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Figura 24. Ensaio de 
citoadesão em sistema de 
fluxo: Pv-EI sustentam 
adesão em diferentes shear 

stress. Pv-EI (5 x 105) foram 
incubados com HLEC 
(aproximadamente 1000 Pv-EI / 
mm2 da monocamada celular) 

por 1h a 37C (shear stress 
0.00). As lâminas foram então 
acopladas na câmara do 
sistema de fluxo por onde 
passa meio de citoadesão 
(RPMI pH6,8) com pressão 
controlada (shear stress de 
0.09, 0.36 e 1.44 Pascal). Pv-EI 

que restaram aderidos foram contados em 20 campos selecionados aleatoriamente e 
os resultados foram expressos como uma porcentagem em relação à adesão em 

pressão zero (shear stress 0.00), como média de 2 pacientes (#104 e #105)  desvio 
padrão. * p < 0.05.  

 
 

Figura 25 . Avaliação da expressão de ICAM-1 em células endoteliais após 
estímulo por LPS.  1 x 106 HLEC tratadas ou não com LPS (1.0 g/mL), foram pré-
incubadas com anti-CD54 (ICAM-1) por 30 min a 4°C, lavadas e então fixadas em 
formaldeído 2%. As análises de citometria de fluxo foram feitas em FACScanto (BD).  
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O padrão de expressão de alguns receptores como CD36, ICAM-1 e E-Selectina 

foi caracterizado, através de citometria de fluxo, para cada célula testada. Como mostra a 

Tabela 4, 99,8% das HLEC expressam ICAM-1 em condições normais, logo, o aumento 

da intensidade de fluorescência (MIF) observado na Figura 25 representa uma maior 

expressão de ICAM-1 por célula, o que pode, por sua vez, ter fortalecido a interação entre 

Pv-EI e células endoteliais.  

 

Tabela 4. Caracterização da expressão de receptores endoteliais das 
células utilizadas. As células foram marcadas por anticorpos contra CD36, ou CD54 
(ICAM-1), ou CD62E (E-Selectina) e analisadas em citômetro de fluxo. Os resultados 
foram expressos indicando a porcentagem (%) das células que expressavam cada um 
dos receptores, além da intensidade de fluorescência detectada (MIF).  

 

De modo geral, nossos dados indicam claramente que Pv-EI podem sustentar 

adesão avaliada com base nos ensaios estáticos e de fluxo, embora Pf-EI coletados de 

pacientes infectados tenham exibido níveis de adesão 10 vezes maior em comparação 

aos níveis de adesão de Pv-EI (Tabelas 2 e 3). No entanto, a força de ligação induzida 

por Pv-EI parece não diferir de Pf-EI (Tabela 3). Além disso, a exposição das células ao 

LPS aumentou a força da adesão de Pv-EI (Figura 24). Estes dados podem explicar não 

só o número relativamente menor de casos de complicações nas infecções por P. vivax 



64 

quando comparados com P. falciparum, mas também trazer à luz a discussão de que o 

tratamento com drogas antimaláricas pode destruir o parasita e, por sua vez, ativar o 

sistema imunológico aumentando os níveis de citocinas que induzem a expressão de 

receptores endoteliais, como ICAM-1.  

Os ensaios acima descritos se resumem em uma incubação estática dos 

eritrócitos com as lâminas contendo as células endoteliais, que foram então adaptadas ao 

sistema de fluxo para avaliar a capacidade de sustentação da adesão e a força de ligação 

dos eritrócitos às células. Porém, foram feitos outros ensaios de adesão de Pv-EI em 

HLEC, diretamente em sistema de fluxo a 0.09 ou a 0.36 Pascal. Estes ensaios foram 

filmados em tempo real (movies 1 e 2, respectivamente), e a adesão observada se 

mostrou semelhante à de formas maduras de P. falciparum (movie 3). Os filmes estão 

disponíveis nos web sites:  

 

http://www.ib.unicamp.br/dep_parasitologia/parasit/Costa_FTM/Movie1.mpg; 

http://www.ib.unicamp.br/dep_parasitologia/parasit/Costa_FTM/Movie2.mpg; 

http://www.ib.unicamp.br/dep_parasitologia/parasit/Costa_FTM/Movie3.mpg. 

 

  

http://www.ib.unicamp.br/dep_parasitologia/parasit/Costa_FTM/Movie1.mpg
http://www.ib.unicamp.br/dep_parasitologia/parasit/Costa_FTM/Movie2.mpg
http://www.ib.unicamp.br/dep_parasitologia/parasit/Costa_FTM/Movie3.mpg
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Como já mencionado, em P. falciparum, a PfEMP-1, codificada por uma família 

gênica variante denominada var, está associada com a adesão parasitária em vários 

receptores endoteliais (Scherf et al., 2001; Andrews et al., 2002). No entanto, uma 

superfamília gênica variante também foi encontrada em P. vivax. Esta superfamília 

multigene, denominada vir, foi subdividida em 12 subfamílias (A-L) e parte dos antígenos 

correspondentes VIR foram encontrados expressos na superfície de Pv-EI, mas de uma 

forma não clonal (Del Portillo et al., 2001; Fernandez-Becerra et al., 2005). Assim, 

buscamos verificar se os antígenos VIR estariam envolvidos na citoadesão de Pv-EI. 

Foram utilizados soros de camundongos imunizados com proteínas de fusão VIRA4 ou 

VIRE5 – GST (Oliveira et al., 2006). Como controle negativo, camundongos foram 

imunizados apenas com adjuvante, e como controle de especificidade, camundongos 

foram imunizados com a proteína GST. Como mostrado na Figura 26A, os soros anti 

VIRA4 e VIRE5 foram capazes de reconhecer Pv-EI recolhidos a partir dos 2 pacientes 

testados nesta etapa (# 95 e # 96). Conforme mostrado na Figura 26B, os soros anti 

VIRA4 e VIRE5 inibiram significativamente a adesão de Pv-EI em comparação com o 

soro anti-GST, demonstrando assim a especificidade e sugerindo o envolvimento dos 

antígenos VIR na citoadesão parasitária.  
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 Figura 26. Antígenos VIR envolvidos na citoadesão de Pv-EI. (A) 
Reconhecimento em IFA de estágios maduros enriquecidos em Percoll. Soro anti 
VIRA4 e anti VIRE5 (1:50) induzido após imunização de camundongos com as 
proteínas de fusão VIRA4-GST e VIRE5-GST.  Soro de camundongos imunizados 
apenas com adjuvante foi utilizado como controle negativo. (B) Pv-EI (5 x 104/poço)  

foram incubados por 1h a 37C na presença  ou não dos soros anti VIRA4-GST e 
VIRE5-GST 1:5 (paciente #95), ou 1:10 (paciente #96).  Soro de animais imunizados 
apenas com adjuvante ou com a proteína GST foram utilizados como controle negativo 
ou controle da especifidade, respectivamente. Para estes ensaios, a inibição foi 
determinada como porcentagem em relação ao controle negativo e foi expressa pela 
média ± desvio padrão de 4 poços. p< 0.05.  
 
 

α-GST α-VIRE5 α-VIRA4

1:5 

1:10 
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Importante ressaltar que, embora não se tenha identificado a função de tais 

antígenos, foi demonstrada homologia entre vir genes de P. vivax e genes variantes de 

outras espécies de plasmódios, sendo esta superfamília recentemente descrita como a 

maior superfamília multigênica presente no gênero Plasmodium, e então denominada pir 

genes (Plasmodium Interspersed Repeats; Janssen et al., 2004). Ainda, recentemente foi 

proposto que antígenos VIR estão envolvidos na adesão de Pv-EI no baço, protegendo o 

parasita contra o ataque de macrófagos (Fernandez-Becerra et al., 2009). No entanto, 

não há evidências diretas de que ocorra o sequestro na microvasculatura ou a adesão 

no baço, o que não são hipóteses mutuamente exclusivas. O fato de Pv-EI apresentar 

potencial de ligação a receptores endoteliais reforça ambas as hipóteses. É importante 

frisar que outros ligantes parasitários não podem ser excluídos.  
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 Os resultados aqui apresentados sugerem fortemente que:  

i.  Eritrócitos infectados por Plasmodium vivax são capazes, em ensaios ex vivo, de 

citoaderir à superfície de células endoteliais e cortes criopreservados de palcenta 

humana.  

ii.  A adesão parece estar relacionada com formas extremamente maduras 

(esquizontes).  

Além disso, nossos dados dos diferentes níveis de inibição pela tripsina 

corroboram com a idéia de mais de um ligante parasitário envolvido na adesão, ou talvez 

um grupo deles, como sugerido por del Portilho e colaboradores em 2004, em relação à 

adesão no baço e aos antígenos VIR, cuja expressão não é clonal (Fernandez-Becerra et 

al., 2005). Soro de animais imunizados com antígenos VIR foi capaz de reconhecer Pv-EI 

e inibir significativamente a adesão, evidenciando que: 

iii.  Antígenos VIR parecem ter papel fundamental na adesão de Pv-EI.  

 No entanto, ainda não se sabe quais mecanismos o P. vivax utiliza para escapar 

do apuramento no baço e estabelecer uma infecção crônica, assim como não há 

evidências diretas de que ocorra o sequestro na microvasculatura ou a adesão no baço, o 

que não são hipóteses mutuamente exclusivas.  

Corroborando com relatos clínicos, é bastante plausível que um microambiente 

inflamatório, originado por uma infecção de base ou mesmo pelo início do tratamento 

quimioterápico, possa modular o endotélio e favorecer a adesão de Pv-EI, o que, por sua 

vez, potencializaria ainda mais a resposta inflamatória local. Assim, com a prevalência de 

fenótipos resistentes e destruição parcial da população de parasitas durante o tratamento 

quimioterápico, poderia estar potencializando a virulência de P. vivax e evidenciando 

aspectos patológicos antes ignorados. Esta hipótese permanece por ser testada 

futuramente. No entanto, o estímulo prévio por LPS induziu uma maior expressão de 

ICAM-1 em HLEC o que parece estar associado com uma maior força de ligação de Pv-
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EI. Células CHO transfectadas com ICAM-1 também apresentaram maior número de 

eritrócitos aderidos, sugerindo que: 

iv. A molécula ICAM-1 é um provável receptor para a adesão de Pv-EI. 

Importante, alguns plasmódios de roedores e também o P. knowlesi, que infecta 

primatas incluindo o homem, apesar de não possuírem ortólogos da PfEMP-1, são 

capazes de aderir ao endotélio (Coquelin et al. 1999; Mota et al. 2000; Neres et al. 2008; 

Cox-Singh et al., 2010). Estes achados, aliados a observações clínicas como as de 

Anstey e colaboradores em 2007, juntamente com o que foi mostrado no presente 

trabalho, são evidências fortíssimas de que a capacidade de aderir ao endotélio não está 

relacionada exclusivamente com a PfEMP-1. De fato, a citoadesão e seus diferentes 

desdobramentos fenotípicos são característicos do Gênero Plasmodium. Estudos 

filogenéticos e a descoberta de novos antígenos expressos na superfície dos eritrócitos 

infectados por diferentes espécies de plasmódios poderiam nos trazer maiores 

evidências, inclusive evolutivas. 

Este trabalho abre caminho para um novo campo de estudo, até que consigamos 

melhor compreender as interações parasito-hospedeiro e a patologia associada, em 

infecções maláricas causadas pelo P. vivax.   
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ABSTRACT  

Background.    

Plasmodium falciparum and P. vivax are responsible for most of the global malaria 

burden. While accentuated pathogenicity of P. falciparum occurs due to sequestration of 

the mature erythrocytic forms in microvasculature, this phenomenon was not yet noted in 

P. vivax. The rising number of severe manifestations in P. vivax infections, similar to 

those observed for severe falciparum malaria, suggests that key pathogenic mechanisms 

(e.g. cytoadherence) might be shared by the two parasites. 

Methods. 

Mature P. vivax-infected erythrocytes (Pv-iE) were isolated from blood samples collected 

from 34 infected patients. Pv-iE enriched on Percoll gradients were used in cytoadhesion 

assays to human lung endothelial cells (HLEC), to Saimiri brain endothelial cells (SBEC), 

and to placental cryosections.  

Results.  

Pv-iE were able to cytoadhere under static and flow conditions to cells expressing 

endothelial receptors known to mediate cytoadhesion of P. falciparum. Although Pv-iE 

cytoadhesion levels were 10-fold lower than those observed for Pf-iE, the strength of the 

interaction was similar. Cytoadhesion of Pv-iE was in part mediated by VIR proteins, 

since specific antisera inhibited the iE-endothelial cell interaction. 

Conclusions.  

These observations prompt a modification of the current paradigms of malaria 

pathogenesis, and open the way to investigate the pathophysiology of P. vivax infections. 
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antibodies; FCS, fetal calf serum; CFA, complete Freund’s adjuvant; IFA, incomplete 

Freund’s adjuvant. 
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INTRODUCTION 

It was long recognized that the directly attributable morbidity and mortality differed 

for the two most prevalent parasite species, P. falciparum and P. vivax. The higher 

multiplicative potential of P. falciparum-infected erythrocytes (Pf-iE) no doubt contributes 

to their increased virulence. However, it is the withdrawal of mature Pf-iE (parasites older 

than 24 h) from the peripheral circulation to that of the internal organs, a phenomenon 

known as sequestration (1), which is considered as the key pathogenic event. P. 

falciparum is characterized by almost total sequestration, such that few if any Pf-iE 

mature forms are observed in peripheral blood samples during infections. Given that 

mature P. vivax-infected red blood cells (Pv-iE) are frequently observed in peripheral 

blood samples, it was concluded that sequestration did not occur with this parasite. In 

consequence, the paradigm was formulated that sequestration of Pf-iE in specific organs 

is the principal initial cause of pathology and when it occurs in the brain or the placenta, 

the likelihood of cerebral malaria and pregnancy-associated malaria increases. Indeed, 

most forms of severe malaria and nearly all mortality were almost exclusively recorded for 

falciparum cases. 

