isolados testados apds o
cultivo in vitro, mas nao antes do cultivo, sugerindo que o amadurecimento in vitro propiciou
a adesdo a esse receptor.

A citoadesao em CHOcp36 foi maior apds o cultivo in vitro de 16 a 24 horas no isolado 11-08
e isso se deve, provavelmente, a0 aumento na proporc¢ao de esquizontes.

O mAb ICAM inibiu a citoadesdo de Pv-EI em HLEC antes (1 entre 2 isolados) e apds o
cultivo in vitro (1 entre 2 isolados testados). Entretanto em ambos os isolados nos quais
houve inibicdo pelo mAb ICAM a porcentagem de esquizontes era elevada ( maior que
50%), sugerindo que esse estagio seja responsdvel pela citoadesao a esse receptor.

A citoadesdo em CHOqcam foi similar antes e apds o cultivo in vitro de 16 a 24 horas nos
dois isolados testados e, portanto ndo foi possivel relacionar a citoadesio CHOjcam com o
amadurecimento in vitro e/ou estagio de desenvolvimento parasitdrio.

A formagdo de rosetas por Pv-EI foi maior nos parasitas cultivados in vitro por 16 a 24
horas, provavelmente devido a obten¢do de formas mais maduras do desenvolvimento de P.
vivax.

A formacdo de rosetas por Pv-EI foi potencializada na presenca de soro autélogo, , tanto nos
parasitas retirados diretamente da circulagdo periférica de pacientes, quanto nos parasitas
cultivados in vitro por 16 a 24 horas.

A formacgdo de rosetas por Pv-EI nao foi diferente nos diferentes grupos sanguineos do

Sistema ABO.
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TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO (TCLE)

1. DADOS DE IDENTIFICACAO

Nome (Paciente):
Documento de Identidade:
Endereco: CEP:
Cidade: ......ccueeeeuueens Estado................... Fone:

2. DADOS SOBRE A PESQUISA CIENTIFICA
2.1 Titulo: Estudo da biologia de Plasmodium vivax: imunopatogénese, citoadesio e
invasao.
2.2 Investigador Principal: Dr Marcus Vinicius Guimarges Lacerda
2.3 Colaboradores: MSc Stefanie Costa Pinto Lopes, Dra. Letusa Albrecht, Dr. Fabio
Trindade Maranhdo Costa.

3. EXPLICACOES DO PESQUISADOR AO PACIENTE

Vocé estd sendo convidado a participar da pesquisa “Estudo da biologia de Plasmodium
vivax: imunopatogénese, citoadesao e invasdo” na Fundacdo de Medicina Tropical do Amazonas,
Brasil. Vocé foi selecionado por ter visitado a FMT-HVD, hospital de referéncia para o tratamento
da maldria em Manaus, e apresentar essa doenca. A qualquer momento vocé pode desistir de
participar e retirar seu consentimento. Sua recusa nao trard nenhum prejuizo em sua relacdo com o
pesquisador ou com a Instituicdo. O acompanhamento da sua doenca e tratamento continuara sendo
realizado independentemente de vocé estar na pesquisa ou nao.

A cidade de Manaus apresenta, anualmente, um grande nimero de pessoas acometidas com
maldria vivax e algumas dessas pessoas apresentam complica¢des decorrentes da doenca. Pouco se
sabe a respeito da biologia do parasita causador da maldria, sua patogénese e a resposta imune
envolvida durante a infec¢fo. Esse estudo tem como objetivo entender melhor a biologia do
Plasmodium vivax, um dos parasitas causadores da malaria sendo o mais freqiiente em nossa regiao,
e assim ajudar a compreender 0os mecanismos por trds da doenga maldria.

Vocé ndo precisa fazer qualquer coisa especial para participar desse projeto e receberd o mesmo
tratamento e acompanhamento estabelecido pelo Ministério da Saide. Como parte desse estudo nds
coletaremos uma amostra de sangue (cerca de 15 ml) através da puncdo da veia do antebraco
(venopuncgao) feita por técnico de satde da equipe.

Noés gostariamos de sua permissao para fazer testes com os parasitas de maldria nas amostras de
sangue coletadas e para guardar o restante de sangue para ser usado em estudos sobre maldria no
futuro. Isto pode exigir o armazenamento mais prolongado de seu sangue em laboratérios da FMT-
HVD. Para isso seu sangue serd guardado com um cddigo e ndo deverd identificar seu nome,
resguardando sua privacidade.

Vocé pode sentir alguma dor ou desconforto por causa da coleta da amostra de sangue. Mas
qualquer dor deve durar poucos instantes. A amostra de sangue coletada ¢ muito pequena e nao
representa nenhum risco a sua saide. O beneficio em estar participando deste estudo serd o aumento
de informacgdes sobre maldria vivax e vocé ndo receberd nenhum incentivo financeiro paras esse
estudo.
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Se vocé concordar em participar, todas as informagdes coletadas serdo confidenciais, usadas
somente no estudo. N6s ndo compartilharemos suas informacdes e ndo tornaremos ptiblico qualquer
detalhe sobre vocé.

4. CONTATO

Se vocé tiver qualquer pergunta ou preocupacdo sobre o estudo, por favor, vamos esclarecer
isso agora. Mesmo assim se vocé desejar esclarecer suas didvidas sobre a pesquisa, sinta-se a
vontade para contatar o pesquisador principal do projeto Dr. Marcus Vinicius Guimaraes de
Lacerda na Fundagdo de Medicina Tropical, situada no endereco Avenida Pedro Teixeira, n°25,
Bairro Dom Pedro e telefone (92) 3656 0620. O endereco do comité de ética em pesquisa da FMT-
HVD (que é grupo de pessoas que avaliam este projeto e acompanham a pesquisa) ¢ o mesmo
acima e o telefone para contato € o (92) 2127 3432. O presidente deste comité é o Dr Luiz Carlos de
Lima Ferreira.

5. CONSENTIMENTO POS-INFORMADO

Declaro que recebi a explicacdo de que serei um dos participantes dessa pesquisa e entendo
todas as suas etapas e objetivos. Se eu ndo souber ler ou escrever, uma pessoa de minha confianca
lera este documento para mim e depois escreverd nesta pdgina o meu nome e a data do
preenchimento.

E por estar devidamente informado e esclarecido sobre o contetdo deste termo, livremente, sem
qualquer pressdo por parte dos pesquisadores, expresso meu consentimento para minha inclusdo
nesta pesquisa.

Y S
Assinatura do participante Data
I A
Nome do entrevistador Assinatura do entrevistador Data
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QUESTIONARIO

Dados do paciente:
I.Nome: L1111t 1Attt tdttdtdd 4ttt ittt ittt ttdd
2. Sobrenome: Lttt ettt ettty

(et

3. Data de nascimento (dd/mm/aa): L1 1/1 1 1/11]1 Idade (em anos): 11 |
4. Sexo (1= Homem, 2=Mulher): L 1

5. Se for mulher, estd gravida? (1=sim, 2=ndo, 3=ndo sabe, 99=NA) | | |

6. Residéncia:

Bairro: L1 L1 Ittt Lttt il

Cidade: L1111 A LIl Id1I1I111 Estado: L1l

7. Tempo de residéncia nesse local (em anos): L | |

Dados maldria:

8. Maldria (1=vivax, 2=falciparum, 3=malariae, 99= NA): 1. 1 |

9. Parasitemia (1= <4/2, 2= +/2, 3=+, 4= ++, 5= +++): L L

10. Foi diagnosticado com maldria anteriormente (1=sim, 2=ndo): 1 |
Se a resposta for sim:

11. Episddios anteriores de maldria: 1 | | 11. No dltimo ano (99=NA): 1L [ |
12. Data da tltima infec¢do malarica (mm/aa): L 1 [ /1 11

13. Tomou medicagdo antimaldrica no dltimo més (1=sim, 2=ndo): | |
14. Sintomas (1=sim, 2=nd0)

Febre | | Calafrio 1| Cefaléia 11 Dor abdominal L1 Diarréia | |
Vomitos 1|
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On cytoadhesion of Plasmodium vivax: raison d’étre?

Fabio TM Costa'/*, Stefanie CP Lopes', Mireia Ferrer?, Juliana A Leite', Lorena Martin-Jaular?,
Maria Bernabeu?, Paulo A Nogueira®, Maria Paula G Mourao®*, Carmen Fernandez-Becerra?,
Marcus VG Lacerda®, Hernando del Portillo® 3/*

'Departamento de Genética, Evolugio e Bioagentes, Instituto de Biologia, Universidade Estadual de Campinas, Campinas, SP, Brasil
‘Barcelona Center for International Health Research, Barcelona, Spain Instituto Lebnidas e Maria Deane-Fiocruz, Manaus, AM, Brasil
“Fundagao de Medicina Tropical Doutor Heitor Vieira Dourado, Manaus, AM, Brasil
*Institucié Catalana de Recerca i Estudis Avancats, Barcelona, Spain

It is generally accepted that Plasmodium vivax, the most widely distributed human malaria parasite, causes mild
disease and that this species does not sequester in the deep capillaries of internal organs. Recent evidence, however,
has demonstrated that there is severe disease, sometimes resulting in death, exclusively associated with P. vivax and
that P. vivax-infected reticulocytes are able to cytoadhere in vitro to different endothelial cells and placental cryo-
sections. Here, we review the scarce and preliminary data on cytoadherence in P. vivax, reinforcing the importance
of this phenomenon in this species and highlighting the avenues that it opens for our understanding of the pathology

of this neglected human malaria parasite.

Key words: Plasmodium vivax - malaria - cytoadherence - severe discase

Plasmodium vivax: the last malaria parasite? - The
renewed momentum for global malaria eradication has
generated the need for further study of P. vivax (Alonso
etal. 2011). In fact, the burden of P. vivax seems to be in-
creasing from 70-80 million to 130-435 million clinical
cases per year and threatens 2.6 billion people (Mendis
et al. 2001, Hay et al. 2004, Guerra et al. 2010). Frequent
relapses of infection with this species and the emergence
of chloroquine resistance are two major factors likely re-
sponsible for this increasing burden of P. vivax malaria
(Kochar et al. 2005, Baird 2007, Price et al. 2007). No-
tably, in South and Southeast Asia, P. vivax infections
represent more than 50% of malaria cases, whereas in
Central and South America infections by P. vivax can
reach up to 70-90%. Thus, P. vivax is most prevalent ma-
laria outside Sub-Saharan Africa.

Notably, the life cycle and biclogy of . vivax differ
from those of Plasmodium falciparum (Table). The fol-
lowing differences are worth highlighting: (1) P. vivax
sporozoites can enter hepatocytes and remain dormant
as hypnozoites, which are responsible for clinical relaps-
es (Krotoski 1985), (i1) F. vivax preferentially, if not ex-
clusively, invades reticulocytes (Kitchen 1938), and this
is arguably the reason why parasitemias are low in natu-
ral vivax infection, (i11) gametocytes appear in the blood
before clinical symptoms are manifest, which compli-
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cates and compromises clinical treatment and control of
the disease (Boyd & Kitchen 1937), and (iv) mosquito
vectors from areas where P. vivax is more prevalent are
outdoor-biting and anthropophilic, which makes control
measures, such as impregnated bed nets, of limited val-
ue. Experts therefore agree that due to this unique biol-
ogy, the present tools used to control P. falciparum will
not suffice for P. vivax, which reinforces the importance
of understanding the biology, epidemiology and pathol-
ogy of P. vivax (Mueller et al. 2009).

Pathology of P. vivax - Pathogenesis in falciparum
malaria is multi-factorial and involves numerous host
and parasite factors. However, central to this pathogen-
esis are the phenomena of antigenic variation, rosetting
and cytoadherence (Miller et al. 2002). Antigenic varia-
tion refers to the capacity of parasites to clonally express
variant proteins at the surface of infected red blood cells
(IRBCs) and this function to evade the host immune re-
sponse and allow for the establishment of chronic infec-
tion (Brown & Brown 1965). Rosetting is the formation
of rosettes resulting from the adhesion of erythrocytes
infected with mature forms of the parasite to uninfected
erythrocytes and this process has been shown to increase
the microvascular obstruction of blood flow (David et al.
1988). Cytoadherence refers to the capacity of IRBC to
adhere to host cells. This process has been described for
the endothelium and for the placenta and it causes the
disappearance of mature trophozoites and schizonts from
the peripheral blood (Bignami & Bastianelli 1889, Miller
etal 1994). Remarkably, the original search for genes re-
sponsible for these phenomena identified a single subtelo-
meric multigene variant family named the var gene fam-
ily (Baruch et al. 1995, Smith et al. 1995, Su et al. 1995).
P. falciparum var genes encode proteins collectively
known as PFEMP] that contain ligand domains for dif-
ferent endothelial receptors, such as CD36, intercellular
adhesion molecule-1 (ICAM-1) and chondroitin sulphate
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TABLE

Main biological differences between Plasmodium vivax and Plasmodium falciparum

P.vivax

P. falciparum

Seventy-300 million yearly clinical cases
(Mendis et al. 2001, Hay et al. 2004).

Usually non-lethal and non-severe; yet this situation has radically
changed recently (Kochar et al. 2009).

Sporozoites can remain within hepatocytes in dormant stages known
as hypnozoites (Krotoski 1985).

Hypnozoites cause clinical relapses.

Invades preferentially, if not exclusively, reticulocytes (Kitchen 1938).

Requires mainly (Chitnis & Sharma 2008), but not exclusively
(Mercereau-Puijalon & Menard 2010), the Duffy Blood Group
as the receptor for entrance into reticulocytes.

Surface membrane of infected reticulocytes suffers invaginations

Three hundred-500 million yearly clinical cases
(Guerra et al. 2007).

Lethal and severe, responsible for close to one million
deaths each year mostly in children under five years old.

Sporozoites within hepatocytes undergo immediate
schizogony with no dormant stages.

There are no clinical relapses.
Invades all red blood cells.

Has multiple entrance pathways and receptors
(Cowman & Crabb 2006).

Surface membrane of infected red blood cells suffers

called caveola vesicles.
Continuous in vitro culture not available.

Gametocytes appear in peripheral blood before clinical symptoms

(Boyd & Kitchen 1937).
Mosquito vectors are mostly outdoor bitting.
Chloroquine resistance first reportedin 1989

Complete genome sequence first reported in 2008
(Carlton et al. 2008).

protrusions called knobs.

Continuous in vitro culture available since 1976
(Trager & Jensen 1976).

Gametocytes appear in peripheral blood after clinical
symptorns.
Mosquito vectors are mostly indoor bitting.

Chloroquine resistance first reported in late 1950s.

Complete genome sequence first reported in 2002
(Gardner et al. 2002).

A (CSA). Furthermore, var gene expression is associated
with various clinical syndromes of severe falciparum dis-
ease (Pasternak & Dzikowski 2009). In addition to var
genes, the full genome sequence of P. falciparum has
revealed additional subtelomeric multigene families that
are likely involved in the pathology of malaria (Gardner
et al. 2002). These data therefore indicate that expression
of P. falciparum multigene families, which are clustered
in subtelomeric regions, is associated with the pathology
of falciparum malaria and the phenomena of antigenic
variation, rosetting and cytoadherence.

Studies from F. vivax patients in Sri Lanka have shown
that P. vivax undergoes antigenic variation and that the
mature forms have the capacity for rosetting (Udagama
et al. 1987, Udomsanpetch et al. 1995). Thus, using im-
mune sera from primary-infected or multiply infected P.
vivax patients, immunofluorescence assays from differ-
ent isolates have revealed that only patients with multiple
infections were able to recognise several different iso-
lates (Udagama et al. 1987). Moreover, rosetting experi-
ments using blood and wild isolates revealed that close
to 70% of the isolates showed rosetting (Udomsanpetch
et al. 1995). However, approaches similar to those used
for studies of cytoadhesion in P. falciparum (Hasler et al.
1993) failed to observe the cytoadhesion of P. vivax-in-
fected reticulocytes to human umbilical vein endothelial
cells, C32 melanoma cells, platelets or to purified CD36.
Notably, sequence analysis of a P. vivax isolate revealed
the presence of a subtelomeric multigene variant super-
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family termed vir (P. vivax variant genes), which is likely
involved in antigenic variation in this species (del Portillo
et al. 2001). Further analyses have indicated that vir genes
could have additional functions and it was hypothesised
that they mediate adhesion to facilitate the establishment
of chronic infection (del Portillo etal. 2004). The complete
genome sequence of the Sal I strain revealed the pres-
ence of additional subtelomeric gene families (Carlton et
al. 2008), which further indicated that P. vivax, like P.
Jalciparum, has clustered multigene families at its chro-
mosome ends. However, the relationship between these
gene families and pathology has been mostly overlooked,
as vivax malaria had been predominantly accepted to be
clinically benign and not to cytoadhere.

Inthe last 10 years, the severe complications observed
in P. falciparum infection, which include renal failure,
jaundice, acute respiratory distress syndrome, cerebral
malaria, seizures, anemia, hyperparasitemia, thrombo-
cytopenia, pulmonary edema, splenic rupture and death,
have also been reported worldwide for P. vivax (Kochar
et al. 2005, 2009, Baird 2007, Price et al. 2007, Alexandre
et al. 2010). However, diagnosis was made in most cases
using Giemsa staining, which cast reasonable doubts as
to the potential for undetectable infection with P. falci-
parum. The use of nested polymerase chain reactions
(PCRs) to exclude the possibility of mixed infection,
however, has confirmed sole infection with P. vivax in
some of these reports. In addition, the clinical exclusion
of other syndromes, such as those caused by respiratory
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pathogens, human immunodeficiency virus, histoplasma,
coccidians and paracoccidians, as well as the adoption of
World Health Organization criteria used for severe falci-
parum disease, are now being adopted for the reports of
new cases of severe vivax disease. In Brazil, for instance,
a recent study from the city of Manaus, Amazonas,
showed an increased number of hospital admissions for
P. vivax-infected patients (Santos-Ciminera et al. 2007)
with increased clinical severity, which were mostly re-
lated to jaundice and severe anaemia after P. falciparum
or other possible causes of disease were excluded (Ale-
xandre et al. 2010). Similar to what has been observed in
Brazil, an increasing number of cases with complications
have been reported worldwide (Anstey et al. 2009). These
data illustrate and confirm that there is indeed an aug-
mentation of the number of severe cases exclusively as-
sociated with P. vivax infection across different endemic
regions of the world. Nevertheless, whether this severity
1s directly associated with changes in parasite biology,
ncreasing resistance to antimalarial drugs or with the
presence of comorbidities is still a matter of debate.

Although it has long been axiomatic that P. vivax is
less virulent than P. falciparum due to its lack of cytoad-
herence, the existence of subtelomeric variant families
in the genome of F. vivax and the recent confirmed re-
ports of severe vivax disease have led us to question the
validity of this view. Moreover, in spite of studies that
have documented the presence of all stages of P. vivax
in the peripheral blood of infected patients, previous
studies revealed that the presence of mature forms were
disproportionably lower than young stages, indicating
a segmentation of these mature forms somewhere else
than in peripheral blood (Field et al. 1963).

Cytoadherence of P. vivax-infected reticulocytes - In
an attempt to elucidate whether cytoadhesion is a P. fai-
ciparum-restricted phenomenon, a recent collaborative
study by our groups (Carvalho et al. 2010) demonstrated
that P. vivax-IRBC (Pv-IRBCs) obtained from Brazilian
patients with non-severe disease were able to cytoadhere
under static or flow conditions to brain, lung (Fig. 1), pla-
cental and endothelial receptors, which have previously
been implicated in the binding of P. falciparum (Beeson
& Brown 2002). Under static conditions, the number per
mm? of adherent Pv-IRBC was 10-15-fold lower than
that of P. falciparum-IRBC (Pf-IRBC). However, the
percentage of parasites able to bind endothelial recep-
tors under flow conditions did not differ significantly.
These results differ from those previously reported in
Sri Lanka (Udomsanpetch et al. 1995). One explanation
for this discrepancy 1s that our cytoadhesion assays used
percoll-enriched mature forms of the parasite at pH 6.8,
whereas this other studies has used forms obtained di-
rectly from the blood at pH 7.4.

To identify potential endothelial receptors involved
in P. vivax adherence, CHO cells expressing different
endothelial receptors were used for adhesion assays. We
found greater adhesion to ICAM-1-transfected cells in
comparison to CD36-transfected or untransfected cells.
However, we cannot rule out the role of additional host
receptors in Pv-IRBC. Moreover, adhesion of parasites to
endothelial cells was significantly inhibited by the addi-
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tion of soluble CSA, although treatment of the same cells
with chondroitinase-ABC (Case ABC) did not affect adhe-
sion (Carvalho et al. 2010). These results indicated that
the CSA backbone was not directly involved in parasite
adhesion. As CSA 1s highly negatively charged due to the
presence of sulphate groups, the inhibition of cytoadhe-
sion may be sustained by a charge interaction. Indeed, 1t
has been shown that the binding of several P. falciparum
VAR2CSA domains to CSA at various salt concentrations
is not different from their binding to non-placental do-
mains, which demonstrates that binding to CSA is highly
dependent on ionic strength (Resende et al. 2009).

We hypothesised that Vir proteins, due to their vari-
ant nature, sub-cellular localisation and genome organi-
sation, could mediate P. vivax cytoadherance. By using
two different antibodies raised against two different Vir
proteins, the specific inhibition of the TRBC-endothelial
cell interaction was demonstrated (Carvalho et al. 2010).
To perform functional binding assays in the absence of
a continuous in vitro culture system for P. vivax, 3D7 P.
Sfalciparum transgenic lines expressing different Vir pro-
teins, motifs, protein domains and secondary structures
have been generated (M Bernabeu & C Fernandez-Be-
cerra, unpublished observations). Notably, one of these
transgenic lines that expressed Vir proteins on the surface
of the IRBC mediated cytoadherence to ICAM-1, VCAM
and E-selectin. Moreover, two polyclonal, mono-specific
anti-Vir antibodies significantly inhibited this adhesion.
Together, these data further support our findings and indi-
cate that P. vivax-infected reticulocytes can cytoadhere to
a variety of endothelial receptors and that this adherence
is at least partially mediated specifically by Vir proteins.

Cytoadherence and severe vivax disease - The recent
findings that infection with P. vivax can lead to severe
complications in endemic areas worldwide (Kochar et al.
2005, Lomar et al. 2005, Tjitra et al. 2008) have led the
scientific community to search for the mechanisms of
pathogenesis related to this infection, which have been
neglected thus far. One of the major arguments against
the severity of P. vivax infection was based on the lack
of cytoadherence and the formation of knobs by this
parasite. However, robust evidence points to the exis-
tence of severe falciparum disease without the presence
of the aforementioned mechanisms, which therefore
suggests that these are not the sine gua non for sever-
ity (Maegraith 1948). As reviewed above, cytoadhesion
was demonstrated for P. vivax using an in vitro approach
(Carvalho et al. 2010) and unpublished data on adhesion
to the placenta (FTM Costa & MVG Lacerda, unpub-
lished observations) (Fig. 2), lungs and spleen (MVG
Lacerda & H del Portillo, unpublished observations)
have recently been obtained. When IRBCs are found in-
side of blood vessels in human tissues, there is no way
to confirm that cytoadhesion has taken place, and this
possibility should also be taken into account for previous
studies of P. falciparum-infected tissues.

There 1s not much information available on autopsies
related to vivax infection, which could lend support to
cvtoadherence during severe vivax disease. Asreviewed
elsewhere (Anstey et al. 2009), however, early XX cen-
tury autopsies for which P. vivax diagnosis was based on
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Fig. 1: adhesion of Plasmodinm vivax-infected erythrocytes matur-
ing forms to endothelial cells. A: Giemsa staining of P. vivax mature
forms obtained after Percoll enrichment. Representative photomicro-
graphs of P. vivax-infected red blood cells adhesion to human lung; B:
Saimiri brain; C: endothelial cells.

thick blood smears reported the presence of intracapil-
lary masses of swollen, infected erythrocytes and pig-
ment (Billings & Post 1915). In addition, these autopsies
reported the frequent presence of mature malaria para-
sites within a red blood cell taking up the entire lumen
and being in immediate contact with endothelial cells in
some vessels in the brain, as well as an unusually large
number of infected red cells and young plasmodia and a
large amount of pigment in intestinal submucosal vessels
(Bruetsch 1932). In these cases, however, comorbidities
and mixed infection with P. falciparum were not prop-
erly discarded. More recently, one autopsy from India,
which had confirmed P. vivax monoinfection by PCR,
found congestion of alveolar capillaries by monocytic
infiltrates and diffuse damage to alveolar membranes
consistent with acute respiratory distress syndrome.
Parasites were observed in lung tissue as well as in other
organs without lesions (Valecha et al. 2009). Despite
the fact that this is evidence from a single case, this re-
sembles the findings of cytoadhesion in P. falciparum
pulmonary disease (Corbett et al. 1989). From measure-
ments of gas transfer and lung volume in non-severe
vivax patients, the progressive alveolar-capillary dys-
function following treatment was found to be consistent
with the greater inflammatory response induced by this
parasite {Anstey et al. 2007). As a major complication of
severe vivax disease, the pathogenesis of respiratory dis-
tress requires further investigation into the cytoadhesion
that takes place, as suggested by studies of in vitro adhe-
sion and endothelial activation of lung microvasculature.
In fact, the host inflammatory response, the endothelial
Weibel-Palade body release, and the plasma concentra-
tions of angiopoietin-2, ICAM-1, E-selectin, interleukin
(IL)-6 and IL.-10 are greater in patients with vivax com-
pared to P. falciparum malaria (Yeo et al. 2010). As the
addition of lipopolysaccharide was found to increase the
adhesion of IRBCs to human lung endothehal cells in
vitro (Carvalho et al. 2010), it is possible that secondary
bacterial infections may release endotoxins that could
contribute to the enhanced endothelial activation and cy-
toadhesion. Thus, coinfections and pathogenesis during
vivax infection require further investigation.

The role of platelets in cytoadhesion is well-docu-
mented for severe falciparum malaria. Here, platelets
participate in strengthening the adhesion of IRBCs to
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Fig. 2: presence of Plasmodium vivax-infected red blood cells at-
tached to the synciotrophoblast of a placenta from a patient diag-
nosed with P. vivax in the 36th week of pregnancy (optical micros-
copy, 1,000X, Thomas’ stain).

CD36 (known as glycoprotein ['V in platelets), which most
likely explains their accumulation in brain microves-
sels (Grau et al. 2003, Wassmer et al. 2004). Platelets can
also participate in tumor necrosis factor (TNF)-induced
microvascular pathology (Lou et al. 1997, Wassmer et al.
2006) and platelet-derived microparticles seem to play
an important role in endothelial activation (Combes et al.
2006). Despite strong evidence that vivax disease triggers
greater thrombocytopenia than does falciparum disease
{Kochar et al. 2010), there are no data available on the
ability of these particles to enhance vivax cytoadhesion.

As reviewed elsewhere (Clark & Alleva 2009), se-
questration in the bone marrow has been shown to cause
the dyserythropoiesis observed in P. falciparum malaria
(Wickramasinghe et al. 1987). Dyserythropoiesis was
demonstrated in the bone marrow during F. vivax infec-
tion, where cytoadhesion was not thought to play a role
{Wickramasinghe et al. 1989). As a result, the idea of cy-
toadhesion as the cause of severe anaemia was abandoned
and the presence of increased TNF levels was shownto in-
duce dyserythropoiesis in both species (Clark & Chaudhri
1988). The presence of P. vivax parasites in the bone mar-
row prompts the need for clarification on its implications
for disease pathogenesis (Lacerda et al. 2008).

Perspectives and concluding remarks - Demonstra-
tion of the cytoadherence of F. vivax opens new inves-
tigational lines of research. First, proteomic analysis of
adhesion proteins and Vir proteins on the surface of in-
fected reticulocytes should further the identification of
new parasite ligands. In addition, microscopic analyses
from autopsies where coinfections have been ruled out
will reinforce the presence of parasite cytoadherence.
The role of cytoadherence to the spleen, lungs and pla-
centa in the establishment of chronic infection will fur-
ther reveal the molecular basis of pathology in P. vivax
malaria and the demonstration of cytoadhesion in other
tissues, such as the kidneys and bone marrow will con-
firm existing observations of severe disease and the as-
sociation between cytoadhesion and severe disease syn-
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dromes. Furthermore, technological breakthroughs in
noninvasive imaging will demonstrate whether P. vivax-
infected reticulocvtes adhere to different organs in vivo
and whether this adhesion 1s associated with severe vivax
malaria. Ultimately, understanding the factors that deter-
mine F. vivax-associated morbidity and severe disease
will contribute to the control, elimination and eradication
of malaria worldwide {Bassat & Alonso 2011).
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Abstract

Background: To overcome the prablem of increasing drug resistance, traditional medicines are an important
source for potential new anti-malarials. Caesalpinia pluviosa, commonly named “sibipiruna”, originates from Brazil
and possess multiple therapeutic properties, including anti-malarial activity.

Methods: Crude extract (CE) was obtained from stem bark by purification using different solvents, resulting in

seven fractions. An MTT assay was performed to evaluate cytotoxicity in MCF-7 cells. The CE and its fractions were
tested in vitfo against chlaroguine-sensitive (3D7) and -resistant (520) strains of Plasmodium folciparum and in vivo
in Plasmodium chabaudi-infected mice. In vitro interaction with artesunate and the active C. pluviosa fractions was
assessed, and mass spectrometry analyses were conducted.

Results: At non-toxic concentrations, the 100% ethanclic (F4) and 50% methanaolic (F5) fractions possessed
significant anti-malarial activity against both 3D7 and 520 strains. Drug interaction assays with artesunate showed a
synergistic interaction with the F4. Four days of treatment with this fraction significantly inhibited parasitaemia in
mice in a dose-dependent manner. Mass spectrametry analyses revealed the presence of an ion corresponding to
m/z 303.0450, suggesting the presence of guercetin. However, a second set of analyses, with a quercetin standard,
showed distinct ions of m/z 137 and 153.

Conclusions: The findings show that the F4 fraction of C. pluviesa exhibits anti-malarial activity in vitro at non-toxic
cancentrations, which was potentiated in the presence of artesunate. Moreover, this anti-malarial activity was also

sustained in vivo after treatment of infected mice. Finally, mass spectrometry analyses suggest that a new
compound, mast likely an isormer of quercetin, is responsible for the anti-malarial activity of the F4.

Background

One of the principal reasons for malaria’s high morbid-
ity and mortality is the widespread presence of drug-
resistant strains of the parasite, resulting in the dramati-
cally decreased efficacy of the available anti-malarial
drugs, such as chlorequine (CQ) and sulphadexine-pyri-
methamine (SP) [1].

The compounds most widely used to treat malaria,
quinine and artemisinin, are derived from traditional
medicine and plant extracts [2]. Quinine was the first
drug successfully used to treat malaria. However, this
alkaloid has a high level of toxicity and a short pharma-
cological half-life, which limit its use [2,3]. Currently,
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artemisinin-based combination treatment (ACT) is the
therapy of choice for uncomplicated Plasmodinm falci-
parum malaria in areas of widespread parasite CQ-resis-
tance [4]. However, failure to clear parasites after ACT
treatment has recently been reported on the Cambodia-
Thailand border, and genes related to artemisinin resis-
tance have been discovered [5-9]. Furthermore, no new
class of anti-malarial has been introduced since 1996
[10], and the most successful malaria vaccine was only
partially efficient and short lived [11]. Therefore, the dis-
covery of new potential anti-malarial compounds is
urgently needed.

Caesalpinia pluviosa, commonly named “sibipiruna”,
is a leguminous of the Fabaceae family that is originated
from Brazil. This genus is a rich source of furanoditer-
penoids and has demonstrated multiple therapeutic
properties, including antiviral [12-14], antimicrobial
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[15,16], anti-inflammatory [17,18], and antioxidant
[19,20] activities. Preliminary studies have shown that C.
pluviosa crude extract (CE) had in vitro anti-malarial
activity against a CQ-resistant strain [21]. However, that
work focused only on the CE, and no parasite inhibition
was observed in an in vive test. In the present study, the
in vitre anti-malarial activities of C. pluviosa extracts
and the fractions effective against CQ- resistant and
-sensitive P. falciparum strains, alone or in combination
with artesunate, have been evaluated and identified.

The cytotoxic properties of these plant-derived materi-
als were determined and the iz vivo effects in Plasmo-
divm chabaudi-infected mice were alse studied. Finally,
mass spectrometry analyses were carried out to charac-
terize new potential molecules with anti-malarial
activity.

Methods

Plant extraction and fractionation

Stem bark from C. pluviosa was collected and deposited
at the campus of Universidade Estadual de Maringa,
Brazil, in September 2006 as voucher #HUEM 12492,
All plant material was ground and subjected to a turbo-
extraction process with 50% ethanol-water for 15 min at
a T<40°C. After evaporation of the organic solvent using
a rotavapor under reduced pressure at 40°C, the CE (50
g) was lyophilized. CE was dissolved in water (500 mL)
and extracted with ethyl acetate (10 x 500 mL). After
removing the organic solvents by rotavapor under
reduced pressure, aqueous (F1) and ethyl acetate (F2)
fractions were formed. The F2 fraction was chromato-
graphed by CC (chromatographic column) on Sephadex
LH-20, resulting in five sub-fractions: 50% ethanolic-
water (F3; 2.17 g), 100% ethanolic (F4; 0.21 g}, 50%
methanolic-water (F5; 0.06 g), 100% methanolic (F6;
0.17 g) and 70% acetone-water (F7; 0.08 g). All fractions
were concentrated under reduced pressure at 40°C for
solvent evaporation. These samples were lyophilized and
used in biological tests, as described below. Concentra-
tions of C. pluviesa CE/fractions were calculated on a
dry material basis. Figure 1 summarizes the C. pluviosa
extraction and its fractionation process.

Cultivation of Plasmodium falciparum infected-
erythrocytes P. falciparum

Plasmodium falciparum chloroquine-sensitive (3D7) [22]
and chloroquine-resistant ($20) [23] strains were cul-
tured in a candle jar as described elsewhere [24]. Briefly,
P falciparum infected-erythrocytes (Pf-iE) were culti-
vated in fresh-type O" human erythrocytes (UNICAMP,
Bloed Bank, Brazil) suspended at 4% final haematocrit
in complete medium (RPMPI-1640 containing 10%
homologous human plasma and 25 mM HEPES buffer,
pH 7.4).

174

Page 2 of 11

Cytotoxicity assays

The cytotoxicities of the plant CE/fractions were
assessed by MTT assay [3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyl tetrazolium bromide] to evaluate their effects
on the proliferation of a human breast cancer cell line,
MCEF-7 [25,26]. Cells were cultivated in DMEM/HAM-
F12 medium supplemented with 10% heat-inactivated
foetal bovine serum, penicillin (1 unit/mL) and strepto-
mycin (1 unit/mL) in a humidified atmosphere of 5%
CO, at 37°C. MCEF-7 cells were seeded in 96-well plates
at a density of 2 x 10" cells per well and incubated with
different concentrations of plant samples. After 48 h, 5
mg/mL of MTT solution was added for 4 h and forma-
zan crystals were resuspended in 50 pL of isopropanol.
The absorbances (Asgp) of cells containing medium
(control) or in the presence of different concentrations
of the CE/fractions (tested) were determined using an
ELISA reader (Asys-Expertplus, UK). Data were calcu-
lated as the percentage of inhibition using the following
formula: % inhibition = [1 - (AJ/A.)] x 100. A, and A,
refer to the absorbance of the tested C. pluviosa CE/
fractions and the control, respectively.

The texicity of the C. pluviosa CE/fractions was also
determined in non-infected erythrocytes (niE) in the
presence of different plant sample concentrations or
untreated cells (control). The niE were cultured in com-
plete medium at 37°C in candle jars, and the red blood
cell density (RBCDY) was determined after 48 h incuba-
tion with the aid of a Neubauer chamber. The percen-
tage of RBCD, relative to 0 h, was calculated by the
following formula: % RBCD = [1 - (n® niE treated with
CE and fractions per hour after incubation/n® niE per or
at 0 h)] x 100. Nen-toxic samples were those in which
no significant inhibition on MCF-7 growth or RBCD,
relative to the control, was observed.

In vitro anti-malarial activity of C. pluviosa extract and its
fractions

[*H] hypoxanthine incorporation assays were used to
determine C. plyviosa anti-malarial activity against Pf-E
growth as previously described [27]. Background values
were determined by incubation with niE. Parasite growth
in the presence of C. pluviosa extract and fractions (sam-
ple) was compared to control cultures (medium only).
Inhibition of parasite growth was calculated according to
the following formula: % inhibition = [1 - (n® niE treated
with CE and fractions per hour after incubation/n® niE per
or at 0 h)] x 100. The anti-malarial activities of the CE/
fractions were classified according to their ICsy (pg/mL)
values, defined as that concentration of compound which
inhibits growth by 50% relative to untreated controls [21].
Fractions of ICs, < 5 were considered active, fractions of
10 > ICsq > 5 represented moderate activity and fractions
with ICgp values » 10 were classified as inactive.
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Figure 1 Schematic view of the extraction and fractionation of Caesalpinia pluviosa.
.Y

In vivo anti-malarial activity of plant extract/fractions

In vivo anti-malarial activity of plant fractions was veri-
fied in C57BL/6 mice (7-10 weeks-old, weighing 20 + 3
g) purchased from the Centro de Bioterismo-UNI-
CAMP, Brazil, and maintained in specific pathogen-free
animal facility. All experiments and procedures were
approved by the UNICAMP Ethical Committee for Ani-
mal Research (protocol # 1806-1). Groups of 10 mice
were infected intraperitoneally (i.p) with 10° iE of P.
chabaudi chabaudi AS (PchAS). PchAs is a non-lethal
strain kindly provided by Hernando Del Portillo
(Department of Parasitology, ICB, USP, Sdo Paulo-SP,
Brazil and currently at CRESIB, Barcelona, Spain). One
hour post-infection (p.i), groups of 10 animals were
injected i.p with different concentrations (75, 50, 25 mg/
kg/day) of the F4 and F5 fractions (50, 25 mg/kg/day)
diluted in 200 pL PBS with 1.25% DMSO. Mice were
treated for 4 days (day 0-3 p.i) according to previous
studies [28,29]. Parasitaemia was monitored daily by
microscopic examination of Giemsa-stained thin blood
smears prepared from mouse tail blood beginning on
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the third day p.i. Mice in the control group received 200
pL of 1.25% DMSO diluted in PBS.

In vitro compounds interaction on the Pf-iE

The artesunic acid (artesunate) used for combined treat-
ment with F4 fractions was derived from artemisinin
isolated from 1 kg of dried-plant material collected from
CPQBA’s experimental field (hybrid Ch x Viet 55) and
extracted with ethanol as previously described [30]. Sub-
sequent semi-synthesis procedures provided pure artesu-
nic acid (98%), which was further dissolved in sodium
bicarbonate solution (0.5%) prior to use as sodium arte-
sunate on Pf-iE. Artesunate was identified by comparing
the experimental product to a commercial sample
(Aldrich® 98%, Sigma-Aldrich, USA). The 3D7 and $20
strains of P. falciparum (4% parasitaemia and 2% hae-
matocrit) were incubated for 48 h in the presence of
artesunate and the F4 fraction, solubilized in 1.25%
DMSO. C. pluviosa fractions were dispensed into the
96-well micro-titre plates at different concentration (ng/
mL) combinations of the F4 fraction and artesunate as
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follows: 4000-1.8, 2000-0.9, 1000-0.45, 500-0.225. The
combination was performed by adding 50 pL of C. plu-
viosa fraction (4000 ng/mL) to 50 pL artesunate (1.8 ng/
mL) and so on. Parasitaemia was analysed in thin blood
smears, and the inhibition was compared to that of the
control (100 pL of 1.25% DMSQ) that represented 100%
of Pf-iE growth. Corresponding 1Cs, values were deter-
mined for each drug alene and in combination [31].
The synergism degree was evaluated as described pre-
vieusly [32]. The sum of fractional inhibition concentra-
tion (SFIC) was calculated using the formula: K = A /A,
+ B/B., where K is the value correspending to SFIC, A,
and B, are the equally effective concentrations (ICs;)
when used in combination, and A. and B, are the
equally effective concentrations used alone. The ix vitro
drug interaction was classified as follows: SFIC < 1
denotes synergism, 1 < SFIC < 2 denotes additive inter-
action, and SFIC>2 denotes antagonism [33].

Mass spectrometry

Samples of the F4 fraction were dissolved in HPLC
grade MeOH, and 10 pL of this selution was diluted in
1 mL of solvent (MeOH/H,O [1:1] with 0.1% formic
acid [v/v]). A Q-TOF mass spectrometer (Micromass,
Manchester, UK) with an electrospray source was used
to perform Electrospray lonization/Mass Spectrometry
{(ESI-MS) and ESI-MS/MS analyses. The mass spectro-
meter was operated in the positive ion mode. The ESI
source unit was operated at a desolvation temperature
of 100°C, with a capillary voltage of 3.5 kV and cone
voltage of 40 eV. Samples were directly infused at a rate
of 10 pL min™ into the ion source using a syringe pump
{(Pump 11, Harvard Apparatus, Holliston, USA). The
spectra were acquired in the interval of 100 to 2000 m/z
and accumulated for 1 min. ESI-MS/MS were obtained
for ions of interest using collision energies ranging from
10 to 50 eV. The collision gas pressure (argon) was opti-
mized to produce extensive fragmentation of the ions
under investigation. To calculate the theoretical masses
of the compounds, MassLynx 4.1 software was used.
The error among the theoretical and experimental
masses was calculated according to the following for-
mula: E = (m,, - m¢/m,) x 10% where m,, is an experi-
mental mass and m, is a theoretical mass.

Statistical analysis

Toxicity data were analysed using ANOVA or Mann-
Whitney tests. Statistical significance between treated
and non-treated P. falciparum-infected erythrocytes was
determined using the Mann-Whitney {/ test. The inhibi-
tion of parasitaemia, resulting from sole or combined
treatment with artesunate and F4, was compared using
the Kruskal-Wallis test. For analysis of i vive treatment
with the F4 fraction, an ANOVA test was used.
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Calculations were performed using BioEstat™ version
3.0 (CNPq, Brazil), and values were considered signifi-
cant when p < 0.05.

Results

Cytotoxicity assessment of C. pluviosa

The cytotoxic potential of the CE and fractions (F1-F7)
was determined on MCEF-7 cells by means of MTT
assays. As shown in Table 1, plant CE from all fractiens
was highly cytotoxic at concentrations of 1600 and 400
pg/mL, significantly inhibiting cell growth from 20%
(F4) to 66% (F6) (p < 0.05). In contrast, at 100 pg/mL
the F4 and the F7 fractions did not significantly reduce
cell growth compared to the control. The F1 and F5
fractions slightly, but significantly, inhibited MCEF-7 cell
development. No inhibition was observed by 25 pg/mL
of any fraction. Te determine if this low toxicity could
be extant to niE, the RBCD percentage of plant CE and
fractions relative to the control was determined at con-
centrations varying from 0.19 to 25 pg/mL.

In vitro determination of C. pfuviosa anti-malarial activity
To evaluate the anti-malarial effects of plant CE/frac-
tions against chloroquine-sensitive (3D7) and -resistant
(S20) P. falciparum strains, parasite growth inhibition
was measured by determining [*H] hypoxanthine incor-
poration at different concentrations (0.19 - 25 pg/mL).
The anti-malarial activity ICsp values were compared for
C. pluviosa CE and fractions. As shown in Table 2 and
consistent with a previous study [21], the F1 and the F7
fractions were inactive (> 10 pg/mL) against both strains
of parasites. However, the ICgy values of the CE and the
other fractions were < 5 pg/mL, indicating inhibition
activity. Of these, the F3 fraction and the CE presented
higher 1C;s, values than the F4 and F5 fractions.

The inhibition curve of the CE and the fractions that
presented anti-malarial activity (ICse < 5 pg/mL) are
shown in Figure 2(A-D). The CE and the F2, F4 and F5

Table 1 Growth inhibition {26)* of MCF-7 cells in vitro
treatment of Caesalpinia pluviosa assessed by MTT assay.

Concentrations (pg/mL)

Samples 1600 400 100 25
e 3313 + 10.88% 2642 + 1926 2195 + 14.06 NT®
F1 4543 + 560% 4471 + 848¢% 698 + 611 NT
F2 HOAT £ 20 2798 + TBF THE3 £ TG NT
F3 4167 £ 10.26% 4431 £ 1398% 4573 + 6.88% NT
F4 5590 £ 9.37% 2019 £ 338¢% NT NT
F5 4698 + 11.73% ZERS & TaET A28 50" NT
F& 6625 £ 545% 5382 £ 469% 1739 £ 1427 NT
F7 6266 + 9.91*% 4493 + 1861% NT MNT

"Values are expressed as the mean of triplicates + SD.
PNT: Non toxic.
*p < 0.05
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Table 2 C. pluviosa 1C5, values (pg/mL) for crude extract
and its fractions

Plant Samples ICso 3D7 1C50 S20

CE 484 + 017 341 £ 245
F1 10.98 + 6.01 13.29 = 2.70
F2 213 +£ 094 207 +£1.38
F3 455 + 205 549 £ 1.26
F4 0.72 £ 0.29 125+ 0.38
F5 059 + 0.33 172 £ 027
F6 1.30 £ 043 361 + 246
F7 17.19 ND

The data shown are expressed as the mean of quadruplicates + SD.
ND: Not determined.

fractions were capable of inhibiting the growth of both
parasite strains in a dose-dependent manner. The CE
and all three fractions inhibited parasite development at
concentrations of 25 and 12.5 pg/mL. At 6.25 pg/mlL,
inhibition was observed in the fractionated, but not
crude extract. Notably, only the F4 fraction was able to
sustain the inhibition on parasite growth throughout
several concentrations, as shown in Figure 2C.
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Evaluation of the in vivo anti-malarial activity of C.
pluviosa

After demonstrating the capacity of F4 and F5 fractions
to control parasite burden in vitro, we evaluated
whether this activity could be sustained in a mouse
model of infection. Plasmodium chabaudi-infected mice
were treated with different concentrations of both frac-
tions for four days (day 0-3 p.i), starting at 1 h p.i. As
shown in Figure 3, the parasitaemia of infected-mice
was significantly reduced in a dose-dependent manner
when the F4 fraction was administered at doses of 50
and 25 mg/kg/day during days 5-8 p.i. The highest dose
(50 mg/kg/day) inhibited parasitaemia on days 6 and 7
p.i by 79.4% and 74.1%, respectively (Table 3). At the
lower dose of 25 mg/kg/day, a significant reduction of
parasite growth was also observed, although the percen-
tage of inhibition achieved on day 6 p.i was 63.6%
(Table 3). Doses of 75 mg/kg/day of the F4 and 50 mg/
kg/day of the F5 were fatal to 40% of animals (n = 10)
on days 2 and 4 p.i, respectively. In another set of
experiments, 50 mg/kg/day of the F4 fraction (during
days 3-7 p.i) inhibited parasite growth by 51% to 81%
(Table 3).
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Figure 2 Assessment of C. pluviosa anti-malarial activity against P. falciparum. Inhibition (%) of parasite growth of chloroquine-sensitive
(3D7) and -resistant (520) strains of P. falciparum cultivated 48 h at 37°C with C. pluviosa (A) crude extract and (B) ethyl acetate, (C) 100%
ethanolic, (D) 50% methanolic fractions. The results are expressed as the mean of quadruplicates + SD. (*p < 0.05 vs. untreated parasites).
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Figure 3 Effect of the C. pluviosa F4 fraction on murine-derived Plasmodium. Groups of ten C57BL/6 mice infected i.p with 10° iE
Plasmodium chabaudi chabaudi were left untreated or treated with different doses of the F4 fraction administered i.p for 4 consecutive days
(days 0 to 3 pi), starting on day 0 at 1 h pi. The parasitaemia levels were determined daily until day 12 p.i. Results are expressed as the mean of
a group mice + SD. (*p < 0.05 vs. untreated mice group). The administration of F4 fraction is indicated by arrows.