 P. vivax, the most prevalent malaria species outside sub-Saharan Africa, imposes 

a substantial global public health burden (2), with recent estimates of 130 - 435 million 

infected persons per year among the 2.6 billion people at risk. Of equal importance was 

the observation that many types of severe malaria – for long considered specific to P. 

falciparum - also commonly occur in P. vivax-infected persons. For instance, infection by 

P. vivax during pregnancy was associated with substantial reduction in birth weight (3). 

Furthermore, in some endemic areas 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 
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raises the possibility that pathological processes linked to cytoadhesion might also 

operate in P. vivax.  

In P. falciparum, cytoadhesion of Pf-iE to endothelial cells is mediated by 

interactions between members of the P. falciparum erythrocyte membrane protein-1 

(PfEMP-1); polymorphic proteins encoded by the var multigene family (8-9), and defined 

host receptors on endothelial cells. Of the ten or so receptors identified to date (10-11), 

three have been extensively investigated: CD36, ICAM-1 and CSA. The latter has been 

specifically associated with Pf-iE binding to the placenta (12). 

 We wished to establish whether P. vivax parasites were able to cytoadhere under 

static or flow conditions to endothelial cells and placental cryosections, and if the 

receptors for Pf-iE were also implicated. Furthermore, we assessed the involvement of 

VIR proteins as a potential Pv-iE ligand. 

 

93



MATERIALS AND METHODS 

 

Ethical approval 

 Informed consent was sought and granted from all patients attending the Tropical 

Medicine Foundation of Amazonas (FMT-AM), Amazonas state, in Northern Brazil. The 

procedures were approved by the Ethics Committee Board of the FMT-AM (process 

2758/2008-FMT-AM; approval number 1943).  

 

Parasite isolation and enrichment 

Once microscopic diagnosis of uncomplicated vivax or falciparum malaria was 

made and prior to initiating treatment, 5 to 10 ml of blood were collected into citrate-

coated vacutainer tubes. Parasitaemias rarely exceeded 5,000 parasites per microlitre of 

blood. The blood was immediately processed to obtain enriched Pv-iE. In the average, a 

total of about 1 x 106 Pv-iE could be obtained, allowing only a limited number of 

cytoadhesion assays to be conducted. Patients who were under previous antimalarial 

treatment 3-4 weeks before the test were excluded. Immediately after collection, the red 

blood cells containing trophozoites and schizonts were separated from the younger forms 

on a 45% Percoll (Amersham) gradient as previously described (13) with minor 

modifications. Briefly, following plasma separation by centrifugation, blood pellets were 

washed 3 times and then resuspended in RPMI 1640 medium (Sigma) to a final 

haematocrit of 10%. 5 ml of this suspension was overlaid on a 5 ml 45% Percoll 

solution (2.25 ml of Percoll, 0.5 ml of RPMI 10x and 2.25 ml of distilled water) in a 15 ml 

tube. After centrifugation, floating mature iE were collected and resuspended in RPMI 

1640 medium. Ex-vivo Pf-iE were enriched in Percoll gradient at 60% as described 

elsewhere (14). Giemsa-stained thick smears (prior to enrichment) and thin smears (post-
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enrichment) were examined to determine the Plasmodium species and the percentage of 

mature stages, respectively. A sensitive nested PCR assay was applied to the samples to 

confirm the diagnosis (15). 

 

P. vivax slide preparation and immunofluorescence assays (IFA) 

IFA were carried out in 8-well slides containing mature stages of P. vivax. 

Immediately after enrichment on Percoll®, Pv-iE were washed and resuspended in 10% of 

FCS (Nutricell), and then deposited on IFA slides (50 l/well), fixed in acetone for 10 min, 

air dried and stored at -20 C prior to use. Ten g/ml of each MAb 3F8 or K23 against 

PvMSP1 (16) were diluted in PBS, were applied to slides for 30 min at 37C. After washing 

in PBS, slides were incubated with 10 g/ml of FITC-conjugated sheep anti-mouse IgG 

(Sigma) and 100 g/ml of DAPI (Molecular Probes) for 30 min at 37C, and then washed 

several times. Positive MAb recognition was detected with the aid of an 

immunofluorescence microscope (Nikon). For IFA conducted using VIR antisera Pv-iE 

were left in suspension (liquid phase). Briefly, parasites were fixed in 2% 

paraformaldehyde, washed and diluted in FCS, and then VIR-A4 and VIR-E5 mouse and 

antisera were added in a final dilution of 1:20 and incubated for 60 min. After two washes 

with FCS cells were incubated with 100 g/ml of Alexa-Fluor 488 conjugated goat anti-

mouse IgG (Molecular Probes) and 500 g/ml of DAPI for 30 min at 37°C, and then 

washed twice with FCS. In both assays positive recognition by MAb, VIR-A4, VIR-E5 or 

MSP-119 antisera was detected with the aid of an immunofluorescence microscope. 

Polyclonal VIR antisera were generated by injecting mice with VIR-A4 or VIR-E5 

GST fusion proteins, belonging to the A or the E vir subfamilies, respectively (17-18), and 

raised after two immunizations (21-day-interval) with 5 g/animal/dose of each 
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recombinant protein emulsified in complete or incomplete Freund’s adjuvant. No Pv-iE 

positive labeling was visualized by anti-GST sera. 

 

Selection of mono-phenotypic cultured P. falciparum parasites and cells 

The P. falciparum lines FCR3 (19) and S20 (20) were cultured in candle jars. 

Briefly, Pf-iE were cultivated in fresh type O+ human erythrocytes (Blood Center - 

UNICAMP) suspended at a final haematocrit of 4% in complete medium (RPMI 1640, pH 

7.2) (Sigma) and supplemented with 10% homologous human plasma. 

 The following cells lines were used in this study: SBEC and HLEC (21-22) adapted 

from cultured primary explants; and CHO-ICAM, CHO-CD36 and CHO-K1 cells (23). 

Selection of FCR3 parasites to CSA (FCR3CSA) was performed by panning (5 rounds) of 

mature-stage iE on endothelial cells (21, 24) in the presence of soluble CSA (100 g/ml) 

(Sigma). 

 S20 mature trophozoites were selected on CHO-ICAM cells (5 rounds), and then 

by a further two rounds on plastic plates coated with recombinant ICAM-1 (25). The 

selected S20ICAM parasite line binds strongly to CHO-ICAM cells, but poorly to non-

transfected CHO-K1 cells (data not shown). 

 

Static cytoadhesion assays. 

 We assessed the ability of Pv-iE or Pf-iE collected from infected patients to 

adhere to placenta cryosections, HLEC and SBEC by performing static cytoadhesion 

assays as described (19, 21, 26) with minor modifications. Briefly, HLEC or SBEC were 

grown to confluence on 8-well culture slides (0.69 cm2 each well) (BD), and 5 x 104 

Percoll-enriched iE were then added per well in total volume of 200 l of cytoadhesion 

medium (RPMI-1640, pH 6.8), alone or in the presence of 100 l of soluble CSA (100 
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g/ml) or anti-CD36 (5 μg/ml). Culture slides were incubated for 1 hour at 37C, and then 

extensively washed in cytoadhesion medium. For confirmation that the ligands on the 

surface of Pv-iE were proteins, Pv-iE were treated with trypsin (1 mg/ml) for 45 min at 

37C, prior to incubation over endothelial cells. For confirmation of CSA as a receptor, 

HLEC were previously incubated with chondroitinase-ABC (0.5 U/ml) (Sigma) during 2 

hours at 37C. Involvement of VIR antigens in Pv-iE cytoadhesion to HLEC 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 proteins. Sera from mice 

immunized solely with GST in CFA/IFA were used as specificity controls. For these 

assays, inhibition was determined as a percentage of the negative control and was 

expressed as the mean ± SD of three wells.  

 Adhesion assays to placental trophoblast were performed as described elsewhere 

(19, 26-27) with minor modifications. Placental biopsies from 3 malaria and HIV negative 

Brazilian women were collected immediately after delivery and snap-frozen in liquid 

nitrogen/n-Hexane (Merck), then stored frozen in Tissue-Teck prior to use. Serial 

placenta cryosections (5-7 m) were cut with a cryostome and mounted on individual 

glass slides. Cryosections were washed, air-dried and an area of approximately 1 cm2 

was delimited with a Dako-Pen. Pv-iE adhesion assays to placental cryosections were 

performed as for endothelial cells. Three to four placenta cryosections were used for 

each adhesion assay. After 1-hour incubation at 37C, and following Giemsa staining, the 

number of iE that adhered to the endothelial cell monolayer or to placenta cryosections 

was counted under the microscope. 

 Involvement of CD36 or ICAM-1 host receptors was verified by allowing Pv-iE to 

adhere under static conditions to CHO-CD36, CHO-ICAM or to CHO-745 a cell line that 

does not express any of these receptors (23). In these experiments, we performed 
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adhesion assays without using human sera in the medium since it has been shown that 

human immunoglobulins present in normal sera can mediate binding of Pf-iE to CHO-745 

(28). 

 

Flow-based cytoadhesion assays  

To assess the resistance of Pv-iE to shear stress we performed flow-based 

cytoadhesion assays according to a modified version of a previously described method 

(19, 26-27). Briefly, HLEC were cultured to confluence in single-well culture microslides 

(8.6 cm2, corresponding to 12.5 x the area of each well in a 8-well culture slide) to which 

1.5 ml of 5 x 105 Pv-iE enriched on 45% Percoll gradient were added. After 1-hour 

incubation at 37 C, microslides were mounted in a flow-chamber-system (Immunetics) 

and cytoadhesion medium (RPMI pH 6.8) was flowed through at a wall shear stress of 

0.09, 0.36 or 1.44 Pascal (Pa) for 10, 5 and 2.5 min, respectively. Following this, the 

remaining bound Pv-iE were counted in 20 randomly selected fields through a digital 

camera attached to a microscope (Motic, Moticam 2500). Results were expressed as 

the number of iE/mm2 ± SD. In some experiments, microslides were stained with Giemsa 

after a determined shear stress condition, to visualize bound Pv-iE. Alternatively, HLEC 

were incubated with LPS (1.0 g/ml) (Sigma) during 4 hours at 37C, and then washed 

prior to parasite cytoadhesion. Cultured P. falciparum panned-isolates FCR3CSA and 

S20ICAM were used as controls. To ascertain whether P. vivax adhesion to HLEC occurred 

under flow conditions, 1 x 106 enriched Pv-iE diluted in cytoadhesion medium were 

flowed at wall shear stress of 0.09 or 0.36 Pa during 1 hour, then filmed. For both, static 

or flow-based assays, parasite adhesion was normalized to 103 iE/mm2, taken into 

account the area and the number of iE used in each assay, 5 x 104 iE in 0.69 cm2 or 5 x 

105 iE in 8.6 cm2. 
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Flow cytometry 

 ICAM-1 expression levels on HLEC were assessed by flow cytometry. Briefly, 1 x 

106 cells treated, or not, with LPS (1.0 g/ml), were harvested and then incubated with 

anti-human anti-CD54 (ICAM-1) (PE; BD-Bioscience) for 30 min at 4°C, then washed and 

fixed in 2% formaldehyde. Analysis was performed using a FACScanto (BD) and the mean 

fluorescence intensity (MFI) and the percentage of positive cells were analyzed with the 

aid of FCS Express v.3.00.0320 – De Novo software. For each sample a minimum of 

100,000 events were acquired. 

 

Statistical analysis  

 Statistical significance of adhesion to different cells types at various conditions was 

determined using the Mann-Whitney U test, or Kruskal-Wallis test. Calculations were 

performed using BioEstat version 3.0 (CNPq, Brazil) and Prism version 3.02 

(Graphpad, USA) softwares. Values were considered significant when P<0.05. 
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RESULTS 

Pf-iE cytoadherence were substantially facilitated by the availability of in vitro-

cultured P. falciparum, an avenue not open for P. vivax. Therefore, we conducted our 

studies with Pv-iE directly obtained from patients presenting 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 by collection of a relatively large number of samples (n=34). As controls for 

the cytoadhesion assays, P. falciparum-infected blood was also obtained from four 

patients attending the same hospital. In all cases, a sensitive PCR assay was used to 

exclude the presence of mixed species infections. In a first instance, cytoadherence was 

assessed using HLEC, SBEC and human placental cryosections. These cell lines and 

placental cryosections have been previously characterized and validated for assays of P. 

falciparum cytoadhesion (19, 21-22, 26-27). In P. falciparum, mature forms of the parasite 

cytoadhere more strongly in comparison to freshly invaded forms. We hypothesized that 

this could be also the case for P. vivax. Given the different densities of mature stage and 

early stage parasites, we subjected P. vivax parasites collected from the patients directly 

and without prior short-term culturing to a Percoll® gradient which enables the recovery 

of almost pure trophozoite and schizont stage Pv-iE (Figure 1). Of note, after enrichment 

the percentage of MSP-119 expressing forms observed in IFA varied between 85 to 97%.  

 The Pv-iE were first tested for their ability to cytoadhere to HLEC, SBEC and 

placental cryosections under static conditions. For some patients, aliquots of the same 

Pv-iE suspension were tested after digestion with trypsin, or in the presence of soluble 

CSA, anti-CD36 MAb in the cytoadhesion medium or in HLEC pre-treated with CaseABC 

(Figure 2 and Table 1). All the Pv-iE tested displayed some level of cytoadherence to 

HLEC or SBEC, or both, or to placental cryosections. Pv-iE binding to areas not 

containing endothelial cells was not observed. Pre-treatment of Pv-iE with trypsin 
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generally decreased adhesion to HLEC or SBEC by 19% to 85% (mean 54%) depending 

on the parasite isolate. Significant inhibition of cytoadherence was also observed in the 

presence of soluble CSA (16% to 81%, mean 42%). By contrast, when the assays were 

conducted in the presence of anti-CD36 the extent of inhibition of cytoadherence was not 

statistically significant (Table 1), though only few isolates could be tested. Moreover, 

unlike the higher inhibition noticed by soluble CSA, HLEC pre-treated with CaseABC did 

not significantly abolish adhesion of same Pv-iE (Table 1). Cytoadhesion assays were 

also conducted in parallel with similarly enriched matured Pf-iE derived from four patients. 