Evaluation of the interaction between F4 fraction and
artesunate

As shown in Figure 4, artesunate combined with the F4
fraction significantly reduced parasite development com-
pared to the reduction observed when either compound
was tested alone. The ICso values (ng/mL) of the F4
fraction and artesunate alone were 3237 and 1.324,
respectively, whereas the combination of the two led to
values of 1402 and 0.630 respectively. Calculation of the
SFIC value (0.908) indicated a synergic effect of the F4
fraction with artesunate.

Molecular composition analysis of fractions from C.
pluviosa

After assessing anti-malarial activity in vitro and in vivo,
mass spectrometry was performed to characterize and

identify the possible molecules involved in the anti-
malarial activity. To accomplish this, the F4 (active) and
F7 (inactive) fractions were ionized, and their spectra
were analysed. As shown in Figure 5, their spectra dis-
played similarities, including m/z 102.1314, 150.1387,
195.0256, 288.3157 and 415.2506. However, the most
active fraction (F4) presented a distinct signal of m/z
303.0450.

As these compounds were protonated [M+H]", sub-
stances with a molecular mass (MM) of 302 in Caesalpi-
nia spp. were searched, corresponding to the 303.0450.
Table 4 shows all compounds found in the literature
with 302 MM, which include ellagic acid [34], protosap-
panin C [35], sappanone B [36], 3’-deoxy-4-O-methyle-
pisappanol [36], quercetin [37], and voucapen-5a.-ol
[38]. The high resolution and accuracy of mass

Table 3 Parasitemia inhibition ® of Plasmodium chabaudi-infected mice left untreated or treated with different doses
of the 100% ethanolic fraction for 4 days (0-3 post-infection) from two independent experiments

Doses Days post-infection
(mg/kg/day)
D3 D4 D5 D6 D7 D8
Experiment
#1 50 ND 5422 + 14.20* 66.72 £ 13.16* 7944 + 577* 7217 +12.28% 3274 £ 11.59*%
25 ND 29.10 £ 11.51 5146 + 23.74* 6364 + 1371* 5745 + 17.15% 21.50 + 9.82*
#2 50 81.16 £ 7.23* 9045 £ 553* 91.06 £ 540* 86.04 £ 538* 51.04 £ 1645* NI

@ Values are expressed as the mean of parasitemia inhibition (%).
NI: No inhibition.

ND: Not determined.

* p < 0.05 vs. control
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Figure 4 Evaluation of the interaction between the F4 fraction and artesunate. Inhibition (%) of parasite development (3D7) cultivated 48
h at 37°C with different concentration (ng/mL) combinations of the F4, artesunate (AS) or as a combined solution (F4+AS). The results are
expressed as the mean of triplicates + SD. (*p < 0.05 vs. non-combined treatment).

spectrometry allows up to 20 portions per million (ppm)
masses error. After calculating the theoretical masses of
all retrieved compounds and the error among theoretical
and experimental masses, quercetin was the only com-
pound with an acceptable error (E = 18.15 ppm).

To confirm the hypothesis that quercetin was the cor-
responding molecule for the m/z 303.0450 signal found
in the F4 fraction, a new set of ESI-MS analyses using a
quercetin standard (Sigma-Aldrich, USA) and the F4
fraction was performed (Figure 6). Although both

A 1007

*
1/021314

*
415.2506

339.0274 3710362

427 2 453199 £37.3644
o Lok o A
#
B 3905 03,0450
E
* *  [3040468 439.3849
1960265 288 3157}
227.0893 2310585 * 5261423
( | 3450171 4152506 511-14521 ksze.ms
| WLl " bl I N T . ; | . miz

100 120 140 160 180 200 220 240 260 280 300 320 340 360 330 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700

Figure 5 Electrospray lonization/Mass Spectrometry (ESI-MS) analyses of the (A) 70% acetone-water and (B) 100% ethanolic fractions.
lons are marked either as those detected in both spectra (*) or only in the F4 fraction (#).
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Table 4 Molecular composition identified in Caesalpinia
sPp

Composition Molecular formula [M+1]* E (ppm) References
1 Ci4HeOg 303.0141 101.97 [34]
2 CroH1406 3030869 13824 35]
3 CigH140¢ 303.0869 13824 [36]
4 Cy7H1805 3031233 25831 [36]
5 CisH1005 303.0505 18.15 [37]
6 CooH3005 3032324 61801 [38]

1. Ellagic acid, 2. Protosappanin C, 3. Sapponone B, 4. 3-deoxy-4-O-
methylepisappanol, 5. Quercetin, 6. Voucapen-5a.-ol. The compounds 2 and 3
are isomeric forms. Compounds with molar masses at 302 and its molecular
formula were obtained from literature. [M+11*, molar masses plus a proton, E:
Error between theoretical and experimental masses.

compounds presented some similarities in their spectra,
distinct signs of m/z 137 and 153 were observed only in
the quercetin standard.

Discussion
Medicinal plants present a promising source of novel
therapeutic agents for the treatment of many tropical
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diseases, including those caused by protozoa. These data
confirmed the anti-malarial activity of the CE [21,39]
and indicate that the F4 fraction possibly contains the
main compound related to this activity.

When assessing anti-malarial activity in vitro, as classi-
fied previously [21], the CE/fractions of C. pluviosa have
been presented inhibitory activity against chloroquine-
sensitive (3D7) and -resistant (S20) strains of P. falci-
parum. These findings differ from previous studies
[21,39], which reported that the CE is inactive against the
chloroquine-sensitive strain (IC5o = 15 pg/mL). More-
over, the anti-malarial activity of the CE found here was
twofold more efficient against the chloroquine-resistant
strain (ICsq = 3.41 pg/mL) when compared with that
found in the same previous studies (IC5o = 8.3 ug/mL).
The discrepancy in ICsq values might be due to differ-
ences in the phytochemical and pharmacokinetic proper-
ties of the extract, which can vary depending on the
origin, genotype and harvest period of the plants [40,41].

Because the F4 and F5 fractions presented the strongest
inhibitory activity in vitro, these two fractions were cho-
sen for evaluation in P. chabaudi-infected mice. After
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Figure 6 ESI-MS/MS of the ion of m/z 303 from the (A) 100% ethanolic fraction or from a (B) solution of quercetin standard. Major
fragment ions are marked as either detectable in both spectra (*) or only the spectra of the quercetin standard (#).
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four days of treatment, our results showed that the anti-
malarial activity of the F4 fraction was also very efficient
inn vivo. These data show that even after the fractionation
and purification processes of the extract, no significant
anti-malarial activity modification was observed. This is
noteworthy because previous studies have reported that
certain extracts and fractions have strong activity iu vitroe,
but no inhibitery activity ix vive [42,43].

As ACT has been employed in areas with higher ratios
of anti-malarial treatment failure, and interaction with
artesunate has been a major step in drug discovery [44],
the anti-malarial activity of the F4 fractien in the pre-
sence of artesunate was evaluated. Although few studies
have shown in vitro synergistic interactions of natural
compounds with artesunate [45], these analyses showed
that artesunate was able to potentiate the reduction of
Pf-iE development when combined with the F4 fraction,
indicating that these distinct compounds had a synergis-
tic effect. The fact that the interaction between F4 frac-
tion and artesunate did not exhibit antagonistic
interactions should prompt further exploration of novel
therapeutic concentrations and combinations of other
compounds from plants extracts for the treatment of
malaria. As studies of drug combinations may reduce
the risk of developing drug resistance and may lead to
more effective therapeutic regimens for the treatment of
malaria [44], a detailed evaluation of this synergic effect
in vivo will certainly bring to light pertinent issues such
as pharmacokinetics and pharmacodynamics of these
compounds, solely or combined.

Mass spectrometry analyses of the F4 fraction detected
an ion of #1/z 303.0450, similar to the fragmentation pro-
file of quercetin (MM = 302), a natural flavenoid very
common in edible fruits and vegetables [46]. Indeed, pre-
vieus studies on the composition of Caesalpinia spp. have
led to the isolation of several compounds, such as diter-
penes [47-49], flavonoids [50], biflavoneids [51] and tan-
nins [52]. Analyses of 480 plant-derived compounds have
revealed that diterpenoids and flavenoids isclated from
Caesalpiniaceae family are associated with anti-malarial
activity against P. falciparum [53]. However, a second set
of analyses using a quercetin standard showed distinct
ions of m/z 137 and 153. Furthermore, the 1Cz; value of
the F4 fraction (0.72 pg/mL) obtained in these work was
nine-fold lower than that of quercetin (6.5 pig/mL)}, as pre-
viously described [54], thus reinforcing the notion of a
new compound related to the anti-malarial activity of F4
fraction, both in vitre and ix vivo assays.

Conclusion

The present study indicates that the F4 fraction of C.
pluviosa has no cytotoxic effect and exhibits anti-malar-
ial activity, both in vitro and ix vivo. When combined
with artesunate, this fraction potentiated the activity by
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significantly inhibiting parasitaemia. The presented find-
ings suggest that a new compound, most likely an iso-
mer of quercetin, is related to the anti-malarial activity
of the F4 fraction.
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On the Cytoadhesion of Plasmodium vivax—Infected

Erythrocytes
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Background. Plasmodium falciparum and Plasmodium vivax are responsible for most of the global burden of
malaria. Although the accentuated pathogenicity of P. falciparum occurs because of sequestration of the mature
erythrocytic forms in the microvasculature, this phenomenon has not yet been noted in P. vivax. The increasing
number of severe manifestations of P. vivax infections, similar to those observed for severe falciparum malaria,
suggests that key pathogenic mechanisms (eg, cytoadherence) might be shared by the 2 parasites.

Methods. Mature P. vivax—infected erythrocytes (Pv-iEs) were isolated from blood samples collected from 34
infected patients. Pv-iEs enriched on Percoll gradients were used in cytoadhesion assays with human lung endothelial
cells, Saimiri brain endothelial cells, and placental cryosections.

Results.  Pv-iEs were able to cytoadhere under static and flow conditions to cells expressing endothelial receptors
known to mediate the cytoadhesion of P. falciparum. Although Pv-iE cytoadhesion levels were 10-fold lower than
those observed for P. falciparum—infected erythrocytes, the strength of the interaction was similar. Cytoadhesion
of Pv-iEs was in part mediated by VIR proteins, encoded by P. vivax variant genes (vir), given that specific antisera
inhibited the Pv-iE—endothelial cell interaction.

Conclusions. These observations prompt a modification of the current paradigms of the pathogenesis of malaria
and clear the way to investigate the pathophysiology of P. vivax infections.

It has long been recognized that the directly attributable
morbidity and mortality differ for the 2 most prevalent
malarial parasite species, Plasmodium falciparum and
Plasmodium vivax. The higher multiplicative potential
of P. falciparum—infected erythrocytes (Pf-iEs) no doubt
contributes to their increased virulence. However, it is

the withdrawal of mature Pf-iEs (parasites older than
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24 h) from the peripheral circulation to that of the
internal organs—a phenomenon known as sequestra-
tion [1]—that is considered to be the key pathogenic
event. P. falciparum is characterized by almost total se-
questration, such that few if any mature Pf-iE forms
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are observed in peripheral blood samples during infection.
Given that mature P. vivax—infected erythrocytes (Pv-iEs) are
frequently observed in peripheral blood samples, it was con-
cluded that sequestration did not occur with this parasite. As
a consequence, the paradigm was formulated that sequestration
of Pf-iEs in specific organs is the principal initial cause of
pathology and that, when sequestration occurs in the brain or
placenta, the likelihood of cerebral malaria and pregnancy-as-
sociated malaria increases. Indeed, most forms of severe malaria
and nearly all mortality have been almost exclusively recorded
for falciparum cases.

P. vivax, the most prevalent malarial species outside sub-
Saharan Africa, imposes a substantial global public health bur-
den [2], with recent estimates of 130-435 million infected per-
sons per year among the 2.6 billion people at risk. Of equal
importance was the observation that many types of severe ma-
laria—long considered to be specific to P. falciparum—also
commonly occur in P vivax—infected persons. For instance,
infection with P. vivax during pregnancy was found to be as-
sociated with a substantial reduction in birth weight [3]. Fur-
thermore, in some areas of endemicity progression of vivax
malaria to clinically severe forms, including cerebral malaria
and acute respiratory distress syndrome, was found to occur
as frequently as for falciparum infections, with similar levels of
fatality [4—7]. This raises the possibility that pathological pro-
cesses linked to cytoadhesion might also operate in P. vivax.

In P. falciparum infection, cytoadhesion of Pf-iEs to endo-
thelial cells is mediated by interactions between members of
the P. falciparum erythrocyte membrane protein 1 (PfEMP-1)
family, polymorphic proteins encoded by the var multigene
family (8, 9], and defined host receptors on endothelial cells.
Of the 10 or so receptors identified to date [10, 11], 3 have
been extensively investigated: CD36, intercellular adhesion mol-
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ecule 1 (ICAM-1), and chondroitin sulfate A (CSA). The last
has been specifically associated with the binding of Pf-iEs to
the placenta [12].

We wished to establish whether P. vivax parasites are able to
cytoadhere under static or flow conditions to endothelial cells
and placental cryosections and whether the receptors for Pf-
iEs were also implicated. Furthermore, we assessed the involve-
ment of VIR proteins as a potential Pv-iE ligand.

METHODS

Ethical approval. Informed consent was sought and granted
from all patients attending the Tropical Medicine Foundation
of Amazonas (FMT-AM), Amazonas, in northern Brazil. The
procedures were approved by the Ethics Committee Board of
the FMT-AM (process 2758/2008-FMT-AM; approval no. 1943).

Parasite isolation and enrichment. Once microscopic di-
agnosis of uncomplicated vivax or falciparum malaria was made
and before the treatment was initiated, 5-10 mL of blood were
collected into citrate-coated Vacutainer tubes (BD). Parasitemia
levels rarely exceeded 5000 parasites/uL of blood. The blood
was immediately processed to obtain enriched Pv-iEs. On av-
erage, a total of ~1 X 10° Pv-iEs could be obtained, allowing
only a limited number of cytoadhesion assays to be conducted.
Patients who had received antimalarial treatment 3—4 weeks
before the test were excluded. Immediately after collection, the
red blood cells containing trophozoites and schizonts were sep-
arated from the younger forms on a 45% Percoll (Amersham)
gradient, as described elsewhere [13] with minor modifications.
Briefly, after plasma separation by centrifugation, blood pellets
were washed 3 times and then resuspended in RPMI 1640
medium (Sigma) to a final hematocrit of 10%. Five milliliters
of this suspension was overlaid on a 5-mL 45% Percoll solution

Figure 1. Percoll gradient enrichment of Plasmodium vivax maturing forms. A, Giemsa staining of the mature trophozoites and young schizonts
obtained after Percoll gradient enrichment, yielding cell suspensions with 85%—-97% P vivax-infected erythrocytes. B, Parasite species and maturity
confirmed by immunofluorescence assay using anti—PvMSP-1,, conformational monoclonal antibodies (3F8 and K23) diluted at 1:50. Normal mouse
serum samples were used as negative controls. DAPI, 4,6-diamidino-2-phenylindole dihydrochloride; FITC, fluorescein isothiocyanate.
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Figure 2. Adhesion of Plasmodium vivax—infected erythrocytes (Pv-iEs) to lung and brain endothelial cells or placental cryosections. Shown are
representative photomicrographs of (/eft) and cytoadhesion assays for (right) Pv-iEs binding to human lung endothelial cells (HLECs) (4), Saimiri brain
endothelial cells (SBECs) (B), and placental cryosections (C) stained with Giemsa stain and visualized using a Nikon microscope at X100 magnification.
Arrows indicate Pv-iEs bound to host cells. Representative results for Pv-iEs obtained from different patients and used for cytoadhesion assays
conducted on untreated cells, on Pv-iEs pretreated with trypsin, or in the presence of soluble chondroitin sulfate A (CSA) or anti-CD36 antibody are
shown. In all cases, parasites (5 < 10%) were left for 1 h at 37°C in 8-well culture slides (0.69 cm?/well) and then extensively washed, and adhered
Pv-iEs were counted. Data are the mean number of bound Pv-iEs per square millimeter, normalized to an input of 1 X 10° Pv-iEs/mm? error bars
indicate standard deviations. *.05> P> .01 and **0.01 > P> .001 (Kruskal-Wallis test).

(2.25 mL of Percoll, 0.5 mL of RPMI 1640 [X10], and 2.25
mL of distilled water) in a 15-mL tube. After centrifugation,
floating mature iEs were collected and resuspended in RPMI
1640. Ex vivo, Pf-iEs were enriched in Percoll gradient at 60%,
as described elsewhere [14]. Giemsa-stained thick smears (be-
fore enrichment) and thin smears (after enrichment) were ex-
amined to determine the Plasmodium species and the per-
centage of mature stages, respectively. A sensitive nested poly-
merase chain reaction (PCR) assay was applied to the samples
to confirm the diagnosis [15].

P. vivax slide preparation and immunofluorescence assays.
Immunofluorescence assays (IFAs) were performed in 8-well
slides containing mature stages of P. vivax. Immediately after
enrichment on Percoll, Pv-iEs were washed and resuspended
in 10% fetal calf serum (FCS) (Nutricell) and then deposited
on IFA slides (50 uL/well), fixed in acetone for 10 min, air-
dried, and stored at —20°C until use. Ten micrograms per
milliliter of each monoclonal antibody (3F8 or K23) against P.
vivax merozoite surface protein 1 (PvMSP1) [16] was diluted
in phosphate-buffered saline (PBS) and applied to slides for 30
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Table 1. Cytoadhesion Assays for Plasmodium vivax—Infected Erythrocytes (Pv-iEs) and Plasmodium falciparum-Infected Erythrocytes (Pf-iEs) Collected from 24 Patients

HLECs SBECs
% of inhibition® % of inhibition® Placental cryosections

Parasite, patient ~ Adhesion® Trypsinized sCSA Anti-CD36 CaseABC  Adhesion®  Trypsinized sCSA Anti-CD36  Adhesion® sCSA, % of inhibition®
Pv-iEs

008 58.2 + 9.8 19 =10

015 324 = 11.04 52 = 11*

016 524 + 85 70 = 7*

019 36.1 £ 10.6 59 = 10 ** 25 + 21

021 30.6 + 3.7 74 + 7** 63 + 10** 20 + 12

022 283 £ 45 29 + 21** B2 + B*¥* 2 + 27

023 578 + 565 85 + 6** 81 + 7** 38 + 20

024 339 x 3.7 76 £ 7** 65 + 8** 20 = 11

030 166 + 34 46 + 10%*** 128 £ 2.8 42 + 18*

031 26.1 = 45 47 + 15***

034 56.7 + 7.4 18 + 10% 495 + 79 28 + 9%

035 375 + 94 41 £ 13** 239 + 8.0 31 = 30

036 223 =+ 54 23 £ 19

063 204 = 44 30 £ 12*%

065 335 + 8.8 51 + 13***

066 99 + 3.2 15 + 40

076 19.7 + 4.0 34 + 18%** 7 £ 25

083 386 = 7.3 49 + 15%* 4 + 21

086 30.1 + 6.5 40 + 16%* 13 + 22

087 413 =+ 5.2 16 £ 23 315
Pf-iIEs

002 130.1 + 23.7

003 636.7 = 119.2

005 7735 £ 1795 87 £ 7*

008 4544 + 454

NOTE. Data from P falciparum isolates confirmed that the host cells and placental cryosections used were able to sustain parasite cytoadhesion. Asterisks indicate statistical significance with respect
to adhesion values, as follows: *.05>P>.01; **.01>P>.001; and P<.001. HLECs, human lung endothelial cells; SBECs, Saimiri brain endothelial cells; SD, standard deviation.
@ Mean no. (+SD) of bound infected erythrocytes per square millimeter, normalized to an input of 1 X 10°% infected erythrocytes/mm?>.
Percentage of inhibition (£ SD) of adhesion was calculated after enumeration of adherent infected erythrocytes either following trypsinization of infected erythrocytes or prior to the assay, or when
the assay was conducted in the presence of soluble CSA (sCSA), anti-CD36 monoclonal antibody, or in endothelial cells pretreated with chondroitinase ABC (CaseABC).
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Figure 3. Resistance of Plasmodium vivax—infected erythrocyte (Pv-iE)
cytoadhesion to flow conditions. Enriched Pv-iEs (5 X 10°) were allowed
to adhere to human lung endothelial cells (HLECs) during a 1-h incubation
at 37°C in single-well microslides (8.6 cm?) mounted in a flow chamber
system, and cytoadhesion medium (RPMI 1640 [pH 6.8]) was flowed
through at a wall shear stress of 0.09, 0.36, and 1.44 Pa for 10, 5, and
2.5 min, respectively; medium was not flowed through the control cham-
ber. The Pv-iEs that still bound at the end of the flow period were counted
in 20 randomly selected fields, and the percentage of binding compared
with that in the control chamber were calculated. Data are mean binding
percentages for 2 patient isolates (104 and 106) on HLECs previously
treated with lipopolysaccharide (LPS) (1.0 ug/mL) or left untreated; error
bars indicate standard deviations. *P< .05 for the comparison of adhesion
to nonstimulated vs LPS-stimulated HLECs (Mann-Whitney U test).

min at 37°C. After washing with PBS, slides were incubated
with 10 pg/mL fluorescein isothiocyanate—conjugated sheep
anti-mouse immunoglobulin G (Sigma) and 100 pg/mL 4',6-
diamidino-2-phenylindole dihydrochloride (DAPI) (Molecular
Probes) for 30 min at 37°C and then washed several times.
Positive monoclonal antibody recognition was detected with
the aid of an immunofluorescence microscope (Nikon). For
IFAs conducted using VIR antisera, Pv-iEs were left in suspen-
sion (liquid phase). Briefly, parasites were fixed in 2% para-
formaldehyde and washed and diluted in FCS, and then mouse
VIR-A4 and VIR-E5 antisera were added at a final dilution of
1:20 and incubated for 60 min. After 2 washes with FCS, cells
were incubated with 100 pg/mL Alexa Fluor 488—conjugated
goat anti-mouse IgG (Molecular Probes) and 500 ug/mL DAPI
for 30 min at 37°C and then washed twice with FCS. In both
assays, positive recognition by monoclonal antibody, VIR-A4,
VIR-E5, or MSP-1,, antisera was detected with the aid of an
immunofluorescence microscope.

Polyclonal VIR antisera were generated by injecting mice
with VIR-A4 or VIR-E5 glutathione S-transferase (GST) fusion
proteins belonging to the A or E vir subfamilies, respectively
[17, 18] and raised after 2 immunizations (21-day interval)
with each recombinant protein (5 pg/animal/dose) emulsified

in complete or incomplete Freund adjuvant. No Pv-iE—positive
labeling was visualized by means of GST antisera.

Selection of monophenotypic cultured P. falciparum para-
sites and cells. The P. falciparum lines FCR3 [19] and S20
[20] were cultured in candle jars. Briefly, Pf-iEs were cultivated
in fresh type O" human erythrocytes (Blood Center, Univer-
sidade Estadual de Campinas) suspended at a final hematocrit
of 4% in complete medium (RPMI 1640 [pH 7.2]) (Sigma)
and supplemented with 10% homologous human plasma.

The following cell lines were used in this study: Saimiri brain
endothelial cells (SBECs) and human lung endothelial cells
(HLECs) [21, 22], adapted from cultured primary explants, and
CHO-ICAM, CHO-CD36 and CHO-K1 cells [23]. Selection of
FCR3 parasites to CSA (FCR3°**) was performed by panning
(5 rounds) of mature-stage iEs on endothelial cells [21, 24] in
the presence of soluble CSA (100 pg/mL; Sigma).

Mature S20 trophozoites were selected on CHO-ICAM cells
(5 rounds) and then by a further 2 rounds on plastic plates
coated with recombinant ICAM-1 [25]. The selected S20"“*™
parasite line bound strongly to CHO-ICAM cells but poorly to
nontransfected CHO-K1 cells (data not shown).

Static cytoadhesion assays. We assessed the ability of Pv-
iEs or Pf-iEs obtained from infected patients to adhere to pla-
centa cryosections, HLECs, and SBECs by performing static
cytoadhesion assays as described elsewhere [19, 21, 26] with
minor modifications. Briefly, HLECs or SBECs were grown to
confluence on 8-well culture slides (0.69 cm?®/well; BD), and
5 X 10* Percoll-enriched iEs were then added to each well in a
total volume of 200 uL of cytoadhesion medium (RPMI 1640
[pH 6.8]), either alone or in the presence of 100 uL of soluble
CSA (100 pg/mL) or anti-CD36 (5 ug/mL). Culture slides were
incubated for 1 h at 37°C and then extensively washed in cy-
toadhesion medium. To confirm that the ligands on the surface
of Pv-iEs were proteins, Pv-iEs were treated with trypsin (1
mg/mL) for 45 min at 37°C before incubation over endothelial
cells. For confirmation of CSA as a receptor, HLECs were pre-
viously incubated with chondroitinase ABC (CaseABC) (0.5 U/
mL; Sigma) for 2 h at 37°C. Involvement of VIR antigens in
the cytoadhesion of Pv-iEs to HLECs was evaluated in an assay
where inhibition of parasite binding was tested with antisera
(diluted at 1:5 or 1:10) to VIR-A4 or VIR-E5 GST-fused pro-
teins. Serum samples from mice immunized solely with GST
in complete or incomplete Freund adjuvant were used as spec-
ificity controls. For these assays, inhibition was determined as
a percentage of the negative control and was expressed as the
mean value for 3 wells = standard deviation.

Assays of adhesion to placental trophoblasts were performed
as described elsewhere [19, 26, 27] with minor modifications.
Placental biopsy samples from 3 human immunodeficiency vi-
rus—negative Brazilian women with malaria were collected im-
mediately after delivery, snap-frozen in liquid nitrogen/n-hex-
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Table 2. Cytoadhesion Assays for Plasmodium vivax—Infected Erythrocytes (Pv-iEs) Obtained from 7 Patients or Cultured
Plasmodium falciparum-Infected Erythrocytes (Pf-iEs) to Human Lung Endothelial Cells (HLECs) under Flow Conditions

Shear stress

Parasite, patient ~ Adhesion® at 0.09 Pa 0.36 Pa 144 Pa
(LPS treatment) 0.00 Pa Adhesion? Binding,® % Adhesion® Binding,® % Adhesion? Binding,” %
Pv-iEs
090 (no) 67.4 = 14.4 342 + 86 50.8 304 + 96 45.2 ND
090 (yes) 55.6 = 9.6 48.0 £ 17.8 86.3 427 = 154 76.9 ND
091 (yes) 53.0 = 6.1 39.0 = 7.7 73.6 38.5 = 10.1 72.6 ND
092 (no) 17.6 = 9.6 134 + 8.2 76.1 10.8 = 2.9 61.1 ND
093 (no) 479 + 120 299 + 8.2 62.4 ND ND
094 (no) 60.4 = 13.8 51.3 = 9.1 84.9 ND ND
104 (no) 304 = 9.1 26.3 + 5.3 86.5 16.1 = 5.3 52.9 92 + 7.7 30.3
104 (yes) 325 + 13.8 25,0 = 5.3 76.9 246 = 5.3 75.7 16.4 = 6.7 50.5
106 (no) 28.6 = 8.6 205 = 14.9 71.7 19.8 + 6.1 69.2 6.8 + 5.8 23.8
106 (yes) 29.1 + 8.2 279 = 10.6 96.2 236 + 7.2 81.1 16.4 + 6.7 56.4
Pf-iEs
S20'“*M (no) 39.8 + 158 19.2 £ 13.0 47.9 12.0 = 5.8 30.0 96 + 82 24.3
FCR3%* (no) 3709 = 509 333.1 = 25.0 89.8 2945 + 36.9 79.4 190.8 = 34.7 51.4

NOTE. P vivax or cultured P falciparum, selected on intercellular adhesion molecule 1 (S20'“*M) or chondroitin sulfate A (FCR3%%4), were allowed
to adhere to HLECs either previously incubated with 1.0 pg/mL lipopolysaccharide (LPS) or not incubated with LPS, and then cytoadhesion medium
was flowed through at a wall shear stress of 0.09, 0.36, or 1.44 Pa for 10, 5, and 2.5 min, respectively. ND, not determined; SD, standard deviation.

@ No. of remaining adherent parasites after application of a flow condition. Data are the mean no. (+SD) of infected erythrocytes per square

millimeter, normalized to an input of 1 X 10° infected erythrocytes/mm?.

b Percentage of parasites that remained cytoadherent after being subjected to wall shear stress.

ane (Merck), and then stored frozen in Tissue-Teck (Thermo)
before use. Serial placenta cryosections (57 um) were cut with
a cryostome and mounted on individual glass slides. Cryosec-
tions were washed and air-dried, and an area of ~1 cm’ was
delimited with a Dako Pen device. Assays of the adhesion of
Pv-iEs to placental cryosections were performed as for endo-
thelial cells. Three to 4 placenta cryosections were used for each
adhesion assay. After a 1-h incubation at 37°C and following
Giemsa staining, the number of infected erythrocytes that ad-
hered to the endothelial cell monolayer or to placenta cry-
osections was counted under the microscope.

Involvement of CD36 or ICAM-1 host receptors was verified
by allowing Pv-iEs to adhere under static conditions to CHO-
CD36 cells, CHO-ICAM cells, or CHO-745 cells, a cell line that
does not express either of these receptors [23]. In these ex-
periments, we performed adhesion assays without using human
serum in the medium because it has been shown that human
immunoglobulins present in normal serum can mediate bind-
ing of Pf-iEs to CHO-745 cells [28].

Flow-based cytoadhesion assays. To assess the resistance
of Pv-iEs to shear stress, we performed flow-based cytoadhesion
assays according to a modified version of a method that has
been described elsewhere [19, 26, 27]. Briefly, HLECs were
cultured to confluence in single-well culture microslides (8.6
cm?, corresponding to 12.5 times the area of each well in a 8-
well culture slide), to which 1.5 mL of 5 X 10° Pv-iEs enriched

on 45% Percoll gradient was added. After a 1-h incubation at
37 °C, microslides were mounted in a flow chamber system
(Immunetics), and cytoadhesion medium (RPMI 1640 [pH
6.8]) was flowed through at a wall shear stress of 0.09, 0.36,
or 1.44 Pa for 10, 5, and 2.5 min, respectively. After this, the

40
mm. CHO-ICAM b
=3 CHO-CD36
30 | "= CHO-745 .
~
£
LTEJ 20 4
v
>
o
10 -
o )

098 100 101

Pv isolates

Figure 4. Adhesion of Plasmodium vivax—infected erythrocytes (Pv-iEs)
to specific receptors. Pv-iEs (5 X 10* cells/well) were allowed to adhere
to CHO-intercellular adhesion molecule (ICAM), CHO-CD36, or control
CHO-745 cells. Data are the mean number of bound Pv-iEs per square
millimeter, normalized to an input of 1 X 10° Pv-iEs/mm? error bars in-
dicate standard deviations. *P<.001 for the comparison of adhesion to
CHO-ICAM cells vs CHO-CD36 or CHO-745 cells (Kruskal-Wallis test).
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Figure 5. Recognition and blocking of Plasmodium vivax-infected
erythrocyte (Pv-iE) cytoadhesion to human lung endothelial cells (HLECs)
by specific VIR antisera. A, Immunofluorescence of a Pv-iE labeled with
antisera against VIR-A4 (1:20) or VIR-E5 (1:20). Shown are results for
phase contrast, 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) stain-
ing, and mouse anti—VIR-E5 (op) or anti-VIR-A4 (bottom) with Alexa Fluor
488—conjugated goat anti-mouse immunoglobulin G. B, Results of in-
cubation of Pv-iEs (5 X 10* cells/well) for 1 h at 37°C alone or in the
presence of VIR-A4 or VIR-E5 antisera diluted at 1:5 (isolate 095) or 1:
10 (isolate 096). In both assays, serum samples from mice immunized
solely with glutathione S-transferase (GST) in Freund adjuvant were used
as a negative control. For these assays, inhibition was determined as
the percentage of negative control counts, expressed as mean values for
triplicate wells; error bars indicate standard deviations. *P< .05 for the
comparison of inhibition with GST antisera (Kruskal-Wallis test).

remaining bound Pv-iEs were counted in 20 randomly selected
fields through a digital camera attached to a microscope (Mo-
ticam 2500; Motic). Results were expressed as the mean number
of infected erythrocytes per square millimeter *+ standard de-
viation. In some experiments, microslides were stained with
Giemsa after a determined shear stress condition, to visualize
bound Pv-iEs. Alternatively, HLECs were incubated with li-
popolysaccharide (LPS) (1.0 pg/mL; Sigma) for 4 h at 37°C
and then washed before parasite cytoadhesion. Cultured P. fal-
ciparum panned isolates (FCR3“** and S20"“*) were used as
controls. To ascertain whether P. vivax adhesion to HLECs oc-
curred under flow conditions, 1 X 10° enriched Pv-iEs diluted
in cytoadhesion medium were flowed at a wall shear stress of
0.09 or 0.36 Pa for 1 h and then filmed. For both the static
and flow-based assay, parasite adhesion was normalized to
1 X 10° infected erythrocytes/mm?, taking into account the area

and the number of infected erythrocytes used in each assay
(5 X 10* infected erythrocytes in 0.69 cm® or 5 X 10° infected
erythrocytes in 8.6 cm?).

Flow cytometry. Levels of ICAM-1 expression on HLECs
were assessed by flow cytometry. Briefly, 1 X 10° cells either
treated with LPS (1.0 pg/mL) or left untreated were harvested,
incubated with anti-human CD54 (ICAM-1) (phycoerythrin;
BD Bioscience) for 30 min at 4°C, washed, and fixed in 2%
formaldehyde. Analysis was performed using a FACScanto flow
cytometer (BD), and the mean fluorescence intensity and the
percentage of positive cells were analyzed with the aid of FCS
Express software (version 3.00.0320; De Novo Software). For
each sample, a minimum of 100,000 events were acquired.

Statistical analysis. The statistical significance of adhesion
to different cells types at various conditions was determined
using the Mann-Whitney U test or the Kruskal-Wallis test.
Calculations were performed using BioEstat software (version
3.0; CNPq, Brazil) and Prism software (version 3.02; GraphPad
Software). Differences were considered significant at P<.05.

RESULTS

Our investigation of Pf-iE cytoadherence was substantially fa-
cilitated by the availability of in vitro—cultured P. falciparum,
an avenue not open for P. vivax. We conducted our experiments
with Pv-iEs using samples obtained directly from patients pre-
senting with uncomplicated P. vivax malaria in Manaus, Brazil.
The limitations imposed by reliance on clinical samples with
parasites of diverse genotypes and of varying suitability for
cytoadherence assays were compensated for by the collection
of a relatively large number of samples (n = 34). As controls
for the cytoadhesion assays, P. falciparum—infected blood was
also obtained from 4 patients attending the same hospital. In
all cases, a sensitive PCR assay was used to exclude the presence
of mixed-species infections. As an inital step, cytoadherence
was assessed using HLECs, SBECs, and human placental cry-
osections. These cell lines and placental cryosections have been
characterized and validated for assays of P. falciparum cytoad-
hesion [19, 21, 22, 26, 27]. In P. falciparum infection, mature
forms of the parasite cytoadhere more strongly than do freshly
invaded forms. We hypothesized that this could be also the
case for P. vivax infection. Given the different densities of ma-
ture-stage and early-stage parasites, we subjected P. vivax par-
asites collected from the patients directly and without prior
short-term culturing to a Percoll gradient, enabling the recovery
of almost-pure trophozoite- and schizont-stage Pv-iEs (Figure
1). Of note, after enrichment the percentage of MSP-1,,—ex-
pressing forms observed in IFA varied from 85% to 97%.
Pv-iEs were first tested for their ability to cytoadhere to
HLECs, SBECs, and placental cryosections under static con-
ditions. For some patients, aliquots of the same Pv-iE suspen-
sion were tested after digestion with trypsin or in the presence
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of soluble CSA, anti-CD36 monoclonal antibody in the cy-
toadhesion medium, or HLECs pretreated with CaseABC (Fig-
ure 2 and Table 1). All the Pv-iEs tested displayed some level
of cytoadherence to HLECs and/or SBECs or to placental cry-
osections. Pv-iE binding to areas not containing endothelial
cells was not observed. Pretreatment of Pv-iEs with trypsin
generally decreased adhesion to HLECs or SBECs by 19%-85%
(mean, 54%), depending on the parasite isolate. Significant
inhibition of cytoadherence was also observed in the presence
of soluble CSA (range, 16%-81%; mean, 42%). By contrast,
when assays were conducted in the presence of anti-CD36, the
extent of inhibition of cytoadherence was not statistically sig-
nificant (Table 1), although only a few isolates could be tested.
Moreover, unlike the higher inhibition observed with soluble
CSA, HLECGs pretreated with CaseABC did not significantly
abolish adhesion of the same Pv-iEs (Table 1). Cytoadhesion
assays were also conducted in parallel with similarly enriched
mature Pf-iEs derived from 4 patients. The levels of cytoad-
herence observed were ~10-fold higher than those recorded for
Pv-iEs (Table 1).

Having demonstrated that Pv-iEs could cytoadhere to en-
dothelial cells under static conditions, it was important to eval-
uate whether the observed cytoadherence was biologically rel-
evant and whether it could be maintained under the flow
conditions that parasites are subjected to in the bloodstream.
Shear stress in postcapillary venules is close to 0.08 Pa [29].
Thus, we enriched Pv-iEs from 7 individuals and conducted
flow-based cytoadhesion assays on HLECs at shear stress con-
ditions varying from 0.09 to 1.44 Pa. The parasites that re-
mained attached after being subjected to increasing flow rates
for defined periods were enumerated by microscopic exami-
nation after Giemsa staining (Figure 3 and Table 2). Given that
HLECs express CSA and ICAM-1 on their surface, we per-
formed parallel assays using P. falciparum FCR3 and the S20
iEs preselected on CSA (FCR3“**) and ICAM-1 (S20*"). As
for Pf-iEs (FCR3“*"), even at a relatively high shear stress (1.44
Pa) a substantial proportion (30%) of the cytoadherent Pv-iEs
could not be detached (Table 2). Furthermore, stimulation of
the HLECs with LPS significantly strengthened the cytoadher-
ence, because 56% of the cytoadherent Pv-iEs could not be
detached at 1.44 Pa (Figure 3). Of note, LPS treatment aug-
mented ICAM-1 expression levels by 3-fold (data not shown).
The strength of Pv-iE adhesion was similar to that observed
for P falciparum FCR3“** to unstimulated HLECs (Table 2).
The behavior of the cytoadherent Pv-iEs to HLECs under flow
conditions was recorded in real time and can be seen in Videos
1 and 2, which are available in the online version of the Journal
and which show that cytoadherent Pv-iEs display the rolling
characteristics of cytoadherent P. falciparum parasites [30].
Video 1 shows the rolling and binding of a Pv-iE to an HLEG;
parasites were diluted in medium and flowed at a wall shear

stress of 0.09 Pa. Video 2 shows 2 Pv-iEs bound to HLECs
under a flow condition of 0.36 Pa.

We then tested whether CD36 or ICAM-1, both present on
the HLEC surface [21, 22], were implicated in the observed
Pv-iE cytoadherence. For this, CHO lines transfected with
CD36 or ICAM-1 were used. None of the Pv-iEs from the 3
samples tested showed binding to CD36 (Figure 4), because
the levels of cytoadherent Pv-iEs were not significantly different
from background (binding of Pv-iEs to untransfected CHO-
745 cells). By contrast, a 2.1-2.7-fold increase in cytoadhesion
to ICAM-1 over background was observed for Pv-iEs from 2
of the 3 samples tested (Figure 4). Low cytoadhesion of Pv-iEs
isolated from patient 098 may indicate variations in the binding
phenotypes of different isolates.

Finally, we investigated potential parasite ligands involved in
Pv-iE cytoadhesion. A multigene family orthologous to the P.
falciparum var genes does not occur in the genome of P. vivax
[31]. However, a superfamily of surface-expressed variant an-
tigens genes (vir) is present in P. vivax; it has ~350 members,
which can be subdivided into 10 subfamilies and unclustered
members [17, 31, 32]. Hence, we tested 2 specific polyclonal
antisera, VIR-A4 and VIR-E5, from the A and E subfamilies,
respectively [18]. Pv-iEs were specifically recognized by both
antisera in IFAs (Figure 5A) but not by the control GST antisera.
Significant inhibition of Pv-iE cytoadherence on HLECs was
observed when either VIR antisera was included in the assay
medium but not in the presence of the GST antisera (Figure
5B).

DISCUSSION

Our observations provide the first evidence, to our knowledge,
that mature Pv-iEs are capable of cytoadhering to endothelial
cells and placental cryosections. Two receptors used by P. fal-
ciparum for binding to endothelial cells, ICAM-1 and CSA,
were also implicated in the cytoadhesion of P. vivax parasites,
at least to some extent. However, CaseABC treatment suggested
that cytoadhesion to CSA, a highly negative charged molecule,
might be due to charge interaction. Indeed, it has been shown
that binding to CSA is highly dependent on ionic strength [33].
The fraction of Pv-iEs that cytoadhered was up to 10-fold lower
than that for Pf-iEs. Importantly, cytoadhesion of Pv-iEs, once
established, is as strong as that of CSA-selected Pf-iEs, as dem-
onstrated by the flow assays (Table 2). Because the parasites
we assayed were directly obtained from patients, our data sug-
gest that only a minor fraction of P. vivax would have the
capacity to cytoadhere in vivo. Partial retention of P. vivax from
the peripheral circulation would explain why the mature forms
of this parasite are generally found in peripheral blood. This
is consistent with the observation of partial and differential
accumulation of Pv-iEs in organs of P. vivax—infected squirrel
monkeys [34], as well as with observations of partial depletion
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of mature P. vivax in the peripheral blood of humans [35, 36].
Our observation of Pv-iE cytoadhesion to placental tissue from
sections of the placenta obtained after delivery (data not shown)
suggests that the phenomenon can occur in vivo. However, the
histopathological studies of postmortem tissues that would be
required to indicate whether this phenomenon extends to other
organs in infected individuals are limited.

For all isolates for which trypsin treatment was tested, the
only partially abrogated Pv-iE cytoadhesion suggests that tryp-
sin-resistant ligands commonly occur on the Pv-iE surface. It
would be important to establish whether other receptors are
implicated in Pv-iE cytoadhesion and explore the precise roles
played by ICAM-1 and CSA. Finally, detailed investigations of
the role played by VIR proteins as cytoadhesive ligands, for
which we present indirect evidence, are complicated because
(1) multiple members of the VIR protein family are expressed
on the infected red blood cell surface [17], unlike the clonally
expressed var genes of P falciparum [37], and (2) the high
number of vir genes present in the genome (346 vir genes for
the Sal line of P. vivax [31], as opposed to 59 var genes for the
3D7 line of P. falciparum) [38]. Nevertheless, our data call for
further investigation of the role played by VIR proteins in Pv-
iE cytoadhesion.

Although infections with P. vivax are less life-threatening
than those with P. falciparum, morbidity in P. vivax infection
is associated with anemia and a pronounced cytokine-mediated
inflammatory response [4]. Differential accumulation of a pro-
portion of parasites to some organs, such as the lungs or pla-
centa, might be targeted by the inflammatory response to this
organ, leading to a more severe clinical presentation [4, 39,
40].

In conclusion, our observations add a new aspect to the
pathophysiology of a major (yet mostly neglected) human path-
ogen, which could lead to novel therapeutic approaches to
alleviate the increasingly recognized health burden globally im-
posed by this distinctly not-so-benign parasite.
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Violacein is a violet pigment extracted from the gram-negative bacterium Chromobacterium violaceum. It
presents bactericidal, tumoricidal, trypanocidal, and antileishmanial activities. We show that micromolar
concentrations efficiently killed chloroquine-sensitive and -resistant Plasmodium falciparum strains in vitro;
inhibited parasitemia in vivo, even after parasite establishment; and protected Plasmodium chabaudi chabaudi-

infected mice from a lethal challenge.

Violacein is a violet pigment isolated from Chromobacterium
violaceum, a gram-negative betaproteobacterium found in the
Amazon River in Brazil. It has been reported to kill bacteria
(4) and induces apoptosis in various types of cancer cells (1, 5,
7, 8, 10, 11). Moderate activity against Trypanosoma cruzi and
Leishmania amazonensis promastigotes has also been observed
(3,9). Due to the widespread presence of drug resistance in the
malaria parasite, resulting in dramatically decreased efficacy of
available antimalarial drugs (15), and the fact that immuno-
protection achieved by the most successful malaria vaccine is
only partial and short-lived (14), we evaluated the in vitro and
in vivo effects of violacein on human and murine blood stage
forms of Plasmodium parasites.

Isolation and purification of violacein, 3-[1,2-dihydro-5-(5-hy-
droxy-1H-indol-3-yl)-2-oxo-3H-pyrrol-3-ilydeno]-1,3-dihydro-2H-
indol-2-one (Fig. 1), from C. violaceum (CCT3496) were per-
formed as previously described (12). Toxicity was measured as
the concentration-dependent lysis of normal erythrocytes (NE)
by counting red blood cells per milliliter with the aid of a
Neubauer chamber. After 48 h of exposure to various concen-
trations of violacein, the percent red blood cell density
(RBCD) relative to that of the control (without violacein) was
monitored and calculated according to the formula (RBCD
per milliliter in the presence of violacein/RBCD per milliliter
without violacein) X 100. As shown in Fig. 2A, a slight reduc-
tion in the RBCD percentage at violacein concentrations of

* Corresponding author. Mailing address: Departamento de Parasi-
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>8.0 wM was observed. Significant (Mann-Whitney U test, P <
0.05) toxicity to NE occurred at a concentration of 14.0 pM.

Next, we performed dose-response assays to obtain the 50%
inhibitory concentrations (ICs,s) of violacein against erythro-
cytes infected with chloroquine-sensitive or -resistant strains of
P. falciparum (3D7 [16] or S20 [2], respectively) at 1% para-
sitemia and a 2% final hematocrit. We used [*H]hypoxanthine
(Amersham Biosciences, Amersham, United Kingdom) incor-
poration to assess parasite growth according to a protocol
described elsewhere (13). Violacein was tested in triplicate at
least three times with different batches and cells, and parasite
growth was compared to that in nontreated infected erythro-
cytes (IE), which represented 100% parasite growth. Percent
parasite growth inhibition was calculated according to the for-
mula [1 — (cpm of treated IE — cpm of NE/cpm of nontreated
IE — cpm of NE)] X 100. After a 48-h incubation, violacein
inhibited parasite development even at the lowest tested con-
centration of 0.06 wM and completely abrogated parasite via-
bility at concentrations of >1.0 uM (Fig. 2B).

The ICs, of violacein against P. falciparum strain 3D7 was
calculated as 0.85 = 0.11 pM. We then tested whether the
effect of violacein was directed against young (rings, 0 to 24 h)
or mature (trophozoites and schizonts, 24 to 48 h) blood forms
by using synchronized parasites (= 6 h) obtained by repeated
5% sorbitol treatment as previously described (6). After a 24-h
incubation, inhibition of the different parasite stages by viola-
cein was measured. As shown in Fig. 2C, there was no statis-
tically significant difference (Mann-Whitney U test, P > 0.05)
between the inhibitory values of violacein in either parasite
stage. We then asked if susceptibility or resistance to chloro-
quine also predicts parasite sensitivity to violacein. As shown in
Fig. 2D, the violacein ICs,s for strains 3D7 and S20 did not
differ significantly (0.85 = 0.11 and 0.63 * 0.13 wM, respec-
tively; Mann-Whitney U test, P > 0.05).
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FIG. 1. Chemical structure of violacein.