The levels of cytoadherence observed were about 10-fold higher than those recorded for 

Pv-iE (Table 1). 

 Having demonstrated that Pv-iE could cytoadhere to endothelial cells under static 

conditions, it was important to evaluate if the observed cytoadherence was biologically 

relevant and that it could be maintained under flow conditions to which parasites would 

be subjected in the blood stream. Shear stress in post-capillary venules is close to 0.08 

Pascal (Pa) (29). Thus, we enriched Pv-iE from seven individuals and conducted flow-

based cytoadhesion assays on the HLEC at shear stress conditions varying 0.09 to 1.44 

Pa. The parasites remaining attached after being subjected to increasing flow rates for 

defined period were enumerated by microscopic examination after Giemsa staining 

(Figure 3 and Table 2). Given that HLEC express CSA and ICAM-1 on their surface, we 

performed parallel assays using P. falciparum FCR3 and the S20 iE pre-selected on CSA 

(FCR3CSA) and ICAM-1 (S20ICAM). As for Pf-iE (FCR3CSA), even at relatively high shear 

stress (1.44 Pa) a substantial proportion (30%) of the cytoadherent Pv-iE could not be 

detached (Table 2). Furthermore, stimulation of the HLEC cells with LPS increased 

significantly strengthened cytoadherence, because 56% of the cytoadherent Pv-iE could 

not be detached at 1.44 Pa (Figure 3). Of note, LPS treatment augmented by 3-fold 

ICAM-1 expression levels (data not shown). The strength of Pv-iE adhesion was similar 
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to that observed for P. falciparum FCR3CSA to the unstimulated HLEC (Table 2). The 

behavior of the cytoadherent Pv-iE to HLEC under flow conditions (0.09 and 0.36 Pa) 

was recorded in real-time (Supplementary Movies 1 and 2), and showed that 

cytoadherent Pv-iE displayed the rolling characteristics of cytoadherent P. falciparum 

parasites (30). 

 We then tested whether CD36 or ICAM-1, both present on 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-iE from the three samples tested 

showed binding to CD36 (Figure 4), as the levels of cytoadherent Pv-iE were not 

significantly different from background (Pv-iE binding to untransfected CHO-745 cells). By 

contrast, a 2.1 to 2.7-fold increase in cytoadhesion to ICAM-1 as compared to 

background was observed for Pv-iE from two of the three samples tested (Figure 4). Low 

cytoadhesion of Pv-iE 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 antigens 

genes (vir) is present in P. vivax with around 350 members which can be subdivided into 

10 subfamilies and unclustered members (17, 31-32). Hence, we tested two polyclonal 

specific antisera, VIR-A4 and VIR-E5 from the A and E subfamilies, respectively (18). Pv-

iE were specifically recognized by both antisera in IFA (Figure 5A), but not by the control 

anti-GST serum. Significant inhibition of Pv-iE cytoadherence on HLEC was observed 

when either anti-VIR sera were included in the assay medium, but not in the presence of 

the anti-GST serum (Figure 5B). 
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DISCUSSION 

 Our observations provide the first evidence that mature Pv-iE are capable to 

cytoadhere to endothelial cells and placental cryosections. Two receptors used by P. 

falciparum 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-iE that cytoadhered was up to 

10-fold lower than for Pf-iE. Importantly, once established cytoadhesion of Pv-iE is as 

strong as that of CSA-selected Pf-iE, as demonstrated by the flow assays (Table 2). 

Since the parasites we assayed were directly obtained from patients, our data suggest 

that only a minor population 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-iE in organs of P. vivax-infected 

squirrel monkeys (34), and also with observations of partial depletion 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 made after delivery (data not shown), 

suggests that the phenomenon can occur in vivo. However, histopathological studies of 

post-mortem tissues that would be required to indicate if this phenomenon extends to 

other organs in infected individuals are limited. 

In all isolates where trypsin treatment was tested, the only partially abrogated Pv-

iE cytoadhesion suggests that trypsin-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 role of ICAM-1 and CSA. Finally, detailed 

investigations of the role of vir genes as cytoadhesive ligands, for which we present 
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indirect evidence, are complicated since a) multiple members of the VIR protein family 

are expressed at the infected red blood cell surface (17) unlike the clonally expressed var 

genes of P. falciparum (37), and b) the high number of vir genes present in the genome 

(346 vir for Sal line of P. vivax (31), as opposed to 59 var for the 3D7 line of P. 

falciparum) (38). Nevertheless, our data call for further investigations on the role of VIR 

proteins in Pv-iE cytoadhesion. 

 Despite infections with P. vivax are less life threatening than those caused by P. 

falciparum, morbidity in P. vivax is associated with anemia and a pronounced cytokine-

mediated inflammatory response (4). Differential accumulation of a proportion of 

parasites to some organs, such as the lung or the placenta, might be targeted by the 

inflammatory response to this organ, then 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 pathogen, which could lead to novel therapeutic 

approaches to alleviate the increasingly recognized health burden imposed globally by 

this distinctly not-so-benign parasite. 
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FIGURE LEGENDS 

 

Figure 1. Percoll gradient enrichment of P. vivax maturing forms. (A) Giemsa staining 

of the mature trophozoites and young schizonts obtained after Percoll gradient 

enrichment, yielding cell suspensions with 85% - 97% Pv-iE. (B) Parasite species and 

maturity was confirmed by IFA using anti-PvMSP-1
19

 conformational MAbs (3F8 and K23) 

diluted at 1:50. Normal mouse sera were used in the negative controls. 

 

Figure 2. Adhesion of Pv-iE to lung, brain endothelial cells, or placental 

cryosections. Representative photomicrographs (left panel) and cytoadhesion assays 

(right panel) of Pv-iE to HLEC (A), SBEC (B) and placental cryosections (C) stained with 

Giemsa and visualized with the aid of a Nikon microscope at 100 X magnification. Arrows 

indicate Pv-iE bound to host cells. Representative results from Pv-iE collected from 

different patients that were used for cytoadhesion assays conducted on untreated cells, 

using Pv-iE pre-treated with trypsin, or in the presence of soluble CSA or anti-CD36 

antibody. In all cases parasites (5 x 104) were left for 1 hour at 37C in 8-well culture slides 

(0.69 cm2 per well), then extensively washed and adhered Pv-iE were counted. Results 

are expressed as the mean number (± SD) of iE bound per mm2, normalized to an input of 

103 iE/mm2. Significance was calculated using a Kruskal-Wallis test: * 0.05 > P > 0.01; ** 

0.01 > P > 0.001. 

 

Figure 3. Resistance of Pv-iE cytoadhesion to flow conditions. Enriched Pv-iE (5 x 

105) were allowed to adhere to HLEC for 1-hour incubation at 37 C in single-well 

microslides (8.6 cm2) to a flow chamber system and cytoadhesion medium (RPMI pH 6.8) 

was flowed through at a wall shear stress of 0.09, 0.36 and 1.44 Pascal (Pa) (numbers do 
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not correspond with the figures and in the text), for 10, 5 and 2.5 min, respectively, with 

control chambers without flow. The Pv-iE still bound at the end of the flow period were 

counted in 20 randomly selected fields and the percentages of binding compared to that in 

the control chamber were calculated. Results are expressed as mean binding percentages 

of 2 patient isolates (104 and 106)  SD on HLEC previously treated with LPS (1.0 g/ml) 

or left untreated. Significance was calculated using the Mann-Whitney U test: * P< 0.05 

adhesion on non-stimulated vs. LPS-stimulated HLEC. 

 

Figure 4. Adhesion of Pv-iE to specific receptors. Pv-iE (5 x 104/well) were allowed to 

adhere to CHO–ICAM, CHO-CD36 or control CHO-745. Results are expressed as the 

mean of iE/mm2 ± SD normalized for an input of 103 iE/mm2. Significance was calculated 

using the Kruskal-Wallis test: * P< 0.001 adhesion on CHO-ICAM vs. CHO-CD36 or CHO-

745.  

 

Figure 5. Recognition and blocking of Pv-iE cytoadhesion to HLEC by specific anti-

VIR sera. (A) Immunofluorescence of a Pv-iE labeled with antiserum against VIR-A4 

(1:20) or VIR-E5 (1:20). Upper panel from left to right: Phase contrast; DAPI staining; 

mouse α-VIR-E5 and Alexa-Fluor 488-conjugated goat anti-mouse IgG. Note that α-VIR-

A4 was used in the bottom panel. (B) Pv-iE (5 x 104/well) were incubated for 1 hour at 

37C 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, sera from mice immunized solely with GST in Freund’s 

adjuvant were used as a negative control. For these assays, inhibition was determined as 

the percentage of negative control counts expressed as mean ± SD of triplicate wells. 

Significance was calculated using the Kruskal-Wallis test: * P< 0.05 vs. inhibition by -

GST antisera. 
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MOVIE LEGENDS 

 

Supplementary Movie Legend 1 

This 00:26 min movie shows the rolling and binding of a Pv-iE to HLEC. Parasites were 

diluted in medium and flowed at a wall shear stress of 0.09 Pa. 

 

Supplementary Movie Legend 2 

This 00:48 min movie shows two Pv-iE bound to HLEC under a flow condition of 0.36 Pa. 
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Table 1. Cytoadhesion assays of Pv-iE and Pf-iE collected from 24 patients. 

                    HLEC  SBEC  Placental cryosections 

  Adhesion
a
                   % Inhibition

b
  Adhesion

a
 % Inhibition

b
  Adhesion

a
 % Inhibition

b
 

Parasite Patient  Trypsinized +sCSA +ααααCD36 CaseABC   Trypsinized +sCSA +ααααCD36       +sCSA 

               
Pv-iE 008       58.2±9.8 19±10      
Pv-iE 015       32.4±11.04 52±11*      
Pv-iE 016 52.4±8.5 70±7*            
Pv-iE 019  36.1±10.6    59±10 ** 25±21           
Pv-iE 021       30.6±3.7 74±7** 63±10** 20±12    
Pv-iE 022 28.3±4.5    29±21** 52±8** 2±27          
Pv-iE 023 57.8±5.5 85±6** 81±7** 38±20          
Pv-iE 024 33.9±3.7 76±7** 65±8** 20±11          
Pv-iE 030 16.6±3.4    46±10***     12.8±2.8 42±18*      
Pv-iE 031 26.1±4.5    47±15***            
Pv-iE 034 56.7±7.4  18±10*    49.5±7.9  28±9*     
Pv-iE 035 37.5±9.4  41±13**    23.9±8.0  31±30     
Pv-iE 036            22.3±5.4       23±19 
Pv-iE 063            20.4±4.4 30±12* 
Pv-iE 065 33.5±8.8  51±13***           
Pv-iE 066            9.9±3.2 15±40 
Pv-iE 076 19.7±4.0  34±18***  7±25         
Pv-iE 083 38.6±7.3  49±15**  4±21         
Pv-iE 086 30.1±6.5  40±16**  13±22         
Pv-iE 087 41.3±5.2  16±23  3±15         

               
Pf-iE 002 130.1±23.7             
Pf-iE 003 636.7±119.2             
Pf-iE 005            773.5±179.5 87±7* 
Pf-iE 008 454.4±45.4             

               
 

a
 Mean number (± SD) of iE bound per mm

2
, normalized to an input of 10

3
 iE/mm

2
. 

b
 Percentage inhibition (± SD) of adhesion was calculated after enumeration of adherent iE either following trypsinization of iE or prior to the assay, or when the 

assay was conducted in the presence of soluble CSA (sCSA), anti-CD36 monoclonal antibody (αCD36) or in endothelial cells pre-treated with chondroitinase 
ABC (CaseABC). 
c
 Significance with respect to adhesion value: * 0.05 > P > 0.01; ** 0.01 > P > 0.001; *** P < 0.001. Data from P. falciparum isolates (presented in dark red) 

confirmed that the host cells and placental cryosections employed were able to sustain parasite cytoadhesion. 



Table 2. Cytoadhesion assays of Pv-iE, collected from 7 patients, or cultured Pf-iE to HLECa under flow conditions  

 
Shear stress (Pa) 0.00  0.09  0.36  1.44 

 
Parasite 

 
Patient 

 
LPS 

Adhesion
b
  Adhesion % Binding

c
  Adhesion %Binding  Adhesion % Binding 

Pv-iE 090 - 67.4±14.4  34.2 ±8.6 50.8  30.4 ±9.6 45.2   ND
d
  

Pv-iE 090 + 55.6 ±9.6  48.0 ±17.8 86.3  42.7 ±15.4 76.9  ND  
Pv-iE 091 + 53.0 ±6.1  39.0 ±7.7 73.6  38.5 ±10.1 72.6  ND  
Pv-iE 092 -       17.6 ±9.6  13.4 ±8.2 76.1  10.8 ±2.9 61.1  ND  
Pv-iE 093 - 47.9 ±12.0  29.9 ±8.2 62.4  ND

d
   ND  

Pv-iE 094 - 60.4 ±13.8  51.3 ±9.1 84.9  ND
d
   ND  

Pv-iE 104 - 30.4 ±9.1  26.3 ±5.3 86.5  16.1 ±5.3 52.9  9.2 ±7.7 30.3 
Pv-iE 104 + 32.5 ±13.8  25.0 ±5.3 76.9  24.6 ±5.3 75.7  16.4 ±6.7 50.5 
Pv-iE 106 - 28.6 ±8.6  20.5 ±14.9 71.7  19.8 ±6.1 69.2  6.8 ±5.8 23.8 
Pv-iE 106 + 29.1 ±8.2  27.9 ±10.6 96.2  23.6 ±7.2 81.1  16.4 ±6.7 56.4 

             
Pf-iE S20

ICAM
 - 39.8±15.8  19.2±13.0 47.9  12.0±5.8 30.0  9.6±8.2 24.3 

Pf-iE FCR3
CSA

 - 370.9±50.9  333.1±25.0 89.8  294.5±36.9 79.4  190.8±34.7 51.4 
 

 

a  
Plasmodium vivax or cultured P. falciparum, selected on ICAM-1 (S20

ICAM
) or CSA (FCR3

CSA
), were allowed to adhere to HLEC, previously incubated (+) or 

not (-) with 1.0 µg/mL of LPS, then cytoadhesion medium were flowed through at a shear stress of 0.09, 0.36 and 1.44 (Pa) for 10, 5 and 2.5 min, respectively.  
b
 Number of remaining adherent parasites after a determined flow condition. Results are expressed as iE/mm

2
± SD, normalized to an input of 10

3
 iE/mm

2
.  