We then investigated whether violacein antimalarial activity
could be sustained in a mouse model, where other character-
istics such as bioavailability and pharmacokinetics have to be
taken in account. For the in vivo assays, C57BL/6 mice (7 to 10
mice per group, aged 7 to 10 weeks, and with a body weight of
20 = 3 g) were infected with a nonlethal (AS) or a lethal (AJ)
strain of Plasmodium chabaudi chabaudi by intraperitoneal
(i.p.) injection with 10° IE. Parasitemia levels were determined
daily by counting the IE among at least 1,000 erythrocytes in
Giemsa-stained blood smears. As shown in Fig. 3A, daily ad-
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ministration of violacein i.p. for 11 consecutive days (0 to 10
days postinfection [p.i.]) reduced the parasitemia of P.
chabaudi chabaudi AS-infected mice. Thirty-nine percent in-
hibition was observed on day 7 p.i. (parasitemia peak), in
comparison to nontreated mice (control; Table 1), even at a
low dose of 0.75 mg/kg/day. Moreover, the two highest doses of
violacein (3.75 and 7.5 mg/kg/day) almost completely abolished
parasitemia on day 7 p.i., corresponding, respectively, to 82
and 87% inhibition of parasite development (Table 1). In ad-
dition, violacein doses of 0.75 to 7.5 mg/kg/day were able to
inhibit the peak parasitemia in a dose-dependent manner (Ta-
ble 1).

Since violacein did not completely abrogate parasitemia
early in infection and drug pressure was removed by day 10 p.i.,
we monitored the parasitemia levels of P. chabaudi chabaudi
AS-infected mice treated with the highest dose of violacein
daily until day 22 p.i. Notably, on day 16 p.i., which represents
the sixth day after the end of violacein treatment, parasite
development was still significantly (Mann-Whitney U test, P <
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FIG. 2. Evaluation of violacein antimalarial activity against P. falciparum. (A) Noninfected erythrocytes (RBC) were cultivated for 48 h at 37°C
in the presence of different concentrations of violacein. The RBCD was determined as a percentage of that the control (without drug). Inhibition
of the growth of P. falciparum 3D7 IE cultivated for 48 h at 37°C with different concentrations of violacein (B) and of young or mature stages of
this parasite (C) is also shown. (D) Effect of violacein against a chloroquine-resistant strain (S20) of P. falciparum in IE. Results are expressed as

the mean of triplicate measurements = the standard deviation.
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FIG. 3. Effect of violacein on mouse-derived Plasmodium parasites. Groups of 7 to 10 C57BL/6 mice were infected i.p. with 10° P. chabaudi
chabaudi AS 1E and then left untreated or treated with different doses of violacein administered i.p. for 11 consecutive days (days 0 to 10 p.i.),
starting on day 0 at 1 h p.i. Parasitemia levels were determined daily until day 12 p.i. (A) or up to day 22 p.i. (B) after treatment with the highest
dose (7.5 mg/kg/day). (C) Analysis of violacein antimalarial activity after parasite establishment and treatment for 6 consecutive days (days 5 to
10 p.i.) with the highest dose of violacein in P. chabaudi chabaudi AS-infected mice. Results are expressed as the mean of a group of mice * the
standard deviation. (D) Analysis of the survival of groups of 10 C57BL/6 mice infected with P. chabaudi chabaudi AJ (lethal strain) by i.p. injection
of 10° IE and then treated i.p. with violacein at 7.5 mg/kg/day for 11 consecutive days (days 0 to 10 p.i.). The drug administration period is indicated
by shading in each graph.

0.05) inhibited (up to 59%; Fig. 3B). To verify whether viola-
cein had an effect on parasite growth after the establishment of
infection, P. chabaudi chabaudi AS-infected mice received vio-
lacein from day 5 (16% parasitemia) to day 10 p.i. This can

reflect the time point when malaria therapy is given to patients.
As shown in Fig. 3C, violacein administration during patent
parasitemia was able to reduce parasite growth significantly
(Mann-Whitney U test, P < 0.01), by up to 50.1%, in compar-

TABLE 1. Inhibition of parasitemia in P. chabaudi chabaudi AS-infected mice under violacein treatment

Violacein dose

Mean % inhibition® = SD (P value)

(mg/kg/day) Day 5 Day 6 Day 7 Day 8
7.5 56.48 £ 12.84 (<0.005) 75.40 £ 5.17 (<0.005) 86.90 £ 3.53 (<0.005) 84.67 £ 5.43 (<0.05)
3.75 33.23 = 14.72 (NS)b 64.89 =+ 8.00 (<0.005) 82.12 + 4.33 (<0.005) 75.73 + 13.93 (<0.05)
0.75 3.58 £ 33.80 (NS) 20.42 £ 36.30 (NS) 39.25 + 14.15 (<0.05) 48.85 = 15.08 (NS)
0.075 NI¢ (ND)d NI (ND) NI (ND) 12.04 = 6.11 (NS)

“The data shown are percentages of the parasitemia of nontreated mice, which was defined as 100%. Values for groups of 7 to 10 mice are shown.

> NS, not statistically significant.
¢ NI, no inhibition.
4 ND, not determined.
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ison to nontreated animals on the seventh day of infection.
Next, to determine the protective effect of violacein, mice were
infected with the lethal AJ strain of P. chabaudi chabaudi and
their survival rate was evaluated. As shown in Fig. 3D, 100% of
the nontreated mice died by day 10 p.i., with 50% of the deaths
occurring early on day 7 p.i. In contrast, animals treated with
violacein at 7.5 mg/kg/day did not succumb to infection until
days 9 (10%) and 14 (10%) p.i., reaching 80% survival on day
16; clearly demonstrating the significant (log rank test, P <
0.0001) protective effect of violacein.

This study demonstrates for the first time the antimalarial
activity of violacein by showing inhibition of the growth of
human- and mouse-derived Plasmodium parasites. Also, viola-
cein was effective against young and mature forms of the hu-
man parasite and its activity extended to chloroquine-sensitive
and -resistant strains of P. falciparum. Our data call for new
formulations based on violacein nanoparticles to improve
solubility, bioavailability, and activity and to decrease drug
toxicity.
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Regulatory T Cell Induction during Plasmodium
chabaudi Infection Modifies the Clinical Course of
Experimental Autoimmune Encephalomyelitis
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Abstract

Background: Experimental autoimmune encephalomyelitis (EAE) is used as an animal model for human multiple sclerosis
(MS), which is an inflammatory demyelinating autoimmune disease of the central nervous system characterized by
activation of Th1 and/or Th17 cells. Human autoimmune diseases can be either exacerbated or suppressed by infectious
agents. Recent studies have shown that regulatory T cells play a crucial role in the escape mechanism of Plasmodium spp.
both in humans and in experimental models. These cells suppress the Th1 response against the parasite and prevent its
elimination. Regulatory T cells have been largely associated with protection or amelioration in several autoimmune diseases,
mainly by their capacity to suppress proinflammatory response.

Methodology/Principal Findings: In this study, we verified that CD4"CD25" regulatory T cells (T regs) generated during
malaria infection (6 days after EAE induction) interfere with the evolution of EAE. We observed a positive correlation
between the reduction of EAE clinical symptoms and an increase of parasitemia levels. Suppression of the disease was also
accompanied by a decrease in the expression of IL-17 and IFN-y and increases in the expression of IL-10 and TGF-§31 relative
to EAE control mice. The adoptive transfer of CD4*CD25" cells from P. chabaudi-infected mice reduced the clinical evolution
of EAE, confirming the role of these T regs.

Conclusions/Significance: These data corroborate previous findings showing that infections interfere with the prevalence
and evolution of autoimmune diseases by inducing regulatory T cells, which regulate EAE in an apparently non-specific

manner.
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Introduction

The determinants underlying the heterogeneity of multiple
sclerosis (MS) remain unclear. However, current evidence indicates
the involvement of a complex genetic trait that probably requires an
environmental factor, such as an infection, to be triggered [1].
Classical studies have demonstrated that experimental autoimmune
encephalomyelitis (EAE), an experimental model of MS, can be
either exacerbated or suppressed by infectious agents [2-6]. EAE is
an inflammatory demyelinating autoimmune disease of the CNS
that i1s characterized by the activation of Thl and/or Thl7 cells
[7,8]. Amplification of the response of these lymphocytes leads to
tissue injury, which can result in demyelination. Regulatory
mechanisms might be activated to down regulate exacerbated
inflammatory responses. Indeed, regulatory cells that are positive for
the expression of the transcription factor Foxp3 have a crucial
function in activating immune suppression and in the maintenance

@ PLoS ONE | www.plosone.org 201

of immune homeostasis [9-11]. A deficiency in either the number or
function of Foxp3-positive T cells has been described in both the
MS and the EAE model [12-15]. The Foxp3* IL-10-producing cells
are associated with the recovery phase of EAE, and in witro-
generated or purified natural regulatory T cells prevent the
induction of EAE by producing IL-10 [16].

On the other hand, some studies have shown that the activation
of T regs, either in experimental models of malaria or in humans
infected by the malaria parasite, suppresses the Thl response and
prevents elimination of the parasite. The enhancement of
CD4"CD25" regulatory T cells probably plays a crucial role in
this escape mechanism [17-22]. These natural regulatory cells
seem to be associated with a burst of TGF-B production and
decreases in antigen-specific responses and proinflammatory
cytokine production [23].

In the present study, we used experimental malaria infection
and the murine MS model to investigate how the regulatory
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mechanisms induced during Plasmodium infection interfere with the
clinical course and immune responses in the EAE model.

Materials and Methods

Animals

C57BL/6 mice (6-8 weeks old) were purchased from the
University of Campinas (Campinas, SP, Brazil) and maintained in
a specific pathogen-free animal facility. All experiments and
procedures were approved by the UNICAMP Committee for
Ethics in Animal Research (Protocol No. 857-1).

Induction of EAE

Briefly, mice were injected subcutaneously (s.c.) with 100 pg/
animal of pMOG3;;.55 (MEVGWYRSPFSRVVHLYRNGK) or
pPCIR 50.19s NPYCNVLTNLKN DYDKIRK) (Genemed Syn-
thesis, CA, USA) emulsified in complete Freund’s adjuvant
containing 4 mg/ml of Mycobacterium tuberculosis H37RA (Difco,
Detroit, MI, USA). Each immunized animal receives a total of
100 pl of the emulsion in the both upper flanks and 200 ng/mouse
of Pertussis toxin intraperitoneal (i.p.) (List Biochemicals, Camp-
bell, CA, USA) on days 0 and 2 after immunization. Clinical
expression of the disease was graded on a clinical index scale of 0
to 5 as previously described [24].

Malaria infection

Mice were infected i.p. with 10% infected red blood cells (iRBCi)
of the non-lethal line of P. chabaud: chabaudi AS or were injected
with saline only (negative control group), 6 days after EAE
induction (6 d.a.i) or 25 days prior the EAE induction (post-
infection with P. chabaudi). The group injected with P. chabaudi 6
d.a.i. presented a peak of parasitemia in the same day of EAE
maximum clinical score.

The blood stage forms of both parasites were stored in liquid
nitrogen after i vivo passages in C57BL/6 mice according to a
protocol described elsewhere [25]. The percentage of parasitemia
was determined daily by counting the number of iRBCs among at
least 1,000 erythrocytes in Giemsa-stained blood smears. The
corporal temperatures and relative body weights of the mice were
evaluated daily, starting on day 1 post-infection, by rectal
introduction of a precision digital thermometer (model TE-300,
Instrucamp, Brazil) and with a precision balance (Metter Toledo),
respectively.

Flow Cytometry

All analyses were performed using a flow cytometer (FACScanto
or FACSCalibur) (BD Bioscience, San Jose, CA, USA). For Foxp3
labeling, permeabilization buffer (PBS 10% rat serum and 1%
Triton) was used. The antibodies were as follows: anti-CD4 FITC,
anti-CD4 PE, anti-CD25 PE (BD Bioscience, San Jose, CA, USA)
and anti-Foxp3 APC (eBioscience, San Diego, CA, USA). The
data were analyzed using FACSDiva (BD Bioscience, San Jose,
CA, USA) or MDI 2.9 software.

Cell sorting

All sorting were performed using a cell sorter flow cytometer
FACSAria (BD Bioscience, San Jose, CA, USA). Cells were kept
on ice before and after sorting analysis. Cell purity was confirmed
immediately after sorting and cell viability was assured before the
transfer. Each animal was injected (i.v.) with 1x10° viable cells.

Quantitative real-time PCR (qRT-PCR)
mRNA was extracted using Trizol and reverse transcribed to
generate cDNA. Tagman analysis was performed using a Tagman
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ABI Prism 7500 Sequence Detector (PE Applied Biosystems,
Darmstadt, Germany). The primers GAPDH, IL-17A, IL-10,
TGF-B,, IL-27 and Foxp3 were obtained from Applied Biosci-
ences (Mm00439619_m1 (IL-17A), Mm99999915_m1 (GAPDH),
Mm00475156_m1 (Foxp3), Mm03024053 (TGFf1), Mm00461164
(L-27), Mm00439616_m1 (IL-10)). The specific mRNAs were
normalized to the expression of a housekeeping gene (GAPDH).
The data were obtained using independent duplicate measure-
ments. The threshold cycle value of the individual measure-
ments did not exceed 0.5 amplification cycles.

Statistical Analysis

The statistical significance of the results was determined using a
non-parametric analysis of variance (Kruskal-Wallis test), the
Mann-Whitney test (U-test) or a non-parametric correlation
(Spearman’s rank). A p value less than 0.05 was considered
significant.

Results

Modulation of EAE and P. chabaudi infection

The inductions of EAE and P. chabaudi infection were designed
to coincide with the peak of the clinical symptoms of EAE. EAE
was more severe approximately 14 days after immunization with
PMOGs5.55, and the peak of parasitemia occurred 7 days after
infection (Fig. 1A). The presence of an autoimmune response
during EAE induction did not change the parasitemia levels
(Fig. 1B) or the corporal temperature of the animals during the
course of malaria infection (Fig. 1C). However, the clinical course
of EAE was significantly diminished until 28 days post-EAE
induction (Fig. 1D). The reduction in clinical signs correlated with
a loss of body weight. As shown in Figure 1E, animals with EAE
and infected with P. chabaudi 6 d.a.i presented a modest loss of
body weight relative to the group with EAE alone. Of note,
parasitemia and clinical symptoms of EAE were significantly
negatively correlated during the clinical course of the disease in the
group of mice infected with P. chabaudi 6 d.a.i (Fig. 1F).

Next, we measured cytokine expression by qRT-PCR to verify
whether the reduction in the clinical signs of EAE observed in
infected with P. chabaudi 6 d.a.i was related to differences in the
cytokine expression profile. As shown in Figure 2, a significant
reduction in IL-17A expression was noted in the regional lymph
nodes in the EAE-malaria group in comparison to the EAE group.
Moreover, corroborating the reduction in the pro-inflammatory
profile, we discovered higher expression of IL-10, TGF-B; and IL-
27 in both lymph nodes in the EAE-malaria mice relative to the
EAE-alone mice (Fig. 2).

Involvement of regulatory T cells

Corroborating with previous studies investigating experimental
malaria infection models [17], the percentages of CD4*CD25"
regulatory T cells increased in the spleen as the parasitemia
evolved, with a peak observed on day 4 after infection (6.4%)
(Fig. 3A). By contrast, naive mice presented CD4*CD25"
percentages (2.0%) were three fold lower than those detected in
malaria-infected mice. A significant difference in the percentage of
T regs was noted on day 4 post-infection in the spleen of EAE
mice when compared to EAE-malaria-infected animals (Fig. 3B).
Indeed, whereas only 6.0% of the cells harvested from EAE mice
were CGD4"CD25 Foxp3™ T cells, in the EAE animals harboring a
malaria infection, up to 14.1% of the CD4+ cells expressed
CD4"CD25"Foxp3*. Analyses of peripheral blood cells revealed a
minor increase in the percentage of T reg cells in the EAE-malaria
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Figure 1. Malaria infection P. chabaudF-infected mice 6 d.a.i ameliorates clinical signs of autoimmunity. (A) Experimental design of EAE
induction and P. chabaudi infection. (B) Parasitemia levels, (C) corporal temperature, (D) EAE clinical score and (E) weight loss in groups of mice
infected with P. chabaudi alone (P. chabaudi - black squares), P. chabaudi infected 6 days after EAE induction (P. chabaudi + EAE - white circles), and in
mice harboring EAE alone (EAE - black circles). The results are expressed as the mean of each group of mice (n=5-8) = SD. (F) Correlation between
parasitemia level and EAE clinical score in the pool of mice harboring a malaria infection 6 days after EAE induction.
doi:10.1371/journal.pone.0017849.g001
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(9.6%) relative to the EAE-only mice (8.4%). Nevertheless, these
values did not reach statistical significance (Fig. 3C).

CD4*CD25" regulatory T cell transfer

To verify the participation of CD4"CD25" cells in the
regulation of autoimmune responses during EAE, we transferred
purified CD4*CD25" T cells from P. chabaudi-infected mice four
days after infection into MOGg;;_55. immunized mice. No parasites
were detected in the CD4*CD25" cell preparation. Sorting
analyses revealed that CD4"CD25~ (Fig. 4C) and CD4"CD25"%
(Fig. 4D) T cells were highly pure (95% %£2%) and expressed high
levels of Foxp3, as revealed by testing an aliquot of 10° sorted cells
(Fig. 4E). Thus, each set (CD4"CD25~ or CD4*CD25") of T cells
were transferred intravenously into a different group of MOG35-
55 immunized mice 10 days after EAE induction. The transfer of
CD4"CD25" cells harvested and sorted from EAE-malaria mice
significantly diminished the evolution of clinical signs of EAE
(»p<<0.01) as compared to animals that were immunized only, or
even to the group that received CD4"CD25™ cells (Fig. 4F). Of
note, the anti-inflammatory effect of the T regs was temporary,
because 10 days after the transfer, no significant difference in EAE
clinical scores were found between the two groups.

Longevity of the regulatory T cell effect
To determine whether the malaria-induced regulatory T cells
were able to sustain their anti-inflammatory effect and thereby

@ PLoS ONE | www.plosone.org 204

prevent mice from developing clinical signs of EAE, we induced
EAE 25 days after infection with P. chabaudi (Fig. 5A). At this time
point, almost no parasites were detected in the peripheral blood
(Fig. 1B). No significant differences in the evolution of the disease
were observed between the group with previous P. chabaudi
infection and the group that was immunized with MOG peptide
only (EAE) (Fig. 5B). Indeed, this observation is consistent with the
low percentage of CD4"CD25" T cells (2.2%) harvested from the
mice 35 days p.i. (Fig. 5C), which did not differ significantly from
the percentage observed in naive animals. These results indicate
that the mechanism that suppresses the autoimmune response in P.
chabaudi infection is transitory and does not generate a specific
memory.

Discussion

In the present study, we used P. chabaudi infection and EAE
induction to demonstrate that the immune response to Plasmodium
spp. modulates the autoimmune response.

One of the main challenges of multiple sclerosis is an
understanding its etiology. It is currently well accepted that the
disease results from a genetic predisposition combined with an
environmental factor such as an infection [26]. However, many
recent studies have demonstrated an immunoregulatory role of
infectious agents or their products during the evolution of EAE or
MS [4-6]. In all likelihood, both observations are compatible
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doi:10.1371/journal.pone.0017849.9004

depending on the genetic predisposition of each individual, the
specific action of each infectious agent and the specific timing of
the infection.

Here, we conducted a study to understand the effects of malaria
infection on the evolution of MS in a murine experimental model.
When EAE induction coincided with the peak of infection in P.
chabaudi-infected mice, we observed a reduction in the clinical
signs of EAE, including weight loss. Of note, we discovered a
negative correlation between the clinical score for EAE and the
percentage of iRBCs. The protective effect of malaria infection on
EAE evolution was correlated with the high expression levels of
IL-10, IL-27 and TGF-B, and reduced levels of IL-17. Moreover,
an elevated percentage of T regs on day 4 p.i. with P. chabaudi
seemed to play a pivotal role in EAE amelioration. Interestingly,
the presence of a proinflammatory response evoked during EAE
evolution did not alter the evolution of parasitemia. The specific
proinflammatory response to MOGygs 55 might not influence

@ PLoS ONE | www.plosone.org
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reactivity to malarial antigens. The suppression of immune
responses by Plasmodium parasites might be explained, at least in
part, by the capacity of human or murine iRBCs to convert latent
TGF-B into its bioactive form [27]. The activation of TGF- by
the parasite might induce the conversion of naive T cells into T
reg cells, or it might directly suppress the autoimmune response
[28-29].

In recent years, a growing body of evidence has demonstrated
the importance of T regs in the immunological response induced
during malaria infection in humans [19-22], and in several
experimental models [17,30]. The enhancement of T regs
apparently contributes to the immune evasion mechanism of
Plasmodium spp. and allows parasite development, although this
phenomenon may not hold true for all murine-derived Plasmodium
species [31]. In vitro co-cultures of PBMCs and P. falciparum-
infected red blood cells induce CD4"CD25*Foxp3™ T cells [32],
and a positive correlation between the absolute number of
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circulating T’ regs and the parasite burden during acute P. vivax
infection has been recently observed [22].

Our data demonstrate a progressive increase in the percentage
of CD4"CD25" T cells during P. chabaudi infection, with a peak
observed on day 4 after infection. These CD47CD25" T cells
express high amounts of Foxp3 in both P. chabaudi-infected mice
and in P. chabaudi-infected mice 6 d.a.i when compared with EAE-
alone mice. This finding may explain the observed suppressive
effect of malaria infection on the course of EAE. A large number
of reports have highlighted the role of regulatory T cells both in
the prevention of EAE induction [33-34] and in the resolution of
the disease [16,35], mainly via IL-10 and/or TGF-f induction in
these cells [36].

Because CD4"CD25 Foxp3™ T regs are capable of inhibiting
proinflammatory responses by releasing IL-10 and TGF-B,, in our
model and in other autoimmune models [10], it is conceivable that
these CD4"CD25"Foxp3™ T regs might play a central role in
regulating the autoimmune response during Plasmodium infection.
To test this hypothesis, we transferred highly pure sorted
CD4"CD25" T cells from P. chabaudi-infected mice four days after
infection into MOG35.55 immunized mice, avoiding the introduc-
tion of parasites into the system. The adoptive transfer of
CD4"CD25" T cells, which express higher amounts of Foxp3,
but not of CD4"CD25 ™ cells, significantly diminished the clinical
signs of EAE for approximately 10 days, similar to the signs
observed with P. chabaudi-infected mice 6 d.a.i. These results
unequivocally demonstrated the central role of malaria-induced T
regs in the control of EAE development. However, when EAE was
induced in a group of mice with controlled parasitemia, no
amelioration of the clinical signs of EAE was observed, and the
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percentage of CD4"CD25" cells was comparable to that in naive
animals. Our findings indicate that the process of T reg cell
enhancement is not long lasting and probably does not induce
immunological memory. Indeed, these T regs are rapidly inducible
and short-lived, as previously described [37]. Nonetheless,
malaria-induced T regs are able to suppress responses to non-
malarial antigens [38].

Despite these indications, we tried to establish some cross-
specificity between the MOG protein and P. chabaudi antigens.
Using the Sanger Plasmodium databank, we were able to
demonstrate significant homology between the MOG protein
(NP_034944) and the CIR protein (PC500044.00.0). Five
different regions presented some similarity when the two
proteins were aligned (Fig. S1A). One of these five regions
exactly matched the MOG35_55 peptide (Fig. S1B). However, no
cross-reactivity was observed when this peptide (CIR;gg.195) was
used either to induce EAE in naive animals or to treat MOGgss_55
immunized animals (data not shown). However, we cannot
exclude the possibility of polyclonal expansion of lymphocytes
promoted by the malaria infection, which may enhance
MOGg3s5.55 specific T regs and thereby cause the phenomena
described herein, albeit in smaller numbers. Nevertheless, our
data provide strong evidence that once activated by the TCR or
during polyclonal expansion, T regs may exert their suppression
in a completely non-specific manner. Indeed, Thornton and
Shevach have proposed this non-specific suppressor mechanism
using an i vitro model system [39]. Moreover, the regulatory
functions of these T regs are probably due to their expression
and release of inhibitory cytokines such as TGF-B and IL-10 in
a standard suppressive manner.
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In the present study we describe for the first time the ability of
Plasmodium infection to interfere with the EAE autoimmune
response. Our findings indicate that the T reg cells generated
during P. chabaudi infection act in an apparently non-specific
manner to control the proinflammatory response, mainly via
increased expression of IL-10 and TGF-B;.

Supporting Information

Figure S1 (A) Amino acid sequence alignment of the MOG
(black) and CIR proteins (http://www.ebi.ac.uk: Accession num-
ber: needle-20100715-1546033194.output) (red). Green symbols
indicate identical amino acids; yellow symbols represent conserva-
tive changes and blue symbols represent semi-conservative changes.
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ARTICLE INFO ABSTRACT

Article history: In a recent study, we demonstrated the immunogenic properties of 2 new malaria vaccine polypeptide
Received 19 October 2009 based on a 19 kDa C-terminal fragment of the merozoite surface protein-1 (MSP11s) from Plasmodium
Received in revised form 30 January 2010 vivax and an innate immunity agonist, the Salmonella enterica serovar Typhimurium flagellin (FliC).

Accepted 3 February 2010

Bvdiineonline: 1 b bruani 90 Herein, we tested whether the same strategy, based on the MSP1,; component of the deadly malaria

parasite Plasmodium falciparum, could also generate a fusion polypeptide with enhanced immunogenic-
ity. The HisgFliC-MSP15 fusion protein was expressed from a recombinant Escherichia coli and showed

gejfa‘;v;rgsr;m preserved in vitro TLR5-binding activity. In contrast to animals injected with HisgMSP1,5, mice subcuta-
V.accini neously immunised with the recombinant HisgFliC-MSP15 developed strong MSP11g-specific systemic
Flagellin antibody responses with a prevailing IgG1 subclass. Incorporation of other adjuvants, such as CpG ODN

TILRS 1826, complete and incomplete Freund's adjuvants or Quil-A, improved the [gG responses after the sec-
ond, but not the third, immunising dose. It also resulted in a more balanced IgG subclass response, as
evaluated by the IgG1/IgG2c ratio, and higher cell-mediated immune response, as determined by the
detection of antigen-specific interferon-vy secretion by immune spleen cells. MSP115-specific antibodies
recognised not only the recombinant protein, but also the native protein expressed on the surface of P,
Sfalciparum parasites. Finally, sera from rabbits immunised with the fusion protein alone inhibited the in
vitro growth of three different P, falciparum strains. In summary, these results extend our previous obser-
vations and further demonstrate that fusion of the innate immunity agonist FliC to Plasmodium antigens
is a promising alternative to improve their immunogenicity.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction and often contributing to malaria-related mortality [2]. Therefore,
prophylactic alternatives, such as effective vaccines, are urgently

Plasmodium falciparum is estimated to cause around 250 mil- needed.
lion malaria cases every year, leading to 1 million deaths, mostly Immunity to malaria is a multi-factorial process that involves
of children under 5 years of age [1]. Drug resistance to this para- various components of the adaptive immune system. Antibody and

site has emerged, reducing the efficacy of conventional treatment T-cell mediated mechanisms cooperate to establish resistance to
pre- and erythrocytic forms of the parasite. A number of target

antigens have been described and are being pursued for the devel-

opment of a recombinant subunit malaria vaccine, as extensively

* Corresponding author at: CINTERGEN, UNIFESP, Escola Paulista de Medicina, reviewed [3-6]. Recent phase II clinical trials were performed in
Rua Mirassol, 207, Sdo Paulo 04044-010, 5P, Brazil. Tel.: +55 115571 1095; African children using a recombinant malaria vaccine thar is based
pea L ie. . : on a pre-erythrocytic antigen, the circumsporozoite (CS) protein, in

E-mail addresses: mrodrigues@unifes p.br, mrodrigues@ecb.epm.br ; ; | |

(M.M. Rodrigues). the presence of the adjuvant ASO1E or ASO2D. Children immunised

0264-410X/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2010.02.004
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with the vaccine formulations RTS,S/ASO1E or RTS,S/AS02D dis-
played a significant reduction in the incidence of naturally acquired
infection, indicating that a certain degree of protective immunity
was indeed achieved. In spite of the success, immunity was not
ideal because a significant part of the RTS,S/ASO1E or RTS,S{AS02D
vaccinated children still contracted the infection during the trials
[7.8].

Considering the fact that the RTS,S{ASO1E and RTS,5/AS02D vac-
cines did not provide an optimal degree of protective immunity
against malaria, a search for new vaccines with improved efficacy
is required. One possible approach to achieve this goal is the iden-
tification of additional target antigens. Merozoite surface protein
1 (MSP-1) is expressed by the pre- and erythrocytic stages of P.
falciparum and represents a promising malaria vaccine candidate
[9]. The protein is synthesised in a precursor form with a high
molecular weight during schizogony and, during the invasion pro-
cess, a proteolytic cleavage releases most of the molecule from the
merozoite membrane, leaving a membrane-anchored 19kDa frag-
ment (MSP149) on the parasite surface [10]. Genetic modification
studies with malaria parasites demonstrated that the essential role
of MSP14g in parasite survival during in vive replication is simi-
lar among even distantly related Plasmodium species [11]. More
recently, studies using clonal conditional mutagenesis showed that
silencing MSP-1 in sporozoites impaired subsequent merozoite for-
mation in the liver, implicating this molecule in the life cycle of the
parasite in the liver as well as in the blood [12].

Over the past 20 years, many studies have been performed that
support the use of MSP 114 as acomponent of subunit-based malaria
vaccine formulations. Monoclonal antibodies against MSP11¢ and
polyclonal antibodies against MSP14; inhibit the in vitro growth
of P. falciparum [10,13]. In addition, non-human primates injected
with recombinant proteins containing the C-terminal region of
the P. falciparum MSP-1 expressed in baculovirus [14-16], Saccha-
romyces cerevisiae [17], Escherichia celi [16,18,19] and mammalian
cells [20] are protected against homologous challenge with the
parasite. Nonetheless, the lack of an effective malaria vaccine
formulation, either based on MSP-1 or other antigens, is often
explained by the lack of adequate adjuvants that could be used
in humans to promote high and long-lasting antibody responses to
the target recombinant proteins.

Recent advances in the field of innate immunity have disclosed
the cellular and molecular mechanisms behind the adjuvant effects
of pathogen-associated molecular patterns (PAMPs). The recogni-
tion of PAMPs in mammalian cells is mediated by innate immune
receptors such as TLR5 (specific for bacterial flagellins) and TLR9
(specific for unmethylated CpG DNA), which are expressed by
antigen-presenting cells (APC). Following the binding of the spe-
cific agonists, the intracellular domain of the TLR receptor activates
molecular signalling cascades and promotes the recruitment of
adaptor proteins, such as the myeloid differentiation factor 88
(MyD88), and the activation of transcription factors, such as NF-
kB and mitogen-activated kinases. These signalling events result
in the activation of inflammatory responses and APC maturation,
which mediate the activation of T and B cell-dependent adaptive
immune responses [21,22].

Flagellins, the structural subunit of flagellar filaments, con-
tribute both to the virulence of bacterial pathogens and to the
activation of inflammatory responses in mammalian hosts [21,22].
Bacterial flagellins have been shown to bind extracellular TLR5
as well as intracellular receptors, leading to strong inflamma-
tory responses [23-30]. Flagellins, such as those expressed by
Salmonella species, have shown strong adjuvant effects when
delivered via parenteral or mucosal routes and either admixed
or genetically linked to target antigens in mice [31-42] and in
non-human primates [43-45]. In a recent work, we generated a
recombinant protein consisting of the flagellin FliC of Salntonella
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enterica Typhimurium fused to the MSP1,9 of Plasmedium vivax.
Mice immunised with the fusion protein in the absence of adju-
vant elicited high and long-lasting antibody titres that recognised
the parasite in the blood of infected patients [46]. We also showed
that the fusion process did not change the antigenic properties of
the malaria antigen or the capacity of flagellin to signals through
the innate immunity receptor TLR5.

Here we investigated the immunogenicity of a fusion polypep-
tide containing the P. falciparum MSP11g¢ and an innate immunity
agonist, the Salmonella Typhimurium FliC flagellin. The immuno-
genicity of the recombinant fusion protein was assessed by
immunisation of mice and rabbits with the recombinant pro-
tein alone or in the presence of different adjuvants, such as the
TLR9 agonist CpG ODN 1826, Quil-A or complete and incomplete
Freund’s adjuvants. Additionally, weinvestigated whether the anti-
MSP144 antibodies recognised the malaria parasites and impaired
in vitro parasite growth. The reported results demonstrate that
the incorporation of TLR agonists into MSP1,9-based formulations
represents an alternative for the development of new, simple and
inexpensive malaria vaccine candidates.

2. Methods
2.1. Generation of recombinant MSP119-derived proteins

The & Typhimurium FliC and MSP1ly¢ gene sequences
were obtained by PCR amplification using Platinum Tag High
Fidelity DNA polymerase (Invitrogen). Template DNA for the
amplifications were obtained from S. Typhimurium and P. fal-
ciparum 3D7 blood stages. Specific oligonucleotides for the
amplification of the HiC gene, containing EcoRl and HindIIl
restriction sites (GGGGAATTCATGGCACAAGTCATTAATACA
and GGCAAGCTTGACGCAGTAAAGAGAGGAC), and the MSP1qg
nucleotide sequence, containing HindIll and Xhol restriction sites
(GGCAAGCTTGCGGAAAATTCCAAGATATG and GGGCTCGAGTT-
TAACTGCAGAAAATACCATC), were purchased from Integrated
DNA Technologies, Inc. Amplified fragments were cloned in frame
in the pET28a vector (Novagen). The recombinant protein was
expressed and purified as described previously [47]. Briefly,
recombinant E. coli BL21 DE3 (Novagen) was cultivated at 37°C
in flasks containing Luria broth (LB) and kanamycin (30 pg/ml).
Protein expression was induced at an ODggp of 0.6 with 0.1 mM
IPTG (Invitrogen) for 4 h. After centrifugation, bacteria were lysed
on ice with the aid of an ultrasonic processor (Sonics and Materials
INC Vibra Cell VCX 750) in a phosphate buffer with 1.0 mg/ml
of lysozyme (Sigma) and 1mM PMSF (Sigma). Bacterial lysate
was centrifuged, and the supernatant was applied to a column
with Ni#*-NTA-agarose resin (Qiagen). After several washes,
bound proteins were eluted with 0.5M imidazole (Sigma). The
eluted protein was dialysed against 20mM Tris-HCl (pH 8.0),
and the recombinant proteins were purified by ion-exchange
chromatography using a Resource Q column (GE Healthcare)
coupled to an FPLC systern (GE Healthcare). Fractions containing
the recombinant proteins with a high degree of purity were pooled
and extensively dialysed against phosphate-buffered saline (PBES).
Protein concentration was determined with the Bradford assay
and by SDS-PAGE analyses.

2.2, FhiC purification

Native S Typhimurium FliC was purified from the attenuated S
Typhimurium SL3201 strain, which expresses FliC, but not FIjB[48].
Briefly, bacteria were grown in LB supplemented with kanamycin
(30 wgfml) overnight at 37 °C under aeration (80 rpm). Cells were
washed once with PBS and submitted to mechanical shearing for
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four, 2min cycles in a bench vortex mixer. The cell suspensions
were centrifuged to remove the cellular debris, and following ace-
tone precipitation, the flagellar filaments were collected from the
supernatant and suspended in PBS. The purity of the preparations
was monitored by SDS-PAGE. The recombinant FliC (rFliC) was
obtained after cloning the corresponding gene into the pET28a
expression vector as previously reported [46]. The recombinant
vector was introduced into the E. coli BL21 DE3 strain, and the
encoded peptide was subsequently purified by affinity chromatog-
raphy based on standard procedures [46].

2.3. Immunisation regimens

Six- to eight-week-old femnale C57BL/5 (H-2P) mice were pur-
chased from the Federal University of Sdo Paulo, Brazil. C57BL{6
TLR4 knock-out mice were kindly provided by Dr. Shizuo Akira at
Osaka University, Japan. Experiments were performed in accor-
dance with the guidelines of the Ethics Committee for Animal
Handling of the Federal University of Sdo Paulo. Mice were immu-
nised three times, 3 weeks apart, subcutaneously in the two hind
footpads, using a final volume of 50 pl in each footpad (first dose)
and a final volume of 100 pl at the base of the tail (second and third
doses). For each dose, 5 g of HisgMSP119 or 25 g of the fusion
protein was used. CpG ODN 1826 [TCCATGACGTTCCTGACGTT) was
synthesised with a nuclease-resistant phosphorothioate backbone
(Coley Pharmaceutical Group); a dose of 10 g per mouse was
admixed with the antigen just before injection. A dose of 2.5 ug
of Quil-A (Superfos Biosector afs) per mouse was alternatively
admixed with the antigen just before injection. Complete (CFA)
and incomplete (IFA) Freund’s adjuvants (Sigma) were emulsi-
fied extensively with the proteins (1:1, vfv) prior to injection. For
CFA/IFA immunisation regimens, CFA was used for the first dose,
and IFA was used for the subsequent doses. Rabbits were immu-
nised four times s.c. in the back skin with 200 g of Hisg FliC-MSP 144
or 50 p.g of FliC.

2.4, Immunological assays

Serum anti-MSP119 antibodies were detected by ELISA essen-
tially as described previously [47]. The recombinant HisgMSP119
(200 ng/well) antigen was employed as the solid phase bound anti-
gen. A peroxidase conjugated goat anti-mouse IgG (Sigma) or goat
anti-rabbit 1gG (Sigma) was applied at a final dilution of 1:2000,
while the mice or rabbit sera were tested at serial dilutions start-
ing from 1:200. Specific anti-MSP 114 titres were determined as the
highest dilution yielding an QD497 higher than 0.1. Detection of
IgG subclass responses was performed as described above, except
that the secondary antibody was specific for mouse IgG1, 1gG2b
and IgG2c¢ (Southern Technologies). The results are presented as
mearn £ SD.

The amount of IFN-+v secreted into cell culture supernatants was
determined with 108 spleen cells collected from different immu-
nisation groups and cultivated in flat-bottom 96-well plates in a
final volume of 200 pl. The HisglMSP1y4 protein was added to the
culture at a final concentration of 1 or 10 pg/ml. After 120h, the
supernatants were collected for cytokine determination. Cytokine
concentration was estimated by capture ELISA using antibodies and
recombinant cytokines purchased from Pharmingen (San Diego,
CA) as previously described [49]. The cytokine concentration in
each sample was determined with standard curves created with
known concentrations of recombinant mouse [FN-v. The detection
limit of the assay was 0.2 ng/ml.

Determination of TLR5 bioactivity with native or recombinant
flagellins, as well as with HisgIMSP11g or HisgFliC-MSP 144, was per-
formed with a HEK293 cell line expressing mouse TLR 5 (Invivogen).
This cell line does not display TLR-expression and is irresponsive
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to stimulation with TLR agonists unless the receptors are trans-
fected. The cells were maintained in DMEM media supplemented
with10% FBS and 10 pg/ml of blasticidin. Non-transfected or TLR5-
transfected HEK293 cells (5 » 104 cellsfwell ) were grown overnight
in 96-well plates and stimulated with the recombinant proteins for
5h.The culture supernatants were collected, and the concentration
of secreted human HulL-8 was measured using a Human [L-8 ELISA
Kit (BD Biosciences) following the protocol recommended by the
manufacturer.

2.5, Cultivation of P. falciparum-infected erythrocytes

P, falciparum 3D7, FCR3 [50] and 520 [51] strains were cultured
in candle jars as described elsewhere [52]. Briefly, P. falciparum-
infected erythrocytes were cultivated in fresh type O human
erythrocytes (Blood Center - UNICAMP) suspended at a 4% final
hematocrit in complete medium (RPMI 1640; Sigma) supple-
mented with 10% of homologous human plasma and adjusted to
pH 7.2. In some experiments, parasites were synchronised (£6h)
by repeated 5% sorbitol treatment as described elsewhere [53].

2.6. P. falciparum slide preparation and indirect
immunofluorescence assay (lIA)

Assays were performed with 10-well IIA slides containing late
stage forms of P. falciparum enriched in a Voluven® (Fresenius)
gradient as described elsewhere [53]. The infected erythrocytes
were diluted 1:1 in fetal bovine serum (FBS), spread on IIA
slides (20 plfwell), fixed in acetone for 10min and air dried.
Pooled sera from different immunisation groups were diluted
1:100 in PBS, applied to the slides and kept for 30min in a
humid chamber at 37 °C. The slides were extensively washed with
PBS and incubated with 20 pgfml of Alexa Fluor 488-conjugated
goat anti-mouse IgG (Molecular Probes) and 100 pgfml of 4/,6-
diamidino-2-phenylindole (DAPI) (Molecular Probes) for 30 min in
ahumid chamber at 37 °C. After several washes with PBS, the slides
were sealed with coverslips and viewed under an immunofluores-
cence microscope. For liquid phase 1A, the infected erythrocytes
were fixed in 2% paraformaldehyde and then diluted in FBS. Pooled
sera from rabbits were added in a final dilution of 1:20 and kept for
60min at 37 °C. After two washes with FBS, the cells were incubated
with 100 pg/ml of Alexa Fluor 568-conjugated goat anti-rabbit IgG
(Molecular Probes) and 200 wg/ml of DAPI (Molecular Probes) for
30min at 37 °C. The cells were washed twice with FBS and viewed
under an immunofluorescence microscope on slides sealed with
coverslips.

2.7, Growth inhibition assay (GIA)

The merozoite invasion inhibition assay using the sera from
the rabbits was essentially performed as previously described [54].
Briefly, trophozoite synchronised P. falciparum 3D7, 520 and FCR3
cultures with a parasitemnia of 4.0% and a hematocrit of 4.0% were
cultured in micro-plates (50 pl) in the presence of increasing con-
centrations of rabbit sera at 37 °C for 24-30h. As positive control,
we used a pool of 4 human sera collected from malaria immune
adults from Ghana kindly provided by Dr. Marcelo U. Ferreira (Uni-
versity of S3o Paulo). In order to quantify the parasitemia, blood
smears from each well were stained with Giemsa and then analysed
by counting the number of rings in at least 500 erythrocytes.

2.8 Statistical analyses

One-way ANOVA, Student’s t-test, Tukey’s HSD test and
Kruskal-Wallis one-way analysis of variance were used to compare
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the differences between the mean values of the tested immunisa-
tion groups.

3. Results

3.1. Production, purification and TLR5 bieactivity of
flagellin-related peptides

In the present study, we generated two recombinant proteins:
the P. falciparum MSP149 peptide linked to a hexa-histidine tag
(HisgMSP119) and a fusion protein consisting of the MSP1y¢ pep-
tide linked to the C-terminal end of FliC (HisgFliC-MSP149). The
schematic representation of each of the recombinant polypeptides
and purified proteins separated by SDS-PAGE are presented in
Fig. 1A and B, respectively. The native FliC protein purified from
the monophasic S Typhimurium SL3201 strain was used as control
in the immunologic assays.

To determine whether the fusion polypeptide retained the abil-
ity to bind to TLR5, HEK293 cells transfected with the mouse TLR5
receptor gene were cultured in the presence of increasing concen-
trations of the recombinant protein and recombinant or native FliC
(positive controls). Exposure to both the native and recombinant
S. Typhimurium FliC and to the hybrid HisgFliC-MSP14¢ protein
induced the production of HulL-8 by TLR5-transfected HEK293 cells
(Fig. 1C). On a molar basis, all proteins showed similar Hull-8
induction. In contrast, TLR5-transfected HEK293 cells exposed to
HisgMSP114 protein did not secrete significant levels of Hull-8. We
also used as control non-transfected HEK293 cells. After exposure
to the recombinant proteins these cells did not produce Hull-8
(Fig. 1C). These results clearly demonstrate that the MSP1;9 C-
terminal fusion did not impair the TLR5-specific bioactivity of the
FliC in the E. coli recombinant protein.

3.2. Induction of MSP1e-specific antibody responses in mice
immunised with MSP119-derived peptides genetically fused to FliC

The serum IgG responses to P. falciparum MSP119 were deter-
mined in C57BL/6 mice immunised subcutaneously with the
purified HisgMSP119 protein (5 pgfdose) emulsified in complete or
incomplete Freund’s adjuvant (CFA/IFA). Mice parenterally immu-
nised with the recombinant protein in the presence of CFA{IFA
developed significantly higher MSP1q-specific IgG titres than mice
immunised with the HisgMSP19 protein alone (p<0.01). Max-
imal IgG antibody titres were achieved after the second dose
(Fig. 2A). Mice immunised with the recombinant fusion protein
HisgFliC-MSP119 alone developed significantly higher MSP11g-
specific IgG titres than mice immunised with the HisgMSP11g
protein alone (p<0.01). Mice immunised twice with the recom-
binant HisgFliC-MSP1,¢ protein or with HisgMSP1;4 emulsified
in CFA/IFA showed a statistically significant difference in their
MSP11g9-specific antibody titres in favour of the latter group
(p<0.01). Nevertheless, after a third immunising dose, no differ-
ence was observed between the specific IgG titres from these
two mouse groups (p>0.05), indicating that, after three doses, the
fusion to FliC conferred the same immunogenicity to the hybrid
MSP119 protein as the non-fused antigen emulsified in CFA/IFA,
as measured by the serum antigen-specific [gG levels (Fig. 2A). The
adjuvant effect of HisgFliC-MSP149 cannot be attributed to contam-
inating LPS since immunisation of C57BL{6 TLR4 knock-out mice
(non-responsive to LPS) with HisgFliC-MSP11g elicited MSP119-
specific IgG responses similar to those found in wild type mice (data
not shown).

Addition of other adjuvants to HisgFliC-MSP14 9, specifically CpG
ODN 1826, CFA, IFAand Quil-A, increased the antigen-specific anti-
body responses when compared to mice immunised only with
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Fig. 1. Generation and characterisation of recombinant P. falciparum MSP1yg-
derived peptides. (A) Schematic representation of the recombinant proteins
used in the present study. (B) SDS-PAGE analysis of the recombinant proteins.
Lanes: 1, molecular weight markers; 2, purified HisgMSP 1,5 protein; 3, purified
S. Typhimurium FliC flagellin; 4, purified recombinant HisgFliC-MSP1o protein.
Each lane was loaded with approximately 1).g of protein, separated on a 15%
polyacrylamide gel and stained with Coomassie Blue. (C) HulL-8 secretion by
TLR5-transfected HEK 293 cells. Non-transfected HEK293 cells {white symbols)
and TLR5-transfected HEK293 cells (black symbols) were stimulated for 5 h with
different concentrations of native FliC, recombinant FliC (rFliC), HissgMSP1;4 or
HisgFliC-MSP14y antigens as indicated. The amount of secreted HulL-8 in culture
supernatantwas determined by capture ELISA. Data are representative of two exper-
iments with similar results.

the HisgFliC-MSP11¢ antigen (p<0.05), as observed by compari-
son of the specific IgG titres following the two immunising doses.
However, after three doses, the presence of adjuvants did not
significantly change the magnitude of the MSP1q9-specific IgG
responses (Fig. 2A). These results clearly show that immunisation
with the MSP1g¢-peptide fused to FliC was capable of inducing
high [gG antibody titres even in the absence of other admixed
adjuvants.
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Fig. 2. Induction of total [gG responses to MSP115 and Ig subclass determination in
serum samples of mice immunised with the malarial recombinant proteins. Female
C57BL/6 mice were immunised three times, either with 5pg of the recombinant
protein HisgMSP1,4 alone or emulsified in CFA/IFA (1:1, v/v), or with 25 pg of the
recombinant fusion protein HisgFLiC-MSP 1,5 alone or admixed with the following
adjuvant formulatons: (i) 10 g of CpG ODN 1826 emulsified in IFA (1:1, vfv), (ii)
2.5 pg Quil-A and (iii) CFAJIFA (1:1, v/v). (A) MSP1,g-specific total IgG titres after
the second and third doses. All mice immunised with HissMSP1;5 in CFA/IFA or
with HisgFliC-MSP1,9 had higher IgG titres than the control groups (p<0.01). (B)
IgG subclass responses and 1gG1/1gG2c ratios in mice submitted to the different
immunisation regimens. Data are representative of two experiments using six mice
per group.