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

d
 Not determined. 



   

   

   

   

   

   

   

   

   

   

   

   

OOOUUUTTTRRROOOSSS   AAARRRTTTIIIGGGOOOSSS   PPPUUUBBBLLLIIICCCAAADDDOOOSSS   

RRREEELLLAAACCCIIIOOONNNAAADDDOOOSSS   CCCOOOMMM   AAA   TTTEEEMMMÁÁÁTTTIIICCCAAA   

      

121 



The South American Plasmodium falciparum var gene repertoire is limited, highly
shared and possibly lacks several antigenic types

Letusa Albrecht a, Catarina Castiñeiras a, Bruna O. Carvalho b, Simone Ladeia-Andrade a,1,
Natal Santos da Silva a, Erika H.E. Hoffmann c, Rosimeire C. dalla Martha d,
Fabio T.M. Costa b, Gerhard Wunderlich a,⁎

a Department of Parasitology, Institute for Biomedical Sciences, University of São Paulo, Av. Prof. Lineu Prestes, 1374, 05508-900 São Paulo-SP, Brazil
b Department of Genetics, Evolution and Bioagents, Institute of Biology, State University of Campinas (UNICAMP), Campinas-SP, Brazil
c Institute for Tropical Medicine, University of São Paulo, Brazil
d Center for Research in Tropical Medicine (CEPEM), Porto Velho, Brazil

a b s t r a c ta r t i c l e i n f o

Article history:

Received 26 May 2009

Received in revised form 5 January 2010

Accepted 6 January 2010

Available online 15 January 2010

Received by S. Goldenberg

Keywords:

Antigenic variation

var

PfEMP1

The Plasmodium falciparum var gene family encodes large variant antigens, which are important virulence

factors, and also targets of the humoral host response. The frequently observed mild outcomes of falciparum

malaria in many places of the Amazon area prompted us to ask whether a globally restricted variant (var)

gene repertoire is present in currently circulating and older isolates of this area. By exhaustive analysis of var

gene tags from 89 isolates and clones taken during many years from all over the Brazilian Amazon, we

estimate that there are probably no more than 350–430 distinct sequence types, less than for any similar

sized area studied so far. Detailed analysis of the var tags from genetically distinct clones obtained from

single isolates revealed restricted and redundant repertoires suggesting either a low incidence of infective

bites or restricted variant gene diversity in inoculated parasites. Additionally, we found a structuring of var

gene repertoires observed as a higher pairwise typing sharing in isolates from the same microregion

compared to isolates from different regions. Fine analysis of translated var tags revealed that certain Distinct

Sequence Identifiers (DSIDs) were differently represented in Brazilian/South American isolates when

compared to datasets from other continents. By global alignment of worldwide var DBLα sequences and

sorting in groups with more than 76% identity, 125 clusters were formed and more than half of all genes

were found in nine clusters with 50 or more sequences. While Brazilian/South American sequences were

represented only in 64 groups, African sequences were found in the majority of clusters. DSID type 1 related

sequences accumulated almost completely in one single cluster, indicating that limited recombination occurs

in these specific var gene types. These data demonstrate the so far highest pairwise type sharing values for

the var gene family in isolates from all over an entire subcontinent. The apparent lack of specific sequences

types suggests that the P. falciparum transmission dynamics in the whole Amazon are probably different

from any other endemic region studied and possibly interfere with the parasite's ability to efficiently

diversify its variant gene repertoires.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The severe forms of malaria are caused by the apicomplexan

blood parasite Plasmodium falciparum. A very important virulence

factor of this parasite is a family of variant proteins – P. falciparum

erythrocyte membrane protein 1, PfEMP1, (Leech et al., 1984) –

which are localized at the surface of the host's infected red blood cell

(IRBC). Variants of the PfEMP1 family are able to interact with a

number of endothelial receptor molecules leading to the sequestra-

tion of the IRBC and the failure to eliminate IRBC by spleen passage

(reviewed by Craig and Scherf, 2001). It is believed that in many but

not all cases sequestration ultimately leads to the frequently

observed severe manifestations in non-immune subjects, who

eventually succumb to disease if not treated in time (reviewed in

Miller et al., 2002). PfEMP1 proteins are encoded by the var gene

family with around 60 members per haploid parasite genome

(Baruch et al., 1995). The particular transcription mode of the var

genes (Scherf et al., 1998; reviewed in Scherf, 2006) permits the

parasite to establish long-lasting infections by constant immune

evasion. In addition, the parasite is able to redistribute variant genes

during meiosis and rarely during mitosis by a process termed ectopic
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recombination in which non-homologous telomere ends and the

variant gene copies located therein are recombined by gene

conversion events (Freitas-Junior et al., 2000; Duffy et al., 2009). As

a consequence, var genes are hypervariable and differ significantly

from strain to strain, unlike most other parts of the genome.

Accordingly, previous reports showed that the var repertoire is

virtually unlimited in Southeast Asian or Kenyan isolates (Barry et al.,

2007). In contrast, we (Albrecht et al., 2006) and others (Barry et al.,

2007) have shown that in distinct geographic areas and/or times of

sample collection the var repertoire may be limited to a certain

extent. In order to expand the previous finding of a limited var gene

repertoire in Brazilian isolates independently from the year of

collection or geographic origin, we analyzed exhaustively the genomic

var gene repertoires in isolates from all over Brazil and included the

public sequence data from the HB3 strain from Honduras, the

Brazilian strain 7G8, collected in the early 1980s, three Venezuelan

strains and compared the data against var DBLα sequences available

in GenBank.

2. Material and methods

2.1. Parasite origin

Parasite isolates analyzed herein were from P. falciparum infected

individuals with differing degrees of symptoms, ranging from

moderate acute malaria (non-severe) to non-symptomatic infections.

The parasites were collected between 1985 and 2008. Eight isolates

were cloned before genomic DNA preparation and genotyped using a

number of microsatellite loci (described in Hoffmann et al., 2006). The

projects generating the parasite samples was previously approved by

the local Committee for Research involving humans and all donors

gave their informed consent before participating in the study. The

geographic origin of all Brazilian isolates analyzed during this study is

given in Figure S1.

2.2. Nucleic acid extraction, PCR and sequencing

Genomic DNA from isolates was obtained from 200 μl of frozen

blood by the method described in Moll et al., 2008). For the

amplification of the 360–420 bp var DBLα tags the previously

published degenerated var oligonucleotides (Taylor et al., 2000a;

Peters et al., 2002) were used. These oligonucleotides were previously

tested on genomic P. falciparum DNA from Brazilian isolates and did

not result in significantly biased amplification of determined var tags

(Albrecht et al., 2006). Amplified products were separated in TAE

agarose gels, excised and purified by the modified glassmilk method

(Boyle and Lew, 1995) and ligated in pTZ57-T (Fermentas). Individual

plasmid clones were then sequenced in an Applied Biosystems 3100

DNA sequencer using BigDye3.1 chemistry. Sequence results were

quality-analyzed by the E-gene platform (Durham et al., 2005) using a

PHRED quality cutoff value of 20 and a sliding “good sequence”

window of 300 base pairs. Short sequences or low quality reads were

individually re-sequenced. For each isolate, differing numbers of

clones with good sequence quality were obtained and the sequencing

effort per parasite isolate or clone was up to 150 plasmid clones (see

Supplemental Table 1 for details).

2.3. Origin of published sequences

We analyzed more than 2000 public sequences from DBLα tags

from isolates of different regions of the world. Following their

geographic origin, these sequences were divided in three groups:

Asia (from continental Asia and islands), Africa (from the African

continent) and America (from Latin America Countries). The

sequences extracted from GenBank from Africa were 22 sequences

from Sudan (four isolates) (Ward et al., 1999), 55 sequences from

Kenya (10 isolates) and 8 sequences from Cape Verde (one isolate)

(Taylor et al., 2000b), 632 different sequences from Kenya (Bull et al.,

2005), 241 sequences from Uganda (Normark et al., 2007), 141

sequences fromMali (Kyriacou et al., 2006), 23 sequences from isolate

NF36 (Fowler et al., 2002), 212 sequences from different African

regions (Barry et al., 2007) and 55 DBLα tags from the clone 3D7. The

Asian group consisted of 1140 var DBLα tags (including isolates from

islands of this continent). Among these sequences, 799 sequences

were from the study of Barry et al. (2007), 199 sequences from Fowler

and colleagues (Fowler et al., 2002), and 142 varα tag sequences from

Kaestli and colleagues (Kaestli et al., 2006).

From the Americas, 82 sequences were from Brazil (Kirchgatter

and del Portillo, 2002; Barry et al., 2007), 61 sequences from

Venezuela (Tami et al., 2003) and 18 sequences from the clone HB3,

from Honduras, Central America (Kraemer et al., 2007). The remain-

ing sequences were either published by us (Albrecht et al., 2006) or

sequenced herein (Supplemental Table S1). The complete list of

GenBank entries can be found in Supplemental Table 2 and the dataset

of different tags sequenced in this work and the previous work of

Albrecht et al. (2006) is in Supplemental File 1.

2.4. Sequence analysis

In a first step, the oligonucleotide primers were deleted from all

sequences. All sequences from each isolate or clone were separately

aligned using ClustalX 2 software (Larkin et al., 2007) and pairwise

identity matrix tables were created. From each alignment, sequences

with less than 98% identity were extracted, which contain the

different sequence tags of the respective parasite clone or isolate.

These resulting sequence groups representing DBLα sequence tags of

specific parasite clones or isolates are further termed isolate or clone

var repertoire. The var repertoires from individual clones or isolates

were then joined in multifasta files and realigned in order to identify

shared var repertoires. Shared sequences between parasite isolates/

clones were identified from pairwise identity matrices after the

alignment. Sequences shared between individual repertoires were

considered identical if they showed 98% or more identical sequence

positions. In order to quantify the redundancy of sequence types in

repertoires found in different isolates or clones, we applied the

formula suggested by Barry et al. (2007), where the pairwise type

sharing (PTS) is defined as follows:

2⁎Seqsshared / (SeqsisolA+SeqsisolB), where Seqsshared is the

number of sequence types shared between isolate A and B, and

SeqsisolA/B is the number of different sequence types detected in each

isolate A and B.

Var sequences from other datasets (see above) were also aligned

together with the Brazilian repertoires to obtain globally shared

sequences. Different (98%) sequences were translated and analyzed

for their DSID (distinct sequence identifier) distribution using Perl

scripts provided by Bull et al. (2007). In order to analyze peptide

sequences with imperfect anchoring sequences, polypeptides with

an intact [I/V]RGD-POLV1 and POLV4-DYV flanked downstream by

PQ residues were arbitrarily completed with the full anchoring

peptide sequence (DIGDI or PQLYR, respectively) and analyzed. A

number of sequences in all datasets could be included by this

modification. For the analysis of DSIDs distribution, DSID repertoires

from all Asian, African, separately from Amele and from Kilifi isolates

(Bull et al., 2007) were compared. The differences of DSID group

distribution between the Brazilian/South American (Br/SA) data set

and data sets from Asia, Africa, Amele and Kilifi were evaluated using

C-square statistics. The distributions were considered different when

pb0.05. The statistical significance of the peptide length distribution

of different DBLα tags was evaluated using Mann–Whitney's non-

parametrical test with Gaussian p-value approximation considered

different when pb0.05. This analysis was done in PRISM 4.0

software.
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For the analysis of DSID distribution after alignment of world-

wide sequences, different sequences (b98% sequence identity) which

formed the longest continuous peptide were first extracted from the

global sequence dataset and realigned using ClustalX 2. The resulting

percent identity matrix was then used to group sequences in clades

with N76% sequence identity. In parallel, the sequences (98% identity)

were translated, trimmed as above to contain a perfect anchoring

motif and their DSIDs were evaluated using the Perl script published

by Bull et al. (2007). Distribution discrepancies of Br/SA sequences

per group were statistically accessed using C-square statistics,

comparing the number of Br/SA sequences with the number observed

in the entire dataset.

The sequence diversity of isolates from the Amazon and Kilifi/

Kenya was estimated using EstimateS 8.0 software (Colwell, 2006)

and estimated diversities were calculated using Jacknife1 or mean

bootstrap values applying Chao's classical method and 100 reitera-

tions. For this, repertoires from single isolates were considered

“samples” and each sequence was considered a “species”. The

repertoires from the 30 Ariquemes clones were entered as eight

isolates by eliminating shared sequences between clones of each

original isolate and maintaining only different sequences (“virtual”

isolates, e.g., sequences with less than 98% identity from clones 121_1,

121_3, 121_4 and 121_17). This method permits the estimation of the

species richness in a given sample — in this case, the total var tag

repertoire size in the sample was estimated.