In order to determine the quality of the humoral immune
responses, we measured the IgG subclasses of the MSP11g-specific
antibody responses elicited in mice parenterally immunised with
the recombinant proteins. Mice immunised with HisgMSP11g
emulsified in CFA{IFA developed high MSP1g9-specific IgG1, IgG2b
and IgG2c titres, with an IgG1/IgG2c ratio equal to 10 (Fig. 2B).
The recombinant fusion protein HisgFliC-MSP1q alone induced a
less balanced subclass response, with low [gG2c and high [gG1 and
IgG2b MSP1g-specific titres and an IgG1/lgG2c ratio equal to 79
(Fig. 2B). The addition of other adjuvants to the HisgFliC-MSP11q
immunisation regimen was not capable of changing the MSP1;g-
specific IgG1 or IgG2b responses, but addition of I[FA plus CpG
ODN 1826, or Quil-A increased the MSP1,4-specific [gG2csubclass
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Fig. 3. IFN -y secretion by in vitro-cultured spleen cells harvested from vaccinated
mice. Splenocytes collected from different mouse groups immunised as described in
Fig. 2 were cultured in medium alone or in the presence of the HissgMSP 115 protein
{1 or 10 pgfml) for 120 h. The IFN-y concentration in the culture supernatants was
monitored by ELISA. Results are expressed as individual values for each animal and
bars represent the median. Data are representative of two experiments using four
or five mice per group. Asterisks denote that values obtained from mice immunised
with the recombinant fusion protein HisgFliC-MSP115 in the presence of adjuvants
CpG ODN 1526 emulsified in IFA or Quil-A were significantly higher than the values
obtained from mice immunised only with Hisg FliC-M5P14 (p<0.01 for both antigen
concentrations, Kruskal-Wallis).

response, leading to a more balanced IgG1/lgG2cratio (6.3 and 1.0,
respectively) (Fig. 2B).

3.3 Incorporation of CpG ODN 1826 and IFA, or Quil-A to the
fusion protein induced more IFN-y secretion by immune spleen
cells in response to HisgMSP144 in vitro

To further characterise the cellular-mediated immune
responses (CMI) induced by vaccination with the recombi-
nant proteins, we determined the secreted [FN-vy produced by
spleen cells of mice immunised with the different vaccine for-
mulations. As shown in Fig. 3, spleen cells from mice immunised
with HisgMSP119 secreted [FN-v in response to the antigen only
when administered with the CFA/{IFA emulsion. On the other hand,
spleen cells from mice immunised with HisgFliC-MSP14g, even
when administered in the absence of other adjuvants, secreted
modest, but significant, amounts of [FN-vy following incubation
with the recombinant protein. Nevertheless, addition of IFA/CpG
ODN 1826 or Quil-A to the formulations containing HisgHiC-
MSP11¢ improved the cellular immunogenicity of the antigen, as
measured by the amount of [FN-+ secreted by spleen cells upon in
vitro stimulation (Fig. 3). Together, these results indicate that the
addition of the TLR9 agonist CpG ODN 1826 or Quil-A balanced the
immune response pattern and improved the activation of specific
cell-dependent immune responses, as evaluated by the IFN-y
secretion from spleen cells.

3.4 Antibodies generated in mice immunised with
HisgFliC-MSP1 19 recognised in vitro-cultured P. falciparum 3D7
parasites

Sera from mice immunised with HisgFliC-MSP119 were used in
immunofluorescence assays with P. falciparum 3D7 parasites cul-
tured under in vitro conditions. The MSP11g9-specific antibodies
bound to epitopes exposed on the surface of the parasites, clearly
show that the antibody immune responses raised after immunisa-
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bodies that recognise P. falciparum parasites. Two rabbits were immunised with
four, 200 pg doses of HisgFliC-MSP1, o, and one rabbit received four, 50 g doses of
FliC. (A) MSP11o-specific total [gG titres aftereach dose. The rabbits immunised with
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(B) After four immunising doses, serum samples were tested in liquid phase IIA with
P. falciparum 3D7 parasites. Surface bound [gG was stained with Alexa Fluor 568,
while parasite nuclei were detected with DAPL

tion with the recombinant proteins are specific against the epitopes
that are naturally expressed by the parasite (Fig. 4).

3.5. Immunisation of rabbits with HisgFliC-MSP1 4 induced
antibodies that inhibited invasion of parasites of distinct strains in
vitro

Two rabbits were immunised with HisgFliC-MSP14g, and a third
rabbit was immunised with FliC as a control. The two rabbits
injected subcutaneously with HisgFliC-MSP1;g raised higher spe-
cificanti-MSP1y¢ IgG titres as compared to the animal injected with
FliC (p<0.01), which had undetectable anti-MSP1;g titres (Fig. 5A).
The anti-MSP149 IgG titres in the immunised rabbits achieved
maximal values following the third dose (Fig. 5A). Additionally,
pooled sera from the two rabbits immunised with HisgFliC-MSP1 19
labelled surface-exposed epitopes of the P. falciparum 3D7 strain,
in contrast to the serum harvested from the rabbit immunised with
FliC (Fig. 5B).

After four immunising doses, the sera of the three rabbits were
used to perform growth inhibition assays (GIAs) with the para-
sites of three P. falciparum strains. The P. falciparum 3D7, S20 and
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FCR3 strains were grown in vitre, and serum samples of the immu-
nised rabbits were added to the cultures at three different dilutions.
Serum samples of the tworabbits immunised with Hisg FliC-MSP144
efficiently inhibited invasion of erythrocytes by the parasites of the
different P. falciparum strains (inhibition values ranged from 66%
to 89% of normal invasion), whereas serum samples of the rabbit
immunised with FliC did not efficiently inhibit parasite invasion
(inhibition values ranged from 11 to 21%) (Fig. 6). Analyses of the
MSP119 nucleotide sequences of these three P. falciparum strains
showed identity of at least 97.7% (data not shown). These results
clearly show that antibodies raised in rabbits following immunisa-
tion with HisgFliC-MSP14g, in the absence of admixed adjuvants,
can specifically inhibit erythrocyte invasion by different P. falci-
parum strains, an essential step of the parasitic life cycle.
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Fig. 6. Sera from rabbits immunised with HisgFliC-MSP15 inhibited erythrocyte
invasion by P. faiciparum 3D7, 520 and FCR3 strains. The parasites were cultured in
vitrein the presence of sera fromrabbits at different dilutions (1:2, 1:5 or 1: 10). After
24-30h of incubation, parasitemia was determined in blood smears by counting the
numberofrings inatleast 500 erythrocytes. Results are shown as mean + SD of three
cultures from each strain and serum sample dilution. Erythrogyte invasion inhibition
values were determined in relation to the control, a parasite sample prepared with
no added sera. Percentages of erythrocyte invasion mediated by the different tested
sera are shown only for the 1:2 serum dilutions. In the lower panel, pooled human
serum from malaria immune individuals (HI) was used to inhibit the erythrocyte
invasion by P. felciparum 3D7 strain. Data are representative of two experiments.
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4, Discussion

In the present study, we tested whether the proteic innate
immunity activator (Salmonelia FliC) acts both as an adjuvant for
specific humoral and cellular immune responses and an antigen
molecular carrier to be used as a simple and inexpensive strategy
to improve the immunogenicity of P. falciparum MSP14, one of the
best studied malaria vaccine candidates. Parenteral immunisation
with the fusion protein HisgFliC-MSP144 elicited strong adaptive
immune responses in vaccinated mice. The immunogenicity of the
malaria vaccine formulation could be further modulated with the
use of additional TLR agonists, such as CpG ODN 1826, as well as
with commercially available adjuvants, such as Quil-A. In our previ-
ous study, we described the adjuvant potential of FliC independent
of the molecular carrier effect. The magnitude of the antibody
immune response was similar using FliC admixed or genetically
fused to P. vivax HissMSP14q. Nevertheless, upon stimulation with
P. vivax HisgMSP1, 4, [FN-y secretion by immune spleen cells from
mice immunised with FliC genetically fused to HisgMSP1;9 was sig-
nificantly higher than the secretion from cells of mice immunised
with HisgMSP119 admixed to FliC [46]. Therefore, we concluded
that if there is a carrier effect, it is not related to the antibody pro-
duction but rather to the expansion of IFN-vy producing cells. We
did not consider important to repeat these same experiments with
P. falciparum MSP11¢ because we see no reason why it would be
significantly different.

The present study reproduces and extends recent reports on
the use of Salmonella flagellin as an adjuvant and antigen carrier,
allowing additional plasticity to the design and production of vac-
cine antigens endowed with enhanced immunogenicity [31-42].
Indeed, recent studies in non-human primates extend the knowl-
edge obtained for murine hosts, strongly arguing in favour of future
clinical trials [43-45].

The protective nature of antibodies targeting the C-terminal
domain of the P. falciparum MSP-1 protein has been thoroughly
documented in a number of in vitre and in vivo studies. In vitro,
antibodies directed against P. falciparum MSP149, which were
obtained from immune individuals, were highly inhibitory for para-
site growth [55]. In vive, studies on non-human primates confirmed
that protective immunity elicited by vaccination with recombinant
proteins correlates with the antibody titres to this specific region of
the MSP-1 protein [16,18,19]. In spite of these promising results in
some non-human primate models, the observed protective immu-
nity is strain-specific and requires the use of specific adjuvants,
some of them endowed with high toxicity and, thus, can not be
used in humans [16].

Based on the promising results in the experimental models of
malaria infection, a recent phase IIb vaccine trial was performed
in Africa [56]. In this clinical trial, children were vaccinated with
a formulation containing a recombinant His-tagged fusion protein
encompassing the MSP-1 42 kDa C-terminal fragment of the P. fal-
ciparum 3D7 strain (FMP1) formulated with the adjuvant ASO2 [56].
This vaccine formulation was shown to be safe and immunogenic,
as demonstrated by detection of specific antibody titres by ELISA.
Unfortunately, the trial failed, and no significant reduction in the
incidence of malaria infection could be observed in children receiv-
ing the FIMP1/ASO2 formulation [56]. The precise reason why the
vaccination failed should be investigated. It might be attributed
to the polymorphism of the MSP-1 protein. This fact may be rele-
vant for the interpretation of the results, considering that protective
immunity to the C-terminal region of P. falciparum MSP-1 can be
strain-specific and antibodies targeting this antigen may not show
parasite inhibitory activity [ 16,57]. Furthermore, some of the MSP-
1-specific antibodies are endowed with the ability to block the
parasite activity of inhibitory antibodies [ 58]. Although negative,
these results do not completely refute that the C-terminal region
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of P. falciparum MSP-1 could still be part of a subunit malaria vac-
cine in a new recombinant form or formulation. Currently, the
immunogenic properties of distinct recombinant proteins are being
compared in experimental animals to select possible candidates
for human trials [59]. In that scenario, our approach may help in
the search for an ideal malarial vaccine formulation containing
blood stage antigens with increased immunogenicity and improved
potency, which will generate antibodies that proficientlyinhibit the
late steps of parasite development.

Although it was described that flagellin is a natural agonist
of at least three innate immune receptors, TLR5 [24,30], Ipaf
(ICE protease-activating factor) [23,25] and Naip5/Bircle (Neu-
ronal Apoptosis Inhibitory Protein) [26-29], it is very likely that
the mechanism that mediates the adjuvant properties of flagellin
involves the activation of TLRS in antigen-presenting cells. Arecent
work showed that a conserved region in both human and mouse
TLR5 is responsible for the recognition of flagellin, and another
recent study showed that the direct stimulation of TLR5" CD11c"
dendriticcells (myeloid DCs)viaTLR5 isnecessary for flagellin adju-
vant activity [60], which would act mainly by upregulating CD80,
CD83, CD86 and MHC class 1l in these cells. Nevertheless, one lab-
oratory suggests that murine DCs do not express TLR5 [61] and
another showed that, in the absence of the TLR5, flagellin is capa-
ble of inducing a humoral immune response despite a lack in DC
maturation [62]. Additionally, flagellin has been shown to activate
APC through inhibition of 1L-10 secretion, an immunosuppressive
cytokine [63], resulting in a higher adaptive immune response.
Therefore, the exact mechanism(s) by which flagellin acts as an
adjuvant in these models remains to be elucidated. It is possible
that another unknown receptor might be playing a relevant role in
this scenario. Despite these unanswered questions, it seems that
human myeloid DCs express higher levels of TLR5 than murine DCs
[61], which would be an advantage for the development of a vaccine
for humans using the strategy of antigen fusion to flagellin.
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Abstract

Background: Cerebral malaria (CM) is a syndrome characterized by neurological signs, seizures and coma. Despite the fact
that CM presents similarities with cerebral stroke, few studies have focused on new supportive therapies for the disease.
Hyperbaric oxygen (HBO) therapy has been successfully used in patients with numerous brain disorders such as stroke,
migraine and atherosclerosis.

Methodology/Principal Findings: C57BL/6 mice infected with Plasmodium berghei ANKA (PbA) were exposed to daily doses
of HBO (100% O,, 3.0 ATA, 1-2 h per day) in conditions well-tolerated by humans and animals, before or after parasite
establishment. Cumulative survival analyses demonstrated that HBO therapy protected 50% of PbA-infected mice and
delayed CM-specific neurological signs when administrated after patent parasitemia. Pressurized oxygen therapy reduced
peripheral parasitemia, expression of TNF-o, IFN-y and IL-10 mRNA levels and percentage of yd and aff CD4" and CD8" T
lymphocytes sequestered in mice brains, thus resulting in a reduction of blood-brain barrier (BBB) dysfunction and
hypothermia.

Conclusions/Significance: The data presented here is the first indication that HBO treatment could be used as supportive
therapy, perhaps in association with neuroprotective drugs, to prevent CM clinical outcomes, including death.
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Introduction

Cerebral malaria (CM) causes 1-2 million deaths annually;
mainly in sub-Saharan African children aged 2-6. It is estimated
that 250,000 children that do not succumb to CM will develop
neurocognitive impairments per year [1] and most CM patients
die before the beneficial effects of drug treatment are observed [2];
thus indicating the need to explore new supportive therapies.

CM is a multi-factorial syndrome characterized by neurological
signs, seizures and coma, which can, in turn, lead to death. This
syndrome can be associated with a loss of cerebrospinal fluid
spaces and ischemia [3], alterations in cerebral blood flow velocity
[4], a decrease in cerebral oxygen consumption in CM comatose
patients [5] and an increase in the lactate levels of the
cerebrospinal fluid [6] which decreases after patients recover
consciousness [7]. Recent imaging and postmortem analyses have
revealed the presence of Durck granulomas, blood-brain barrier
(BBB) dysfunction and diffuse cerebral edema with multiple
petechial hemorrhages and ischemic changes in the brain of adults
with CM [8,9].
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Although the CM pathogenic process is controversial and still
not fully understood, evidence suggests that the host’s immune
system plays a major role in expressing certain cytokines, e.g.
TNF-a and IFN-y, and activating immunocompetent cells [10-
15]. In fact, recent immunological analyses have shown that,
unlike individuals with mild and severe non-cerebral malaria, CM
patients present elevated levels of a specific cluster of cytokines,
which include TGF-B, TNF-o, IL-1p and IL-10 [16].

Hyperbaric oxygen therapy (HBO; pOy = 760 mmHg) has been
successfully used against bacterial and fungal infections and as an
adjunct therapy in surgeries [17-19]. In addition, reports have
recently shown that HBO therapy transiently suppresses the
inflammatory process of ischemic wounding and trauma [20,21].
Indeed, immunological analyses have revealed that HBO therapy
significantly decreases the levels of TNF-ot and IL-1 secreted by
monocytes and macrophage collected from rats or from human
peripheral blood after stimulation with LPS [22,23]. In an
experimental model for ischemia, HBO reduces immunocompe-
tent cell sequestration and the synthesis of TNF-o [24]; probably
by decreasing ICAM-1 expression levels [25]. Moreover, HBO
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reduces the expression of the cyclooxygenase-2 (COX-2) mRNA,
an enzyme involved in inflammation, and the hypoxia-inducible
factor-lae (HIF-1o), a transcriptional factor associated with low
oxygen concentrations [26,27]. HBO therapy has been used in
patients with numerous brain disorders such as stroke, migraine
and atherosclerosis, due to its capacity to decrease cerebral edema
and brain infarction while maintaining BBB integrity, reducing
neuronal death and improving blood flow in damaged areas of the
brain [28]. Nevertheless, depending on the protocol used for
treatment, HBO therapy has potential side effects associated to ear
and sinus barotraumas, myopia and convulsion [29].

In an early study, HBO was observed to alter the parasitemia
levels of mice infected with a non-cerebral line of Plasmodium berghet
[30]. However, the HBO effect on the entire curve of parasitemia,
on the clinical symptoms and on the mechanisms of the illness
were not further investigated. Moreover, although the pathological
process involved in CM displays some features in common with
brain stroke, the effect of HBO on CM, to our knowledge, has
never been assessed. Here we show that in conditions also suitable
for human use, HBO therapy prevents CM clinical symptoms in
C57BL/6 mice infected with P. berghee ANKA, a model widely
used for experimental cerebral malaria (ECM) [31].

Methods

Mice and parasites

C57BL/6 mice (7-10 weeks old) were purchased from the
University of Sao Paulo (Sdao Paulo, SP, Brazil) and maintained in
our specific pathogen-free animal facility. All experiments and
procedures were approved by the UNICAMP Committee for
Ethics in Animal Research (Protocol No. 857-1).

Two different strains of P. berghe: were used: the cloned line of P.
berghet ANKA (PbA) and P. berghet NK-65 (PbNK-65), respectively
an ECM- and non-ECM-causing strain; kindly provided by Dr.
Laurent Rénia (Singapore Immunology Network, Agency for
Science, Technology and Research, Biopolis, Singapore) and Dr.
Nobuko Yoshida (Federal University of Sao Paulo, Sao Paulo, SP,
Brazil), respectively. The blood stage forms of both parasites were
stored in liquid nitrogen after i vivo passages in C57BL/6 mice
according to the protocol described elsewhere [31]. Mice were
infected intraperitoneally (ip.) with 10° infected red blood cells
(iRBC) and parasitemia and the neurological signs for CM were
monitored daily.

Hyperbaric oxygen treatment

Groups of 8-10 PbA-infected mice were exposed daily to 100%
oxygen at a pressure of 3.0 atmospheres (ATA) for 1 h per day in a
hyperbaric animal research chamber (Research Chamber, model
HB 13008, Sechrist, USA) from day 0 to 10 post-infection (11-day
exposure), or for 2 h from day 4-7 post-infection (4-day exposure).
The chamber was pressurized and decompressed at a rate of 0.5
ATA/min as described elsewhere [32]. FFor the 11-day exposure
protocol, mice were previously exposed to HBO for 1 h before
PbA infection, whereas for the 4-day exposure protocol, PbA-
infected mice were randomly selected and placed in the hyperbaric
chamber. To determine the effect of 100% oxygen (hyperoxia),
regardless of pressurization, PbA-infected mice were submitted to
the 11l-day exposure protocol, but at 1.0 ATA (normobaric)
mstead of 3.0 ATA. Infected mice in the control group (non-
exposed) were left in an airy room. The temperature inside the
hyperbaric chamber was 21°C, the same as in the room, and was
measured with the aid of a high-pressure resistant thermometer
(model TB-0261, Instrucamp, Brazil). For the direct HBO effect
assays, normal red blood cells (nRBC) or iRBC were collected
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from a naive mouse or a PbA-infected animal on day 6 post-
infection (12% parasitemia), and then diluted in an RPMI 1640
medium (Sigma, USA) supplemented with 10% of fetal bovine
serum (Hyclone, USA). One mL of nRBC or iRBC (10”/mL) were
plated in five replicates on a 24 well-plate and exposed to HBO
(100% Oy, 3.0 ATA) in a hyperbaric chamber for up to 6 hours.

Parasitemia, temperature and red blood cell density
assessment

The percentage of parasitemia was determined by counting the
number of iRBC in at least 1,000 erythrocytes in Giemsa-stained
blood smears. The mice’s corporal temperature and the density of
red blood cells (DRBC/mLx107%) were evaluated daily, starting on
day —1 post-infection (p.i.), by rectal introduction of a precision
digital thermometer (model TE-300, Instrucamp, Brazil), and with
the aid of a Neubauer chamber, respectively. In the i vitro assays,
DRBC were counted from O hour. The percentage of RBC
density relative to day —1 p.i. or to 0 hour was calculated with the
following formula: [(DRBC per mLx10? of a determined day p.i.
or hour/DRBC per mLx10” on day —1 p.i. or at 0 h)x100].

Measuring cytokine gene expression in the brain

The expression of several cytokine genes was evaluated by real-
time quantitative reserve transcription-PCR (RT-qPCR) in the
brain of PbA-infected animals removed on day 7 p.i.. Mice brains
were frozen with crushed liquid nitrogen placed in the Trizol™
reagent (Invitrogen, USA) according to the protocol described by
the manufacturer. Shortly, after the addition of 1 mL of Trizol™
(Invitrogen, USA) in 40 mg of the brain powder, 0.2 mL of
chloroform was added and the lysate was vigorously mixed. The
sample was centrifuged at 12,000 x g for 15 min and the aqueous
phase was transferred to a new tube. The RINA was precipitated
by adding 0.5 mL of isopropanol followed by a centrifugation at
12,000x g, then washed with 1 mL of 75% ethanol and
resuspended in RNAse free water. RNA was then treated with
Deoxyribonuclease I (Fermentas, Canada) in order to degrade
contaminating genomic DNA. The cDNA was synthesized using
approximately 2 ug of the total RNA with the aid of the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
USA) according to the protocol provided by the manufacturer.
The polymerase chain reaction was performed with an ABI Prism
7500 (Applied Biosystems, USA) and the reactions were carried
out in 25 UL volume and in the presence of the TagMan PCR
Master Mix™™ (Applied Biosystems, USA) and different sets of
oligonucleotides and probes for the amplification of the B-actin,
IFN-y, TNF-o, IL-1B, IL-6 and IL-10 genes. These corresponded
(respectively) to the following reference numbers (Applied
Biosystems,  USA):  Rn00667869_ml, Mm00443258 ml,
Mm00443285_m1, MmO00434228_ml, Mm00446190_ml1 and
MmO00439616_m1. Expression levels of cytokine genes in PbA-
infected animals were represented as a relative copy numbers by
using the delta threshold cycle method (274 [33].