3. Results

3.1. Parasite clones from individual isolates contain limited var

repertoires

First we looked at individual var repertoires from parasite clones

which were previously generated by limiting dilution from individual

isolates obtained during a Malaria outbreak in Ariquemes/Rondônia

in 1985. The cloning was initially performed in order to monitor the

parasite's mechanisms of diversification by analyzing repeat regions

of merozoite surface antigens and their linkage to microsatellite

markers (Hoffmann et al., 2006). After analysis of a differing number

of sequences per clone and isolate, we observed that the cumulative

number of different sequences from the initial isolates 113, 121, 122,

123, 127, 128, 153 and 154 was always below or close to 60 different

sequences (Supplemental Table 4). This indicates that genetically

distinct parasite clones circulating in single individuals in this

particular situation contained highly overlapping var repertoires.

Accordingly, the observed “intra-isolate” PTS values pointed to

approximately 53% of shared sequences in clones from each isolate

(Ariquemes1, Fig. 1). A previously performed microsatellite analysis

(Hoffmann et al., 2006) revealed that in most cases clones from these

isolates were similar and in a few cases identical. Nevertheless, in

clones 121_1 and 121_17 nine different microsatellite loci were

identified and even these clearly different parasite lines shared a

significant number of var tags (Supplemental Table 4).

In the following, we analyzed the PTS of sequences between

“virtual” isolates. For this, the repertoires of different sequences from

clones originating from the same infected blood sample were aligned

and the pairwise shared sequences between the virtual isolates were

determined. The averaged PTS showed that 38% of var sequence types

were shared between the isolates (Ariquemes2, Fig. 1). The co-

analyzed isolate S20, collected in 1985 in Porto Velho, also showed a

high number of shared sequences. This result suggests the presence of

a distinct, limited var repertoire in the circulating isolates. In contrast,

the isolates collected in Kilifi showed almost no overlap and the

number of clones per isolate frequently exceeded the average

repertoire size of 50–60 var genes (Supplemental Table 4). This

indicates the presence of P. falciparum clones with significantly

different var repertoires in the original blood samples from Kilifi.

3.2. Brazilian var DBLα sequences are conserved over time

Due to the ectopic recombination, P. falciparumparasites are able to

interchange their variant gene repertoires (Freitas-Junior et al., 2000),

as a consequence, it may be expected that var repertoires change over

time. To address the question if there is a conservation of var tags over

time, we separated the 2667 var sequence reads from 89 different

isolates and clones from Brazil in two groups according of the year of

collection of these isolates (Supplemental Table 1). The first group

contained the 30 clones fromAriquemes and the S20 isolate fromPorto

Velho (1557 sequence reads) collected in 1985. The second group

contained 43 isolates collected 2001–2006 in Porto Velho, and two

from Jaú, Amazonas State, collected in 2002 and nine from the eastern

region of Acre and from Manaus, Amazonia, collected between 1999

and 2008 (total of 1110 sequences). The number of sequence reads

was different for the isolates (Supplemental Tables 1 and 4).

When we analyzed separately both groups we found that 152

different sequences were detected in clones/isolates from 1985 and

169 different sequences in isolates from year 1999 or later.When both

groups were analyzed together, we found only 221 different

sequences (cutoff 98% identity), of which 100 or 45.2% were shared

between the two groups, while 52 (23.5%) were found exclusively in

the isolates from 1985/1987 and 69 (31.2%) in the year 1999 or later

collected isolates indicating a high number of conserved sequences

among these groups (Fig. 2) which persist over decades in the

Fig. 1. Pairwise type sharing (PTS) of var DBLα encoding tags in different data sets.

Shown are interquartile ranges (boxes), median (horizontal line) and approximate 95%

sampling interval (whiskers). Ariquemes 1 shows the PTS in 30 parasite clones

prepared from eight isolates from Ariquemes/Rondonia, Ariquemes 2 shows PTS for

joined repertoires of Ariquemes clones (combining the b98% different sequences of all

clones of respective isolates). Brazil documents the PTS of all isolates from Brazil/

Amazonia including HB3 and 7G8 strains. For comparison, the datasets from Kilifi (653

sequences in 12 isolates) and from Amele (30 isolates, (Barry et al., 2007) were

included. See Supplemental Table 4 for raw data.

Fig. 2. The global var gene repertoire in Brazilian isolates is stable over time. In the

parasites from 1985, 52 var tags were unique while 100 sequences were shared with

1999+ parasites, which itself showed 69 unique sequences. The number of analyzed

isolates per timepoint is indicated. ⁎ indicates data from 30 parasite clones generated

from eight Ariquemes isolates plus the S20 isolate.
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circulating parasites. Importantly, each sequence was read with more

than 10fold coverage. Shared sequences were found in isolates from

very distant locations (e.g., Jaú National Park and Acrelândia-AC) and

different time points of retrieval (S20 and isolate MA5, see

Supplemental Table 4, overlap of all Brazilian isolates).

3.3. The Brazilian/South American var repertoire is limited and smaller

than from other regions

We then asked if the relatively small and limited var repertoire

identified until now was also found in other isolates from Latin

America. For this, we co-aligned the 221 different Brazilian sequences

with additional 160 sequences from Mato Grosso, Brazil (Kirchgatter

and del Portillo, 2002; Barry et al., 2007), Venezuela (Tami et al.,

2003), from Manaus (7G8 strain), and HB3 from Honduras, Central

America (Kraemer et al., 2007). Analyzing these sequences together,

the total number of sequences increased to 293 different sequences

(Genbank entries in Supplemental Table S3). Again, a number of

sequences from the strain HB3 (Honduras) and 7G8 could also be

found in older or more recent isolates from Rondônia or Manaus,

confirming conservation of several var tags (Supplemental Table 4).

When the PTS were calculated, we found that still 6.7% of the

sequences were shared (Fig. 1). The magnitude of PTS variation in a

sample may be interpreted as genetic structuring of isolates, and we

asked if this structuring was dependent on geographic origin or time

point of collection of the isolates. We observed a high number of

outliers in the plot indicating high PTS variation in the dataset (Fig. 1,

sample Brazil). In fact, an increase of PTS was observed for specific

regions: for example, the PTS for isolates from Manaus and

Ariquemes were higher than the average (26% and 38%, respectively;

Supplemental Table 4), indicating the circulation of isolates with

limited var repertoires which still share numerous var tags between

geographic regions and time points. In the following we compared

the datasets from Barry et al. (2007) and Bull et al. (2005) with our

data. While the PTS values calculated from isolates from Amele/PNG

showed a PTS of 7% and no significant numbers of outliers indicating

homogenous values of PTS, samples from Kilifi shared very few

sequences and the PTS value for twelve Kilifi isolates is near 1%

(Fig. 1).

We then tried to estimate the global number of different var

sequences in Amazonian P. falciparum using the software EstimateS

(Colwell, 2006) which was originally designed for the estimation of

species richness in biotopes. There seems to be a limit of around

349–429 different sequences in the analyzed isolates, depending on

the estimation algorithm applied (Jackknife 1 or Bootstrap, Fig. 3,

Supplemental Table 6). In comparison, the graph for the analysis of

sequences from the Kilifi dataset suggests that there is no limit in var

sequence diversity. Out of more than 1700 sequence reads, 653

different sequences are obtained from twelve isolates (Bull et al.,

2005), resulting in an estimated repertoire size of 877–1233

sequences in this sample (Supplemental Table 6). On the other

hand, the diversity of var tags from Amele is limited to around 400

sequences in their dataset (data not shown, see Barry et al., 2007).

Importantly, Barry et al. (2007) found limited var repertoires

exclusively in isolates taken during a few months in a single location,

while our dataset comprises of sequences from isolates taken at

different geographic locations and during two decades.

When we compared aligned Brazilian sequences with DBLα

sequence tags from P. falciparum strains A4 and ItG2 we observed

only five shared sequences (AJ319696, AJ319700, AJ319686, AJ319680

and AJ319685, Supplemental File 2) within different Brazilian isolates

and these specific sequence types could also be identified in other

regions of the world. This underlines the presumption that a cross-

contamination occurred in the IT isolate (parental to ItG2 and A4,

Roberts et al., 1992). Therefore, ItG2- and A4-derived sequences were

not considered South American sequences.

3.4. Fine analysis of DBLα peptides reveals an altered DSID distribution

in Brazilian isolates

In the following, we addressed the question whether there were

specific peptide motifs that were differently distributed in sequences

from Brazilian isolates. In 2007, Bull and colleagues applied and tested

a novel approach to classify var tags based on small semi-conserved

sequence tags, the number of cysteines in the DBLα region and its size

(DSID; Bull et al., 2007). We first analyzed if certain tags were over- or

underrepresented in Brazilian isolates as compared to isolates from

other locations. For this, we analyzed the DSIDs from all different

peptide sequences in five different datasets (Br/SA, Asia, Africa,

Amele, Kilifi, see Supplemental Table 5 for raw data) and deleted

duplicate DSIDs also considering the peptide length.We observed that

DSIDs of group 3 were less frequently identified in the Br/SA isolates

than in any other data set (Fig. 4), although statistically significant

only in comparison to the Asia sample (χ2 test, pb0.01). On the other

hand, the Amele sample showed a strong over-representation of

group 4 DSIDs compared to Br/SA sequences (pb0.005). Also, group 5

and group 6 sequences were over-represented in the Brazilian

dataset.

We then classified the five different datasets for the DBLα

peptide size in the DSIDs groups 1–6 (Fig. 4, raw data, see

Supplemental Table 5). Brazilian/Amazonian sequences showed a

differential length distribution in DSID groups 1 and 3 (compared to

Asian sequences) and 6 (compared to African and Asian sequences,

Table in Fig. 4G). On the other hand, the Asian dataset presented

also a different length distribution when compared to African/Kilifi

datasets in DSID groups 3. The observed differences were significant

(pb0.05) to highly significant (pb0.0001, Mann–Whitney test, two-

tailed, Gaussian approximation).

3.5. Many var gene variants may be absent in Brazilian isolates

var genes and their corresponding PfEMP1 proteins are subjected

to selection whenever the parasite is in its malaria-causing blood

stage. Therefore, it is reasonable to assume that the immune selection

shapes var gene repertoires so that encoded PfEMP1s do not cause –

or to a small extent – the production of antibodies which recognize

more than one or a few PfEMP1 variants.When the pairwise identities

of DBLα tags (DNA) from isolates are plotted against their frequency,

the most abundant sequence identities are found around 65–67% and

Fig. 3. Analysis of cumulative var DBLα diversity in Brazilian isolates versus the Kilifi

dataset. Shown are outputs from Estimates 8.0 software which calculates the species

diversity considering 293 different sequences in 67 isolates (30 clones of Ariquemes

isolates counted as eight isolates) including literature sequences by either the jacknife1

(j1) or the mean bootstrap algorithm (bs) (dotted lines). The observed number of

sequences are indicated at three intervals, considering the analysis of 450 clones (1;

106 different sequences at 98% identity cutoff, data from the study by Albrecht et al.

2006), 2667 clones (2; resulting in 221 different sequences) and after the addition of

literature sequences from Mato Grosso, Venezuela, 7G8 and HB3 (3). A total repertoire

of 429 (j1) or 349 (bs) different var tags were estimated for isolates from the

Amazonian area. The Kilifi dataset with 653 different sequences from 12 isolates was

estimated to contain 1233 (j1) or 877 (bs) different sequences in the total parasite

population circulating in Kilifi at the occasion when these isolates were obtained. See

also Supplemental Table 6 for raw data.
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there are few sequences with identities higher than 80%. We

hypothesize that sequences showing more than 70–75% identity

may encode DBLα domains which are possibly recognized by cross-

reactive antibodies and sequences with identities of less than 70%

may result in PfEMP1 which are not cross-reactive. We therefore

performed an alignment of all DBLα coding sequences in our and

published datasets. By this procedure, the “worldwide” DBLα

sequences can be divided in 2255 different sequence tags (cutoff

98% identity, Supplemental File 2). After extraction and realignment

of these 2255 sequences and clustering in groups with b76% identity,

125 subsets of sequences were formed. In this global alignment, 294

different sequences from Br/SA and 188 from the village of Amele

could be identified. The slight difference in the number of different

sequences than described for the Brazilian/South American dataset is

due to the higher number of input sequences in the ClustalX analysis.

In the following, we asked in how many clusters sequences from

different datasets were distributed. Br/SA sequences were found in 64

groups, six of which contained exclusively Brazilian sequences.

Sequences from Amele were present in 51 groups, in contrast,

sequences of African origin could be identified in 119 groups.

Interestingly, the distribution in 76% cutoff groups is highly biased

and nine groups contained 50 or more sequences while 88 groups

contained less than 10 sequences (Fig. 5). In order to evaluate if Br/SA

sequences were equally distributed, we tested if these were over- or

under-represented in groups with more than 49 sequences and

significantly less Br/SA sequences were found only in group 89 when

compared to the entire dataset (χ2 test, pb0.05).

We then asked if the Clustal analysis was related to the DSID

classification of sequences, focusing on the DSID-defined sequence

type distribution in the nine clusters with more than 49 sequences

Fig. 4. Analysis of Distinct Sequence Identifiers (DSID). DSIDs were calculated as described by Bull and colleagues (Bull et al., 2007). (A) The frequency distributions of different DSIDs

without considering their peptide sizes were plotted for five datasets (raw data in Supplemental Tables 5). Significant differences in DSID distribution are marked by an asterisk.

Significance (pb0.05) was calculated by the χ
2 test. (B–F) Size distribution of DSID groups in different datasets. The peptide sizes of all DSIDs were plotted per DSID group and

differences between size values between groups and datasets were evaluated byMann–Whitney's U test. (G) Only in DSID groups 1, 3 and 6 could be observed significant differences

in the peptide sizes of South American DBLα sequences and sequences from other origins (light grey boxes, pb0.05, dark grey box, pb0.025, black box pb0.0001).
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(Fig. 5 and Supplemental Figure 2). This was done because Bull and

colleagues showed that DSID group 1–3 genes were strongly

associated with upsA-type telomeric var genes (Bull et al., 2007)

which are believed to show restricted recombination and less

diversity than upsB var genes, due to their chromosomal orientation.

In our analysis, all but two DSID group 1 var genes were almost

exclusively detected in one cluster (group 12). DSID type 2 sequences

clustered separately from the DSID type 1 sequences and also showed

higher dispersion. Nevertheless, more than 50% of DSID type 2

associated var genes accumulated in two clusters (groups 34 and 39).

Another accumulation was found for the cluster 102 which contained

mainly DSID type 5 associated sequences. Many DSID group 4

associated genes, which may represent upsB and upsC flanked var

genes were dominantly found in the remaining large clusters (Fig. 5).

When we compared the distribution of DSID groups in the remaining

clades with less than 50 members, DSID type 1 sequences were

strongly under-represented while the remaining groups 2, 4, 5 and 6

were distributed in a statistically similar fashion, compared to the

total DSID distribution (Supplemental Figure 2), reinforcing the

observation that limited diversity is found in DSID type 1 var

sequences. The inverse effect was found for DSID type 3 associated

var gene sequences: These sequences were predominantly encoun-

tered in smaller groups indicating the presence of more polymorph-

isms in sequences with DSID type 3, although they presumably

represent upsA var genes. Sequences with DSID type 3 were found in

39 of 125 groups. The distribution pattern in larger or smaller groups

was also found for the restricted var repertoires of Br/SA and Amele

and differed not significantly from the distribution pattern found in

the whole dataset (Supplemental File 2). We finally analyzed if there

were sequences (98% identity cutoff) that were present in isolates

from all geographic locations (Brazil/South America, South East Asia

and Africa). Seven sequences, including the conserved var1csa were

found in isolates from the three global regions Africa, Asia and Latin

America. These sequences belonged to DSID groups 2 (DQ265561,

AAL11664.1), 3 (DQ135454.1, CAD60873.2), 4 (AAL11142.1,

DQ135353.1) and 6 (AAL11285.1).

4. Discussion

In Brazil, field studies have shown two principal types of malaria

outcomes: The so-called “frontier malaria,”which affects mainly non-

immune migrants which settle in gold mining or logging camps,

exposing themselves to malaria infection (Sawyer, 1986; Camargo et

al., 1994) and mild, often non-symptomatic infection (Alves et al.,

2002; da Silva-Nunes and Ferreira, 2007; Ladeia-Andrade et al., 2007),

mainly found in stable riverine and rural populations. Although

quantitative long-term studies designed as described for example by

Roussilhon et al. (2007) are not available, not at least because of the

relatively low and seasonal incidence of falciparum malaria, it seems

that the dynamics of malarial infection and severity differ greatly from

typical African settings such as found in Ghana or lowland Kenya. This

happens most probably due to (i) the rapid diagnosis and the

facilitated access to most effective therapies, and ii) to the different

transmission intensity with Anopheles darlingi as principal vector. We

speculated that parasite derived factors, such as the herein described

smaller repertoire of antigenic variants, might also be of importance.

Importantly, P. falciparum was almost eradicated from the Amazon in

the 1960s, probably resulting in a significant depletion of antigenic

variants. The number of antigenically different PfEMP1 variants

certainly is a factor in the development of an efficient immune

response against these antigens (Marsh and Kinyanjui, 2006).

In this report, we sequenced exhaustively and characterized var

DBLα tags from many Brazilian isolates obtained in a time frame of

twenty years and compared them to published DBLα tags from

around the globe. By the analysis of var repertoires from clones/

isolates taken from infected individuals during a malaria epidemic in

1985 we could show that the infecting isolates contained quite

redundant variant antigen repertoires, very differently from highly

endemic regions such as lowland Kenya. Applying a similar

sequencing effort, the identification of only 152 sequences from 9

isolates is largely different from the 653 different sequences

identified in 12 isolates from Kilifi. The herein described PTS values

for the isolates from the town of Ariquemes are the highest described

so far, much higher than the values documented for the other dataset

from the area of Amele/PNG, where also less diversity in var

sequences was reported (Barry et al., 2007). Elevated PTS values

were also found for isolates from other areas such as the

metropolitan area of Manaus or in isolates from Porto Velho. In

addition to increased PTS in isolates from microregions, huge

sequence type sharing was also found in isolates from distant

locations and different time points, such as the S20 isolate (from

Porto Velho, 1985) which seems to share 25% of its var repertoire

with the MA7 isolate, obtained in Manaus in 2006 (Supplemental

Table 4). Despite of the huge sampling effort, we believe that the

calculated median PTS of 6.7% for Brazilian/Amazonian isolates

(including Honduras strain HB3) is only an approximated value

given that we sampled only few sequences from multiple isolates,

resulting in decreased chances of finding shared sequences. This may

Fig. 5. Frequency distribution of 2255 var DBLα coding sequences after clustering in 76% identity groups. The number of sequences in each 76% identity group was plotted. The DSID

distribution in groups with 50 or more sequences is depicted in pie graphs, where numbers refer to the group for which the DSID distribution is shown. The DSID groups are as

follows: Black area: DSID type 1, dark grey, DSID type 2, light grey, DSID type 3, white, DSID type 4, fine stripes, DSID type 5 and gross stripes, DSID type 6. Only in cluster 89, the

observed distribution of Brazilian/South American sequences in the N49 sequence containing groups is different from the expected distribution (χ2 test, pb0.05). See Supplemental

File 2 for raw data.
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have also contributed to a non-homogenous distribution of PTS and

to the creation of many outliers in the PTS plot for the Brazilian/

Amazonian sample. On the other hand, it is possible that we have

missed a number of sequences due to experimental limitations such

as PCR primer bias on individual target DNAs or failure in the cloning

of certain sequence tags, which then may have led to an erroneous

estimation of the overall number of variant sequences, although we

consider this a remote possibility. The herein used primer pairs were

thoroughly tested by us (Albrecht et al., 2006) and others (Peters et

al., 2002). The clone count after amplification led in the majority of

cases to the expected number of different sequences per sequencing

effort (primer performance) and only sporadically to the over-

representation of single sequences (primer bias, Albrecht et al.,

2006). In examples where few sequences were amplified, such as in

the case of DNA samples from the Jaú National Park, a biased

amplification of a determined var tag may have resulted in the

overestimation of PTS since even in few clones the given sequence

would be represented. Interestingly, when genomic DNAs from

different origins where amplified, determined sequences showed

slightly biased amplification in one sample while in another sample

the same sequences were not preferentially amplified (Albrecht et al.,

2006) suggesting that biased amplification is not only dependent on

the specific target but also on its genomic context.

We then tested the saturation of sequence diversity using the

Estimates software applying two different algorithms and already

applied by Barry et al. (2007). In our analysis, we applied the test for

89 clones or alternatively 67 isolates and a limit of ∼430 different

sequences was observed for the dataset. Given that we included

sequence tags from many different locations of Brazil and also

included the clones HB3 and 7G8, it appears that the repertoire of

different var tags in P. falciparum from Brazil/the Amazon is indeed

very limited. In contrast, no saturation of different sequences can be

identified by the analysis of few isolates taken during short time

periods in Kilifi (Bull et al., 2005), underlining the limited total

repertoire of var genes in the Amazonian P. falciparum isolates.

A number of reasons may account for this decreased repertoire

diversity in the isolates. Firstly, the presence of Anopheles darlingi

which is considered a less antropophilic vector than A. gambiae is

certainly a reason for decreased numbers of infected bites. A smaller

number of infected mosquitoes would explain why in limited

epidemic situations such as in Ariquemes 1985 so little var diversity

was discovered. Specifically, a single infective bite with an almost

clonal (in terms of var diversity) parasite isolate would then lead to

an infection with a number of detectable var variants close to one

complete repertoire, which was indeed observed. Further, the

combination of less infective bites and fewer genetically different P.

falciparum genotypes in circulation may decrease the chances for a

profound exchange of variant genes by ectopic recombination during

meiosis in the anopheline vector. It must also be remembered that

even in conditions of intense transmission, mosquitoes infected with

different genotypes are rarely found (Razakandrainibe et al., 2005)

and we believe that the chances of mosquitoes being infected with

two or more genetically different parasites is still lower in

Amazonian settings. Experimental data are necessary to confirm or

refute this hypothesis. Secondly, the finding that identical var

sequences were found in isolates obtained in remote regions of the

rain forest (for example the Jaú National Park) and also in isolates

from Porto Velho evidences the existence of only a very few,

genetically entirely different P. falciparum in circulation, possibly due

to the almost complete eradication of the parasite in the 1960s and

the possible absence of introduction of new genotypes. Coincidently,

there is strong genetic structuring in Brazilian isolates (Machado et

al., 2004). We estimate that a similar result of very limited var

diversity should also be obtained analyzing var repertoires during

island breakouts such as during the epidemic reported in Cape Verde

in 1998 (Arez et al., 1999).

Bull and colleagues described and tested a system for the

classification of var tags based on the occurrence of determined

small sequence tags within the DBLα peptide sequence. They

suggested that DSID types 1-3 are mostly found in var genes

controlled by type A and B/C upstream regions, at least in the

laboratory strains 3D7, HB3 and IT4 (Bull et al., 2007). Upon analysis

of the Distinct Sequences Identifiers (DSIDs), we observed a

significantly decreased occurrence of type 3 DSIDs in Brazilian/

Amazonian isolates only when compared to Asian sequences, while

the other upsA related groups 1 and 2 were similarly frequent. Type A

var gene transcription was associated to severe malaria during

childhood (Jensen et al., 2004) or cerebral Malaria and type B/C

types with hyperparasitemia (Kyriacou et al., 2006), outcomes that

are very rarely observed in endemic areas in Brazil (da Silva-Nunes

and Ferreira, 2007) and we hypothesized that there might be less

upsA type sequences or less diverse upsA type sequences which is not

the case when compared to other datasets.

When we analyzed the size distribution per DSID group we

observed significant differences in the groups 1, 3 and 6 between

datasets, and length discrepancies were dominantly between the Br/

SA and the Asian datasets, while the African dataset was only different

in DSID group 6 sizes. Interestingly, the datasets from Amele and Kilifi

did not show significant differences to the Brazilian/South American

data in this test, despite a very low number of shared sequences

between the regions. From the perspective of shared DSID between

global regions, the probable African origin of South American var

sequences could not be confirmed: While 55 DSID were shared

between Africa (total of 732 unique DSIDs) and South America, 30

were shared with the Asian sample (total of 420 unique DSIDs) and

the resulting proportion of shared DSIDs is not significantly different

between the populations (χ2 Test). This outcome is perfectly

probable, due to the highly recombinogenic nature of var genes.

The global alignment of var tags and the grouping of DNA

sequences in clusters with 76% or less identity may be considered as

an indirect indicator of the absence or presence of important antigenic

groups. By computational analysis, we evaluated that the majority of

var tags per genome (analyzing the var DBLα encoding tags of 3D7,

HB3 and 7G8) share less than 80% identical positions. We assume that

host immune pressure maintains the var repertoires in parasites as

diverse and as functional as possible.

Based on this hypothesis, we identified a limited number of

sequence clusters in isolates from all over the world, and, as expected

from their very high diversity, African isolates were present in the

majority of groups. On the other hand, limited repertoires such as

from Amele or Brazil/ SA showed a restricted diversity and Amele or

Brazil/SA sequences were absent in many groups. We believe that the

lack of members in 76% sequence groups may contribute to a

decreased potential antigenic diversity of parasites from these areas.

Through the clustering in 76% identity groups, we also observed

that a few groups contained more than half of all different sequences.

We suggest that these groups contain sequences with limited

variability, perhaps associated with specific functions. Again, empiric

studies with defined antigens need to be performed in order to

establish a connection between sequence identity and antigenic

cross-reactivity or even association to determined cytoadherent or

other functions.

Nevertheless, we observed that the 76% clustering led to an

accumulation of all but two DSID group 1 sequences into one cluster

(group 12, Fig. 5 and Supplemental File 2). Group 12 also contains 3D7

var PF11_0008, DSID type 3, of which domains were dominantly

recognized by immune sera in a field study in Tanzania when

expressed as a recombinant peptide (Cham et al., 2009). Additionally,

15 of 47 sequences previously associated to cerebral malaria

(Kyriacou et al., 2006) were also contained in group 12, while 6 of

47 were associated to group 35 and 39. In the latter groups

accumulated type 2 DSID sequences: 95 of 147 sequences (64.6%)

43L. Albrecht et al. / Gene 453 (2010) 37–44



were represented in these groups, although single DSID type 2

sequences were found throughout 19 groups. It is tempting to suggest

that groups 12, 35 and 39 may concentrate sequences which – upon

transcription – associate to specific outcomes of malaria. We propose

that the approach of the clustering in groups with 76% identity may

enhance the DSID classification system in the identification of var

genes associated to specific forms of disease, although more sequence

data with well documented anamnestic data are obviously necessary.

Besides var1csa, we also detected six var sequences which were

encountered in isolates from all regions of the world. Possibly, these

sequence tags are remnants of ancestral var genes. Another possibility

is that they are well adapted sequences and that there is an

evolutionary pressure to maintain these sequences in an otherwise

highly recombinogenic background.

In conclusion, our study reveals for the first time that (i) there is an

unprecedented pairwise var type sharing in Amazonian isolates and

that there are probably less circulating var genes, at least DBLα coding

domains, which seem to be stable over time (ii) that a major group of

var genes found in other regions of the world are absent in the

Amazon, although the perhaps most common, globally found

antigenic variants – deduced from the 76% clustering of sequences –

are present. Further quantitative field studies are necessary to

evaluate if the possible lack of antigenic variants can be associated

to a faster buildup of immunity in exposed Amazonian populations.
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a b s t r a c t

The present study evaluated the immunogenicity of new malaria vaccine formulations based on the 19 kDa

C-terminal fragment of Plasmodium vivax Merozoite Surface Protein-1 (MSP119) and the Salmonella enter-

ica serovar Typhimurium flagellin (FliC), a Toll-like receptor 5 (TLR5) agonist. FliC was used as an adjuvant

either admixed or genetically linked to the P. vivax MSP119 and administered to C57BL/6 mice via parenteral

(s.c.) or mucosal (i.n.) routes. The recombinant fusion protein preserved MSP119 epitopes recognized by

sera collected from P. vivax infected humans and TLR5 agonist activity. Mice parenterally immunized with

recombinant P. vivax MSP119 in the presence of FliC, either admixed or genetically linked, elicited strong

and long-lasting MSP119-specific systemic antibody responses with a prevailing IgG1 subclass response.