Purification of brain-sequestered T cells (BST)

Adherent leukocytes were isolated from mice brains as described
elsewhere [14]. Briefly, on day 7 p.i., PbA-infected mice were
perfused intracardially with PBS to remove both circulating and
non-adherent RBC and leukocytes. Brains were collected and
crushed in an RPMI-1640 medium (Sigma, USA) supplemented
with 10% fetal bovine serum (Hyclone, USA) and gentamycin.
The cellular suspension was collected and centrifuged at 15,000 x
g for 5 min. The pellet was resuspended with 10 mL of an HEPES
buffer (Sigma, USA) and supplemented with collagenase (Roche,
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Figure 1. HBO’s effect on the survival and the parasite
development in P. bergheiinfected mice. (A) Groups of 10 mice
infected i.p. with 10° iRBC were exposed or not to HBO (100% O, 3.0
ATA) for 1T h from day 0 to 10. Pressurized oxygen significantly
protected mice against CM neurological symptoms (P<0.0005).
Neurological signs of CM appeared on days 5-10 with death occurring
approximately 24 h after onset (shaded area). Parasitemia levels were
assessed daily in mice infected with (B) P. berghei ANKA (PbA; cerebral
line) or (C) P. berghei NK-65 (PbNK-65; non-cerebral line) regardless of

@ PLoS ONE | www.plosone.org

221

Hyperbaric Oxygen in ECM

exposure to HBO. HBO significantly (P<<0.05) reduced the parasite
burden on days 4-6 and 4-13 p.i., respectively in PbA- and PbNK-65-
infected mice when compared to non-exposed animals.
doi:10.1371/journal.pone.0003126.g001

USA) and DNase I (Roche, Germany). The mixture was stirred at
room temperature for 30 min. The tissue extract was passed
through sterile gauze and centrifuged at 5,000x g for 30 s to
remove debris. The supernatant was deposited on a 30%
Percoll™ (GE Healthcare, Sweden) gradient and centrifuged at
3,000 g for 10 min. The pellet was collected and residual RBC
were removed by an ACK lysis buffer. BST were resuspended in
PBS containing 5% FBS and counted.

Immunolabeling and flow cytometry analysis of BST

Cells were stained with appropriate dilutions of the following
fluorochrome-labeled monoclonal antibodies (mAbs): FITC/anti-
CD4 (clone H129-19), FITC/anti-CD8 (clone 53-6.7), PE/anti-
TCR 73 (clone GL3) and APC/anti TCR af (clone H57-597) and
then washed with PBS, fixed and analyzed by flow cytometry in a
FACSCanto™ device (Becton Dickinson, USA). All these
reagents were purchased from Pharmingen/Becton-Dickinson
(USA). Analyses were performed after recording 10,000 events
for each sample using Diva™" software. BST were identified by
their size (forward light scatter) and granulosity (side light scatter)
as previously described [34].

Evaluating Blood-brain barrier dysfunction

Blood-brain barrier (BBB) integrity was assessed in PbA-infected
mice on day 7 p.i. by i.v. injection of Evans Blue (1% in saline) in
the retro-orbital plexus as previously described [35]. One hour
after injection, mice brains were extracted and photographed
using a digital camera (Nikon, USA). Brain staining was quantified
by measuring the brightness intensity using the red channel in a
delimited circular area of 12,294 pixels® with the aid of the
Image]™ software (http://rsb.info.nih.gov/ij). The brightness
intensity of mice brain was inversely proportional to the levels of
Evans Blue staining.

Statistical analysis

The statistical significance between control and experimental
groups were determined with the Log-Rank test for the cumulative
survival experiments. The Mann-Whitney U test was used to
compare parasitemia levels, the drop in relative temperature, the
relative RBC density, BBB integrity and parasite and cytokine
gene expression among brains collected from both naive animals
and infected mice. Calculations were performed using BioEstat™
version 3.0 (CNPq, Brazil) and Prism'™ version 3.02 (Graphpad,
USA) software. Values were considered significant when P<<0.05.

Results

HBO effects on ECM associated mortality and on parasite
development

To evaluate the neuroprotective effect of pressurized oxygen,
two groups of 10 mice each were infected with PbA. One of these
groups was submitted daily to HBO conditions (100% O, 3.0
ATA, 1 hour) during 11 consecutive days. As shown on Figure 1A,
100% of PbA-infected mice not exposed to HBO exhibited CM-
specific neurological signs within 5 to 8 days after infection and
died of fatal cerebral malaria in the following 24 hours; most
(80%) died on day 7 p.i.. All animals from this group were dead by
day 9 p... In contrast to the non-exposed animals, 50% of the
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mice from the HBO group did not develop CM symptoms and
survived. In the HBO group, CM neurological signs began to
appear later and the mortality rate increased slowly throughout
days 7-10, representing 10, 20, 10 and 10%, respectively, on days
7-10. Of note, 1 animal (10%) died on day 14 and 4 (40%) on day
19 post-infection. Cumulative survival statistical analyses clearly
demonstrated that HBO therapy had a significant (P<<0.0005)
neuroprotective effect against ECM. As expected, in the mice that
did not develop CM, parasite burden progressed and mice died as
a result of hyperparasitemia (Figure 1B).

As previously reported, HBO therapy inhibits the development
of Leishmanmia amazonensis and of a non-cerebral line of P. berghei
[30,32,36]. To further explore the effects of HBO, we monitored
the parasitemia levels of infected mice exposed daily, or not, to
HBO (11-day exposure protocol) for up to 19 days. We observed
that HBO significantly (P<0.05) reduced the parasite burden of
PbA-infected mice on days 4, 5 and 6 p.1., when compared to non-
exposed animals (Figure 1B). However, since 100% of non-
exposed PbA-infected mice died, we decided to evaluate whether
the reduction on parasitemia levels in HBO exposed animals could
be sustained over longer periods. Mice infected with P. berghet NK-
65, a non-cerebral strain that displays similar parasitemia levels,
were submitted to pressurized oxygen sessions as in the 11-day
exposure protocol (Figure 1C). As observed in PbA-infected
animals submitted to pressurized oxygen, a significant (P<<0.05)
decrease in PbNK-65 development was observed on day 4-13 p.i..
Nevertheless, no correlation was found between mice that
presented a reduction of parasitemia levels with protection or
attenuation of the neurological symptoms (Table S1).

Because we observed that HBO had a significant effect on the
parasite burden in the infections of PbA and PbNK-65, we
addressed the question as to whether pressurized oxygen therapy
could damage normal red blood cells (nRBC) or inhibit parasite
development directly. For this purpose, normal RBC (nRBC)
collected from a naive mouse were exposed to pressurized oxygen
(100% O9, 3 ATA) during 4 or 6 hours. The relative percentage of
nRBC density was not significantly altered (P>0.05) after direct
exposure to HBO for up to 6 hours (data not shown),
demonstrating that HBO therapy was not toxic to healthy
erythrocytes in these conditions. Next, to evaluate HBO’s effect
directly on parasite development, infected RBC (IRBC) from a
PbA-infected mouse were collected and exposed to HBO (100%
Oy, 3 ATA). Figure 2A shows a significant reduction (£<0.05) on
parasite development after 4 and 6 hours in comparison to 0 hour,
regardless of exposure to pressurized oxygen. However, when we
compared the reduction on parasitemia levels of iRBC left in room
air or exposed to HBO, we noticed a significant (P=0.01) and
more pronounced reduction of the non-exposed iRBC than of the
infected cells directly exposed to HBO up to 6 hours. Inhibition of
parasite development was also observed after 4 hours of exposure;
however, no statistical difference was found (£>0.05). Then, to
assess whether these iRBC were still able to induce CM
neurological signs, we collected 10° iRBC exposed directly to
HBO or left outside the hyperbaric chamber for 6 hours and
mjected them in susceptible mice. As shown on Figure 2B, mice
infected with iIRBC directly exposed to HBO or with the cells left
outside the chamber did not present significant differences
(P>0.05) when the survival curves were compared. Taken
together, these data suggest that 6 hours of HBO exposure do
not directly affect PbA-infected erythrocytes nor alter their ability
to induce CM clinical symptoms.

Next, to investigate whether pressurized oxygen could have an
effect when parasitemia was already patent (4%), we randomly
selected half of the PbA-infected mice on day 4 p.i. and exposed
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them to daily HBO sessions (100% Oo, 3.0 ATA, 2 hours per day)
until day 7 (Figure 3A). As expected, non-treated mice started to
display CM clinical features early on day 5 and 6 and began dying
within 20-24 hours on days 5 (10%) and 6 (10%), though the
majority (80%) died on day 7 p.i.. All mice were dead by day 7.
Notably, hyperbaric oxygen significantly delayed (P<0.01) CM
specific mortality by up to two days, when compared to non-
exposed animals, and reduced the rate of mortality on day 7 from
80% to 40% (Figure 3A). Moreover, two HBO-exposed mice
(20%) only exhibited CM neurological signs on days 8 and 9,
dying within 24 hours on days 9 and 10. This shows that HBO is
capable of interfering significantly with the manifestation of the
CM clinical symptoms, including death, even when administrated
after parasite establishment. As observed in the 11-day exposure
protocol, the administration of pressurized oxygen starting on day
4 pi. (4-day-exposure) in PbA-infected mice reduced the
parasitemia levels (P<<0.01) significantly on days 4-6 (data not
shown).

To confirm that only pressurized oxygen had neuroprotective
effects, PbA-infected mice were submitted to the 11-day exposure
protocol, but using 1.0 ATA as the atmospheric air pressure
(Figure 3B). In this assay, no significant difference (P>0.05) was
observed after cumulative survival analyses between infected
animals exposed to HBO-1.0 ATA and the control mice. Of note,
most of the non-exposed mice began to present CM symptoms and
died earlier than the HBO-1.0 ATA treated animals. Although a
minimal beneficial effect was observed after the administration of
100% oxygen (hyperoxia) under normobaric conditions, this was
not enough to protect or even delay CM neurological symptoms,
thus demonstrating that HBO’s neuroprotective effect does not
rely solely on the administration of 100% oxygen.

The effect of HBO on cytokine expression levels and
adherent T cells in the brain

Based on the anti-inflammatory features of the HBO treatment
reported in ischemic models [21,26] and since the up-regulation of
pro-inflammatory cytokines (IFN-y, TNF-o. and IL-1p) [10-12]
and the participation of CD4" and CD8" T lymphocytes [14,37] is
essential for CM pathology to occur, we examined the mRNA
levels of different cytokines in the brain of PbA-infected mice
scarified on day 7 p... According to Figure 4, after RT-qPCR
analysis the mRINA levels of IFN-y (P<<0.05), TNF-o (P<0.01) and
IL-10 (P<<0.05) significantly decreased in the brain of mice
submitted to the 11-day exposure HBO protocol in comparison to
non-exposed animals. No significant difference (P>0.05) was
noted in the mRNA levels of IL-1f and IL-6. RT-negative controls
did not generate a detectable amplification product. All cDNA
samples resulted in a product when the B-actin set of oligonucle-
otides and specific probe were present. Regardless of exposure to
HBO, animals that presented an increase in the expression of IFN-
v mRNA also presented elevated levels of TNF-or and IL-10.

Next, we asked whether the neuroprotective effect of the
pressurized oxygen therapy could be associated to the percentage
of y6 and off T lymphocytes sequestered in mice brains collected
on day 7 p.i. (Figure 5). As compared with brains of non-exposed
animals, HBO treatment reduced about 1.6 fold the percentage of
both ¥8 (1.9 vs. 1.2%) and o (7.0 vs. 4.2%) CD4" T cells between
the pools of mice of these two groups (Figure 5A-B). However, a
more pronounced decline, about 2.5 fold, was observed on the
percentage of both ¥8 (7.1 vs. 2.8%) and o (43.1 vs. 17.7%) CD8"
T lymphocytes in the mice exposed to HBO in contrast to the non-
exposed animals (Figure 5C-D). Taken together, our data
demonstrate that HBO’s neuroprotective effect is related to the
reduction of the T cells sequestered in mice brains; and
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Figure 2. The direct effect of HBO therapy on RBC infected, or not, by PbA. 10° iRBC/mL of PbA in a 24-well-plate were directly exposed or
not to HBO (100% O,, 3 ATA). (A) Parasitemia levels were evaluated four or six hours after direct iRBC exposure to pressurized oxygen conditions. The
parasite burden decreased significantly (P<<0.05) after 4 or 6 hours in comparison to 0 hour. The reduction of parasitemia levels were more
pronounced in infected cells left in normal room air than iRBC submitted directly to HBO after 4 (P>0.05) or 6 hour-exposure (P=0.01). Results are
expressed as the mean of quadruplicates*standard deviation. (B) Mice (n =8 each group) were infected with 10° iRBC of PbA collected after either six
hours of direct exposure or no exposure to HBO. No statistical difference was noted when survival curves were compared (P>0.05).
doi:10.1371/journal.pone.0003126.g002

corroborate with existing literature, in which T lymphocytes, HBO effects on severe ECM symptoms

mainly of GD8" T cells, are implicated in CM pathology [14,37] Severe hypothermia and dysfunction of the BBB are common
No immunolabeling was detected on T lymphocytes in the features in ECM [35]. To investigate whether HBO therapy could
absence of mAbs (data not shown). mmprove poor ECM outcomes, we measured the corporal
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Figure 3. Evaluation of HBO’s neuroprotective effect after parasite establishment and the role of pressure in mice survival. (A)
Twenty mice were injected i.p. with 10° iRBC; on day 4 p.i. (parasitemia of 4%) 10 animals, randomly selected, were daily exposed to HBO therapy
(100% O, 3.0 ATA) for 2 hours from days 4-7 after parasite inoculation. The survival curves of both groups demonstrated that HBO significantly
delayed mice mortality (P<<0.01). (B) Groups of 10 PbA-infected mice were exposed daily or not exposed to HBO (100% O, 1 hour per day) at 1.0 ATA
until all the animals died. Survival curves of the one hundred percent normobaric oxygen exposed mice and animals exposed to normal air did not
differ significantly (P>0.05).

doi:10.1371/journal.pone.0003126.9003
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Figure 4. Cytokine gene expression is altered in the brains of
PbA-infected mice exposed to HBO. Groups of 6-7 PbA-infected
mice were either submitted or not to pressurized oxygen therapy (100%
O,, 3.0 ATA, 1 hour per day) and on day 7 p.i. brains were collected for
real-time quantitative reserve transcription-PCR analysis. HBO signifi-
cantly reduced IFN-y (P<<0.05), TNF-a. (P<<0.01) and IL-10 (P<<0.05), but
did not alter IL-1B and IL-6 mRNA expression levels in contrast to non-
exposed mice. Values are expressed as the mean of specific cytokine
genes copies relative to P-actin copies of six-seven mice=*standard
deviation.

doi:10.1371/journal.pone.0003126.9g004

temperature of PbA-infected mice daily regardless of exposure to
pressurized oxygen in the same conditions as the 11-day exposure
protocol. Unlike in the case of non-exposed mice, HBO therapy
significantly prevented (P<<0.001) hypothermia in mice from day 6

Hyperbaric Oxygen in ECM

p-i., when severe neurological signs were evident in most of the
animals (data not shown). Then, by injecting Evans Blue solution,
we analyzed and quantified the BBB integrity in HBO exposed
and non-exposed animals and in naive animals early on day 7 p.1..
One hour after Evans Blue injection, mice brains were collected
and photographed. As seen in Figure 6A, brains collected from
non-exposed mice were darker than those of HBO treated animals
due to a high incorporation of Evans Blue in the brain tissue as a
consequence of BBB destruction [26]. As expected, we did not
observe any staining in naive mice brains. To quantify the Evans
Blue staining and, in turn the BBB integrity, we measured the light
intensity in naive animals and infected mice brains submitted or
not to pressurized oxygen. According to Figure 6B, HBO therapy
significantly reduced (£<<0.005) the brain staining in treated mice.
Moreover, when we compared the Evans Blue staining in naive
and PbA-infected animals that received HBO treatment, no
significant difference was observed (P>0.03). As expected, a
statistical difference in light intensity levels was observed between
naive mice and non-exposed infected animals (P<<0.005). Collec-
tively, these data clearly demonstrate that HBO prevents
temperature drops and BBB dysfunction.

Discussion

In the present study, we show that HBO therapy (100% Oy, 3.0
ATA)is capable of partially protecting PbA-infected mice against CM
and delaying CM-specific neurological signs (Figures 1 and 3). These
observations demonstrate for the first time that pressurized oxygen
therapy under hyperbaric conditions well-tolerated in humans and
animals can prevent CM clinical outcomes, including death.

In an experimental rat model of brain trauma, recent studies
have shown that HBO has a neuroprotective effect against focal
cerebral ischemia, especially when initiated within the first 6 hours
[38]. HBO was thus found to reduce BBB damage, prevent
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Figure 5. Reduced brain-sequestered T lymphocytes in PbA-infected mice exposed to HBO treatment. Flow cytometric analyses were
done on y3 and o CD4* and CD8" T cells sequestered in mice brains (a pool of 4-5 mice per group) collected on day 7 after PbA infection between
the groups regardless of exposure to HBO conditions. Pressurized oxygen therapy reduced the percentage of all cellular subsets, but mainly off CD8*
T cells. Representative dot blots of (A) y6 and CD4, (B) o3 and CD4, (C) yd and CD8, (D) o and CD8 double staining.

doi:10.1371/journal.pone.0003126.9g005
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Figure 6. HBO preserves integrity of the blood-brain barrier in
PbA-infected mice. Four PbA-infected mice, representative of each
group (n=8) exposed or not to HBO treatment (100% O,, 3.0 ATA,
1 hour per day), received i.v. injections of 1% Evans Blue solution early
on day 7 p.i.. (A) One hour after Evans Blue injection, brains of naive
animals, PbA-infected mice and HBO-treated PbA-infected mice were
collected and photographed (n=4 of each group). (B) The BBB
dysfunction of naive mice or PbA-infected animals, regardless of
submission to hyperbaric conditions, was determined by brain staining
quantification with the aid of the Image)™ software (n=4 of each
group). HBO significantly reduced (P<0.005) the staining in the brains
of infected-mice in comparison to non-treated animals. No statistical
difference (P>0.05) was noticed between naive and HBO-treated
infected mice and brains collected from non-treated infected mice
were significantly (P<<0.005) darker than naive animals. Results are
expressed as the mean of brightness intensity of each delimited brain
area of six mice*standard deviation.
doi:10.1371/journal.pone.0003126.9006

apoptosis and maintain lipid oxidation levels stable [39-42].
HBO’s neuroprotection was also observed in neonatal rats after
the induction of the ischemic process [43]. Rabbits exposed to
pressurized oxygen for 90 min during 3 consecutive days
presented a significant reduction in the edema area of the brain
and cerebral necrosis [44]. In addition, the preservation of BBB,
the reduction in HIF-1a levels, and decreased apoptosis and
neuronal damage were observed in a rat model for subarachnoid
hemorrhage after exposure to HBO [45]. In humans, exposure of

@ PLoS ONE | www.plosone.org 226

Hyperbaric Oxygen in ECM

thirty-seven brain-injured patients to sixty minutes of HBO
treatment every 24 hours increased the cerebral metabolic oxygen
rate and reduced cerebrospinal lactate levels [46]. In another
study, 10 out of 22 patients with cerebral infarction presented an
amelioration of their motor function, while 7 of these patients
experienced improved revascularization after pressurized oxygen
sessions [47].

When comparing exposed animals with non-exposed animals,
we noticed a significant reduction on the parasitemia levels of
PbA-infected mice exposed to HBO (11-day exposure protocol)
during infection (46 p.i.; Figure 1B). PbNK-65-infected mice
exposed to HBO in the same conditions also presented a
significant reduction of their parasite burden on day 4-13 p.i.
(Figure 1C). These findings are in line with a recent study in which
daily sessions of 100% pressurized oxygen at 2.5 ATA significantly
reduced the size of Leishmania amazonensis induced lesions and the
parasite development in infected mice [36]. Nevertheless, as in
ECM parasites in the brain are necessary, but not sufficient, to
neurological symptoms appearing [15], the lack of correlation
between survival and the reduction of parasitemia levels, measured
daily until the death of PbA-infected animals exposed to HBO,
might be related to the fact that parasitemia levels probably do not
determine the parasite load in the brain. Indeed, methods aimed at
inducing protection against ECM often do not reduce parasitemia
levels [48].

Also, direct exposure to HBO for up to 6 hours observed in our
in vitro analyses was not harmful to normal or PbA-infected
erythrocytes (data not shown and Figure 2), differing from
previous studies where direct exposure of L. amazonensis promas-
tigotes to HBO for up to 6 hours significantly decreased parasite
viability [32]. However, as it is assumed that HBO increases the
levels of reactive oxygen intermediates (ROI) [49], we believe that
the disparity of these two protozoan parasites in terms of HBO
susceptibility might be linked to differential killing mediated by
reactive oxygen intermediates (ROI). In fact, it has been shown
that Leishmania parasite killing is sensitive to ROI, whereas PbA-
infected erythrocytes are resistant to killing by ROI, even at
supraphysiological doses, and ROI are not essential for controlling
Plasmodium sp. parasitemia [50-52].

We have also shown that the neuroprotective effects of daily
hyperbaric sessions rely on the combination of hyperoxia and
pressure at 3.0 ATA (Figure 1A), as ECM-specific mortality of
PbA-infected mice submitted to 100% oxygen pressurized at 1.0
ATA did not differ significantly from the non-exposed animals
(Figure 3B). In an experimental model for cerebral ischemia, HBO
neuroprotection was not achieved in animals submitted to pure
oxygen at only 1.0 ATA [39,40], and human stimulated
monocyte-macrophages cultured in hyperoxia did not present
changes in their cytokine expression levels [23]. More importantly,
in a study of 12 CM comatose patients who breathed 95% oxygen,
no improvement in the consciousness levels were observed in any
of the individuals [7].

Brain macrophages from adults and children who died of CM
had higher levels of immunological markers that are normally not
upregulated [9], such as IFN-y, IL-1B, IL-10 and TNF-a
[10,11,16] neuroprotection in ECM is often associated with the
reduction of IFN-y, and TNF-o levels [53-55]. IL-10 is higher in
severe malaria patients from different regions despite the fact that
CM individuals presented lower levels of IL-10 in comparison to
the non-cerebral malaria group [16,56] Furthermore, CD8" a/ff T
cells migrating to the brain have been implicated in cytotoxicity
and BBB disruption, thus contributing to ECM mortality [14,15].
Here, we showed that HBO therapy reduced IFN-y, TNF-o and
IL-10 mRNA expression levels in the brain and the percentage of
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brain-sequestered CD4" and CD8" 8 and off T lymphocytes
(Figures 4-5). Moreover, the reduction in the IL-10 levels in PbA-
infected mice exposed to HBO might be associated with the
decrease in expression of IFN-y and TINF-o.. These data are in line
with the fact that pressurized oxygen is able to inhibit synthesis of
cytokines, such as TNF-o and IFN-y, T lymphocyte proliferation,
decrease the migration of immunocompetent cells and improve
tissue transplantation by down-regulating lymphoid system
functions [19,22,23,28,57,58].

Finally, when we assessed the HBO effects on cerebral
outcomes, we noticed a significant reduction in hypothermia (data
not shown) and in the BBB breakdown (Figure 6) in mice exposed
to pressurized oxygen. This corroborates previous findings where
HBO (100% Og, 2.8-3.0 ATA) prevented BBB permeability and
functionality in animals submitted to a brain injury [31,36]. Based
on these observations, it is plausible to assume that HBO prevents
BBB breakdown and then avoids vascular leakage by down-
regulating the inflammatory immune response in ECM, but
mainly, by reducing the percentage of brain-sequestered CD8" T
lymphocytes [10]. Therefore, we cannot rule out that other
mechanisms are also involved in HBO neuroprotective effects in
ECM, as HBO also inhibits ICAM-1 expression and neuronal
apoptosis and upregulates the expression of vascular endothelial
growth factor (VEGF), which is involved in angiogenesis in human
endothelial cells [22,23,25,28,59]. Also, HBO led to an increase in
the brain levels of nitric oxide (NO) [60], a molecule that
contributes to protection against ECM [61].

In summary, we have presented evidence of the beneficial
effects induced by HBO therapy against ECM. We also
demonstrated that the administration of pressurized oxygen down-
regulates IFN-y, TNF-o0 and IL-10 cytokine expression and the
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