Incorporation of another TLR agonist, CpG ODN 1826, resulted in a more balanced response, as evaluated

by the IgG1/IgG2c ratio, and higher cell-mediated immune response measured by interferon-� secretion.

Finally, we show that MSP119-specific antibodies recognized the native protein expressed on the surface

of P. vivax parasites harvested from infected humans. The present report proposes a new class of malaria

vaccine formulation based on the use of malarial antigens and the innate immunity agonist FliC. It con-

tains intrinsic adjuvant properties and enhanced ability to induce specific humoral and cellular immune

responses when administered alone or in combination with other adjuvants.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Plasmodium vivax causes more than 130 million malaria cases
every year [1]. Chemotherapy has remained almost unchanged
in the past 50 years and drug resistance is developing in many
parts of the world, reducing the efficacy of conventional treat-
ment [2,3]. To make matters worse, the number of severe cases
has recently increased [2,3]. Therefore, prophylactic alternatives
such as effective vaccines are urgently needed. Because large-
scale cultures of this parasite are not feasible, an effective vaccine
must rely on recombinant DNA technology or synthetic polypep-
tides. Several target recombinant proteins have been tested as

∗ Corresponding author at: CINTERGEN, UNIFESP, Escola Paulista de Medicina,

Rua Mirassol 207, São Paulo 04044-010, SP, Brazil. Tel.: +55 11 5571 1095;

fax: +55 11 5571 1095.

E-mail address: mrodrigues@unifesp.br (M.M. Rodrigues).

P. vivax vaccine candidates including pre-erythrocytic and blood
stages antigens, such as the circumsporozoite protein, Merozoite
Surface Proteins (MSP), Duffy-binding protein-1, apical mem-
brane antigen-1 and reticulocyte-binding protein, among others
[4–24].

Among blood stage malarial antigens, the MSP1 has been inten-
sively investigated as a malaria vaccine candidate. The protein is
synthesized in a precursor form with a high molecular weight
during schizogony and, during the invasion process, a proteolytic
cleavage releases most of the molecule from the merozoite mem-
brane leaving a membrane-anchored 19 kDa fragment (MSP119)
on the parasite surface [25]. Genetic modification studies with
malaria parasites demonstrated that the essential role of MSP119 for
parasite survival is the same among distantly related Plasmodium

species [26]. Pre-clinical vaccination trials carried out with rhesus
monkeys showed that animals immunized with a recombinant pro-
tein based on the P. vivax MSP1 C-terminal region (MSP142 kDa) and
encompassing the MSP119 fragment developed partial protection

0264-410X/$ – see front matter © 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.vaccine.2008.08.070
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to infection with P. cynolmogi, a species closely related to P. vivax

[17].
In earlier studies, we characterized the immunogenic proper-

ties of several recombinant malaria vaccine candidates, including
genetically modified derivatives of the P. vivax MSP119 protein
[27,28]. One of the tested MSP119 derivatives revealed a particu-
larly strong immunological behavior after genetic linkage to the Pan
allelic HLA DR-binding epitope (PADRE) [29]. The protein, named
His6MSP119-PADRE, was immunogenic when subcutaneously (s.c.)
administered to mice in the presence of different adjuvants elic-
iting a strong and long-lasting specific antibody response [29].
More recent studies confirmed and extended these observations
by showing potent antibody responses following mucosal admin-
istration of this recombinant protein to mice in the presence of the
adjuvants cholera toxin or Escherichia coli heat labile enterotoxin
[30].

Based on these successful experimental studies using the mouse
model, pre-clinical immunization trials were carried out with non-
human primates. Animals vaccinated with the P. vivax MSP119

genetically linked to two helper epitopes failed to develop strong
specific antibody responses in the presence of different formu-
lations except when Incomplete Freund Adjuvant was used [31].
This result showed that although the recombinant MSP119 protein
can be highly immunogenic in non-human primates, the adjuvant
properties of the vaccine formulation have to be improved. This
assumption led us to pursue a novel type of vaccine that could incor-
porate intrinsic adjuvant properties, new T helper cell epitopes and
recombinant MSP119 derivatives.

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), expressed by antigen pre-
senting cells (APC). Following the binding of the specific agonists,
the TLR receptor intracellular domain activates molecular signal-
ing cascades and the recruitment of adaptor proteins, for example,
the myeloid differentiation factor 88 (MyD88), and the activation of
transcription factors such as NF-�B and mitogen activated kinases.
These signaling events result in the activation of inflammatory
responses and APC maturation, which mediate the activation of T
and B cell-dependent adaptive immune responses [32,33].

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 [32,33].
Bacterial flagellins have been shown to bind extracellular TLR5
as well as intracellular receptors leading to strong inflammatory
responses [34–36]. Very recently, flagellins such as those expressed
by Salmonella species, have shown strong adjuvant effects when
delivered via parenteral or mucosal routes either admixed or genet-
ically linked to target antigens [37–43]. Salmonella enterica serovar
Typhimurium strains may express two alternate flagellar antigens,
FliC and FljB flagellins. The adjuvant properties of S. Typhimurium
FljB have been experimentally demonstrated either by induction
of specific antibody responses or activation of cell-dependent
immune responses [38,40–43], but few groups have shown the
potential adjuvant effects of S. Typhimurium FliC in vaccine for-
mulations [44].

Here, we investigated the adjuvant properties of S. Typhimurium
FliC in malaria vaccine formulations based on recombinant deriva-
tives of the P. vivax MSP119 protein. The adjuvant properties of
FliC were evaluated in mice immunized via parenteral (s.c.) or
mucosal (i.n.) routes with purified His6MSP119 and His6MSP119-
PADRE admixed or genetically linked to FliC. Additionally, we
investigated the role of a TLR9 agonist, CpG ODN 1826, on the mod-

ulation of the immune responses elicited in mice immunized with
the MSP119/FliC vaccine formulations. The reported results demon-
strated that the incorporation of TLR agonists to MSP119-based
formulations represents a promising alternative for the develop-
ment of simple and inexpensive malaria vaccine candidates.

2. Methods

2.1. Generation of recombinant MSP119-derived proteins

The recombinant His6MSP119 and His6MSP119-PADRE proteins
were obtained exactly as described previously [27]. Purified pro-
teins were analyzed by SDS-PAGE and stained with Coomassie Blue.
The nucleotide sequence encoding the S. Typhimurium FliC and
MSP119-PADRE were obtained by PCR amplification using Platinum
Taq High Fidelity DNA polymerase (Invitrogen). Specific oligonu-
cleotides for amplification of FliC-encoding gene, containing
EcoRI and HindIII restriction sites (GGGGAATTCATGGCACAAGT-
CATTAATACA and GGCAAGCTTGACGCAGTAAAGAGAGGAC) and the
MSP119-PADRE nucleotide sequence, containing HindIII and
XhoI restriction sites (GGCAAGCTTGCATGACTATGAGCTCCGAG and
GGGCTCGAGTTTAAGCGGCAGCCTTCAGGGT) were purchased from
Integrated DNA Technologies, Inc. Amplified fragments were cloned
in frame in pET28a vector (Novagen). The recombinant protein
was expressed and purified as described previously [27]. Briefly,
recombinant E. coli was cultivated at 37 ◦C under aeration in flasks
containing Luria broth (LB) and kanamycin (30 �g/ml). Protein
expression was induced at an OD600 of 0.6 with 0.1 mM IPTG (Invit-
rogen) 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 lysosyme (Sigma) and
PMSF (Sigma). Bacterial lysate was centrifuged and the supernatant
was applied to a column with Ni2+–NTA–Agarose resin (Quiagen).
After several washes, bound proteins were eluted with 0.5 M imi-
dazole (Sigma). The eluted protein was dialyzed against 20 mM
Tris–HCl, pH 8.0 and the recombinant proteins were purified by ion-
exchange chromatography using a Mono Q column (GE Healthcare)
coupled to an FPLC system (GE Healthcare). Fractions contain-
ing the recombinant proteins with a high degree of purity were
pooled and extensively dialyzed against PBS. Protein concentra-
tion was determined with the Bradford assay and by SDS-PAGE
analyses.

Recombinant proteins His6-MSP119 or His6FliC-MSP119-PADRE
(0.25 mg) were reduced following incubation at 37 ◦C for 1 h in a
solution containing 0.5 M Tris–HCl (pH 8.0), 2 mM EDTA, and 60 mM
dithiothreitol (DTT; Sigma). After that period, urea was added to a
final concentration of 4 M and the solution was incubated for 15 min
at 95 ◦C. Iodoacetamide (Sigma) was added in a 2.5-fold molar
excess over DTT. The samples were kept in the dark for 30 min.
The reduced proteins were used to coat ELISA plates in carbonate
buffer pH 9.6 containing 0.2 mM EDTA, 6 mM DTT and 0.4 M urea.

2.2. FliC purification

Native S. Typhimurium FliCi was purified of the attenuated
S. Typhimurium SL3201 strain expressing FliCi but not FljB [45].
Briefly, bacteria were grown in LB supplemented with kanamycin
(30 �g/ml) overnight at 37 ◦C under aeration (80 rpm). Cells were
washed once with phosphate-buffered saline (PBS) and submitted
to mechanical shearing with four 2 min cycles in a bench vortex
mixer. The cell suspensions were centrifuged to remove the
cells and the flagellar filaments collected from the supernatant
following acetone precipitation. The protein content of FliC was
determined with the Bradford assay and by SDS-PAGE analyses.
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Recombinant FliC (rFliC) was expressed in pET28a vector and
purified as described above for the other recombinant proteins.

2.3. Generation of monoclonal antibodies (MAb) to the

recombinant His6MSP119

BALB/c mice were immunized three times two weeks apart in
the footpads with 20 �g of recombinant His6MSP119 emulsified in
Complete Freund Adjuvant (first dose), Incomplete Freund Adju-
vant (second dose) and in saline (third dose). Immunized mice had
their spleen or popliteal lymph nodes removed 3 days after the
third immunization and fused with myeloma cells (SP2/O) using
polyethylene glycol 4000 (Merck, Darmstadt, Germany). Hybrido-
mas were grown for 2 weeks in RPMI-1640 Medium (Invitrogen)
with 10% Fetal Calf Serum, 1.5% HEPES buffer, 1% non-essential
amino-acid solution, 2% sodium pyruvate, 1% l-glutamine, 0.1%
streptomycin, and 3% hypoxanthine, aminopterin and thymidine
(HAT) medium, at 37 ◦C in 5% CO2 in air. Samples of medium
from these cultures were screened by ELISA and immunoblotting
for antibodies reacting with His6MSP119. The positive hybridomas
were cloned and recloned by limiting dilution. MAb k23 purified by
Protein A agarose (Sigma) was used for the immunological assays.
In addition, we used the MAb 3F8, kindly provided by Dr. J.W. Barn-
well, CDC, Atlanta, and generated as described in reference [46].

2.4. Immunization regimens

Six to eight-week-old female C57BL/6 (H-2b) and C57BL/10SCN
(TLR4 deficient) mice were purchased from Federal University of
São Paulo, Brazil. Experiments were performed in accordance with
the guidelines of the Ethics Committee for Animal Handling of
the Federal University of São Paulo. Mice were immunized three
times, three weeks apart, via the s.c. route in the two hind foot-
pads, using a final volume of 50 �l in each footpad (first dose) and
at the base of the tail (second and third dose) with a final volume of
100 �l. The doses are indicated in each experiment. The intranasal
(i.n.) immunizations were carried out in mouse under anesthesia
(Ketamine-Xylazine at 40 and 16 mg/kg weight, respectively) with
a micropipette and using a final volume of 8 �l in each nostril.
CpG ODN 1826 (TCCATGACGTTCCTGACGTT) was synthesized with a
nuclease-resistant phosphorothioate backbone (Coley Pharmaceu-
tical Group). We used 10 �g per dose per mouse admixed with the
antigen just before injection.

2.5. Immunological assays

Serum anti-MSP119 antibodies were detected by ELISA essen-
tially as described previously [27]. The recombinant His6MSP119

(200 ng/well) antigen was employed as solid phase bound antigen.
The peroxidase-conjugated goat anti-mouse IgG (KPL) was applied
at a final dilution of 1:4000 while the tested mice sera were tested
at serial dilutions starting from 1:100. Specific anti-MSP119 titers
were determined as the highest dilution yielding an OD492 higher
than 0.1. Detection of IgG subclass responses was performed as
described above, except that the secondary antibody was specific
for mouse IgG1, IgG2b, and IgG2c (purchased from Southern Tech-
nologies) diluted 1:2000. The results are presented as means ± S.D.

The detection of human anti-MSP119 IgG antibodies was per-
formed by ELISA, as previously described [27,28,47–49]. The ELISA
plates were coated with recombinant His6MSP119 (200 ng/well)
or His6FliC-MSP119-PADRE (50 ng/well). This amount of protein
was adjusted to provide the same OD492 when we used a MAb to
MSP119. A volume of 50 �l of each solution was added to each well
of 96-well plates (high binding, Costar). After overnight incuba-
tion at room temperature, the plates were washed with PBS-Tween

(0.05%, v/v) and blocked with PBS-milk (5%, w/v) for 2 h at 37 ◦C.
Serum samples were diluted in PBS-milk (5%, w/v) with 1.5 �g/ml
of FliC and 50 �l of each sample was added to each well in dupli-
cate. After incubation for 1 h at room temperature and washes
with PBS-Tween, we added to each well 50 �l of a solution con-
taining peroxidase-conjugated goat anti-human IgG (Fc specific)
diluted 1:10,000 (Sigma). The enzymatic reaction was developed
by the addition of 1 mg/ml of O-phenylenediamine (Sigma) diluted
in phosphate-citrate buffer, pH 5.0, containing 0.03% (v/v) hydro-
gen peroxide. The enzymatic reaction was stopped by the addition
of 50 �l of a solution containing 4 N H2SO4. Plates were read at
492 nm (OD492) with an ELISA reader (Labsystems Multiskan MS).
To avoid recognition of FliC by human antibodies, we added a final
concentration of 1.5 �g/ml of this protein in the buffer solution used
to dilute each serum sample. This concentration was sufficient to
completely inhibit the binding of immune antibodies to FliC (data
not shown). Anti-Histidine tag (GE Amershan Bioscience) was used
for ELISA and immunoblot.

Secreted IFN-� in cell culture supernatants were determined
with 106 spleen cells, collected from different immunization
groups, cultivated in flat-bottom 96-well plates in a final volume
of 200 �l. The His6MSP119 protein or the PADRE peptide was added
to the culture at a final concentration of 10 �g/ml. After 120 h, 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 [50]. Cytokine concentration in each
sample was determined with standard curves with known concen-
trations of recombinant mouse IFN-�. The detection limit of the
assay was 0.2 ng/ml.

Determination of TLR5 bioactivity with native or recombinant
flagellins, as well as with the His6FliC-MSP119-PADRE protein, was
carried out with the HEK293 cell line expressing mouse TLR5
(Invivogen). The cells were maintained in DMEM media 10% FBS
and 10 �g/ml of blasticidin. Non-transfected or TLR5-transfected
HEK293 cells (5 × 104 cells/well) were grown overnight in 96-well
plates and stimulated with the recombinant proteins for 5 h. The
culture supernatants were collected and concentration of secreted
human IL-8 measured using a Human IL-8 ELISA Kit purchased from
BD biosciences, as recommended by the manufacturer.

2.6. P. vivax slide preparation and indirect immunofluorescence

assay (IFA)

Assays were carried out with 10-well IFA slides containing late
stage forms of P. vivax enriched in Percoll® (Amershan) gradient, as
described elsewhere [51]. Blood samples (5–10 ml) were collected
into heparin-coated tubes from P. vivax-positive patients living
in Manaus, AM, Brazil. All patients had given informed consent
and the procedure was approved by the Oswaldo Cruz Foundation
(FIOCRUZ) Research Committee. In brief, after plasma separation,
red blood cell pellets were washed three times and ressuspended
in RPMI 1640 medium (Sigma) to 10% hematocrit. The cell suspen-
sions were distributed in 15 ml tubes (5 ml each) containing 5 ml of
45% Percoll. After centrifugation, floating mature forms of infected
erythrocytes enriched up to 40–70% were collected, washed and
ressuspended in 10% of Fetal Calf Serum. The infected erythrocytes
were spread on IFA slides (50 �l/well), fixed in acetone for 10 min
and air-dried. Pooled sera from different immunization groups
were diluted 1:100 in PBS, applied to the slides and kept 30 min in a
humid chamber at 37 ◦C. The slides were extensively washed with
PBS and, then, incubated with 10 �g/ml of FITC-conjugated sheep
anti-mouse IgG (Sigma) and 100 �g/ml of DAPI (4′,6-diamidino-2-
phenylindole, dihydrochloride) (Molecular Probes) for 30 min in a
humid chamber at 37 ◦C. After several washes with PBS, the slides



D.Y. Bargieri et al. / Vaccine 26 (2008) 6132–6142 6135

were sealed with coverslips and viewed in an immunofluorescence
microscope.

2.7. Statistical analyses

The one-way ANOVA, Students’ t-test and the Tukey HSD test
were used to compare the differences between the mean values
of the tested immunization groups. Correlations of serum affinity
between two different recombinant proteins were analyzed by the
Spearman test.

3. Results

3.1. Production, purification, antigenicity and TLR5 bioactivity of

recombinant MSP119-derived peptides

In the present study, we used two previously described recom-
binant proteins derived from the P. vivax MSP119 peptide [29]: one
with an N-terminal His-tag fusion (His6MSP119) and another car-
rying the T cell PADRE epitope at the C-terminal end of the protein,
as well as the N-terminal His-tag (His6MSP119-PADRE). The native

FliC protein, purified from the monophasic S. Typhimurium SL3201
strain, was employed as an adjuvant admixed with the recombi-
nant MSP119-derived peptides. We also generated a recombinant
fusion protein consisting of the MSP119-PADRE peptide linked to
the C-terminal end of FliC (His6FliC-MSP119-PADRE). The schematic
representation of each of the recombinant proteins as well as the
purified proteins sorted in SDS-PAGE are presented on Fig. 1A and
B, respectively.

The recombinant His6FliC-MSP119-PADRE protein was rec-
ognized by antibodies present in 44 serum samples from P.

vivax-infected subjects. As shown on Fig. 1C, when tested side
by side with His6MSP119, the purified His6FliC-MSP119-PADRE
reacted similarly with the serum samples of malaria patients
with a high correlation index (r2 = 0.7276; p < 0.0001, Spearman
test). Additionally, immunoblot analyses revealed that the His6FliC-
MSP119-PADRE was recognized by anti-FliC and anti-MSP119

antibodies (data not shown). These results indicate that the recom-
binant His6FliC-MSP119-PADRE protein preserved the antigenicity
of both flagellin and MSP119. TLR5-transfected HEK293 cells
secreted HuIL-8 following exposure to the native S. Typhimurium
FliC, a recombinant FliC and His6FliC-MSP119-PADRE (Fig. 1D). On
a molar basis, both E. coli recombinant proteins (regardless of

Fig. 1. Generation and characterization of the recombinant P. vivax MSP119-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 His6-MSP119-PADRE protein; 3, purified S. Typhimurium FliC flagellin;

4, purified His6FliC-MSP119-PADRE protein. Each lane was loaded with approximately 1 �g of protein, sorted in a 12% polyacrylamide gel and stained with Coomassie Blue.

(C) Reactivity of 44 sera from individuals with P. vivax malaria with the recombinant His6MSP119 and His6FliC-MSP119-PADRE proteins in ELISA. The serum samples were

tested at a final dilution of 1:1600 or at a dilution corresponding to a final OD492 value between 1.0 and 4.0. Symbols represent the average OD492 of each serum sample

tested in duplicate. The correlation coefficient (r2) between values obtained with the two proteins is indicated on the left corner of the panel. Data are representative of

two experiments performed with similar results. (D) HuIL-8 secretion by TLR5-transfected HEK 293 cells. Non-transfected HEK293 cells (white symbols) or TLR5-transfected

HEK293 cells (black symbols) were stimulated with different concentrations of native FliC (squares), recombinant FliC (triangles) or His6FliC-MSP119-PADRE (circles) during

5 h. The secreted HuIL-8 was determined in culture supernatant by capture ELISA. Data are representative of two experiments performed with similar results.
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Fig. 2. Presence of conformational epitopes on the His6FliC-MSP119-PADRE as rec-

ognized by two specific MAbs. ELISA was performed using recombinant proteins

His6-MSP119 (open symbols) or His6FliC-MSP119-PADRE (closed symbols) as sub-

strates. MAbs K23 and 3F8 specific for His6-MSP119 or polyclonal antibodies specific

for the Histidine tag (Anti-His6) were used at the indicated concentrations. (A) Non-

manipulated recombinant proteins; (B) recombinant proteins were reduced with

DTT as described in Section 2. Data are average of duplicate samples representative

of two experiments performed with identical results.

whether they contained the MSP119-PADRE at the C-terminus)
showed a reduced induction of HuIL-8 when compared to the
native FliC. Nonetheless, the results clearly demonstrate that the
MSP119-PADRE C-terminal fusion did not impair the TLR5-specific
bioactivity of the E. coli recombinant protein.

To study whether the recombinant protein His6FliC-MSP119-
PADRE still retained conformational epitopes present on His6-
MSP119, we reacted both proteins with two specific MAbs (K23
and 3F8). Both recombinant proteins were well recognized by these
MAbs (Fig. 2A). After reduction with DTT, they were no longer rec-

ognized by them (Fig. 2B). As positive control, we used polyclonal
antibodies to the Histidine tag which still recognized well both
recombinant proteins after reduction (Fig. 2A and B). We conclude
that these MAbs reacted to conformational epitopes present in both
recombinant proteins.

3.2. Induction of MSP119-specific antibody responses in mice

immunized with MSP119-derived peptides admixed or genetically

fused to FliC

The serum IgG responses to the P. vivax MSP119 were deter-
mined in C57BL/6 mice immunized with the purified His6MSP119 or
His6MSP119-PADRE proteins (5 �g/dose of each antigen) admixed
with FliC (2.5 �g/dose) via parenteral (s.c) or mucosal (i.n.) routes.
Mice parenterally immunized with recombinant proteins in the
presence of FliC developed significantly higher MSP119-specific
IgG titers than mice immunized with the His6MSP119-PADRE pro-
tein alone (p < 0.01). Maximal IgG antibody titers were achieved
after the second dose in all mice receiving the MSP119 recombi-
nant proteins admixed with flagellin and no significant adjuvant
effect was attributed to the PADRE epitope on the induced
MSP119-specific antibody responses (Fig. 3A). Similar results were
obtained in mice immunized with different amounts (6, 25 and
100 �g/dose) of the recombinant protein genetically fused to
flagellin (His6FliC-MSP119-PADRE). No statistically significant dif-
ferences were detected in the antibody titers of mouse groups
immunized with different amounts of the recombinant protein,
an indication that maximal anti-MSP119 responses were achieved
after only two doses of the lowest tested protein concentration
(Fig. 3A). Additionally, C57BL/10SCN (TLR4 deficient) LPS non-
responsive mice s.c. immunized with His6MSP119-PADRE in the
presence of FliC developed MSP119-specific IgG responses similar
to wild type mice, thus discarding any adjuvant effect attributed to
contaminating LPS (data not shown). Mice submitted to an immu-
nization regimen administered via the i.n. route mounted lower
specific anti-MSP119 antibody titers when compared to animals
immunized via s.c. route but the recorded IgG titers after the sec-
ond or third doses were significantly higher than those detected in
mice immunized with three doses of the His6MSP119-PADRE pro-
tein alone (p < 0.01, Fig. 3B). Together, these results indicate that FliC
can act as a potent adjuvant either admixed or genetically fused to
the malarial MSP119 antigen.

In order to determine the quality of the humoral immune
responses, we measured the IgG subclasses of the MSP119-specific
antibody responses elicited in mice parenterally immunized with
the recombinant proteins. All mice immunized with the malarial
recombinant proteins in the presence of FliC, either admixed or
genetically fused, developed higher IgG1 levels with IgG1/IgG2c
ratios ranging from 200 (His6MSP119 + FliC) to 794 (His6FliC-
MSP119-PADRE). Similar results were observed in mice immunized
via the mucosal route (Fig. 4A). We also tracked the longevity
of the induced antibody responses in mice immunized with the
recombinant proteins. Although the total anti-MSP119 IgG titers dif-
fered among the tested immunization groups, there was no relative
difference in the kinetics of the responses decay among animals
submitted to the distinct immunization regimens (Fig. 4B).

3.3. Incorporation of CpG ODN 1826 and FliC generated a more

balanced Th1/Th2 immune response in mice immunized with

MSP119-erived peptides

Because all immunization protocols that we tested generated
strong Th2 biased immune responses against PvMSP119, we won-
dered whether the presence of a TLR9 agonist adjuvant would
modulate the humoral immune response, balancing the IgG1/IgG2c
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Fig. 3. Induction of anti-MSP119 IgG responses in mice immunized with the malarial recombinant proteins in the presence of FliC. Female C57BL/6 mice were immunized

three times either with recombinant proteins alone (His6MSP119-PADRE), admixed with flagellin (His6MSP119 + FliC, His6MSP119-PADRE + FliC), or genetically fused to flagellin

(His6FliC-MSP119-PADRE). Numbers in parenthesis indicate the amount (�g/dose) of each protein used in the immunizations. (A) Mice immunized via the s.c. route. (B) Mice

immunized via the i.n. route. All mice immunized with a malarial recombinant protein in the presence of FliC had higher IgG titers than control groups, p < 0.01. Asterisks denote

statistically significant lower antibody levels (p < 0.01) with regard to mice immunized by the s.c. route. Results are expressed as means ± S.D. (n = 6). Data are representative

of multiple experiments performed with similar results.

ratio in the sera of the immunized mice. Although the addition
of the TLR9 agonist CpG ODN 1826 to both His6MSP119-PADRE
plus FliC and His6FliC-MSP119-PADRE did not enhance the total
anti-MSP119 serum IgG response elicited in parenterally immu-
nized mice (Fig. 5A), there was a clear modulation of the IgG
subclass response pattern to a more balanced Th1/Th2 response
(Fig. 5B). The IgG1/IgG2c ratios detected in mice immunized with
His6MSP119-PADRE plus FliC changed from 794 to 125 in the pres-
ence of CpG ODN 1826. Similarly, the IgG1/IgG2c ratios detected
in mice immunized with His6FliC-MSP119-PADRE dropped from
794 to 50 when the TLR9 agonist was admixed to the recombi-
nant protein (Fig. 5B). A further demonstration of the CpG ODN
1826-dependent immune modulation effect was obtained after
determining the IFN-� secreted by spleen cells of mice immunized
with the different vaccine formulations. As shown in Fig. 5C, spleen
cells from mice immunized with His6MSP119-PADRE admixed to
FliC responded modestly to the PADRE epitope and did not respond
at all to His6MSP119. Nevertheless, spleen cells from mice immu-

nized with His6FliC-MSP119-PADRE secreted IFN-� in response to
PADRE or to His6MSP119. The addition of CpG ODN 1826 drastically
enhanced the amount of IFN-� secreted by spleen cells harvested
from mice immunized either with His6MSP119-PADRE admixed to
FliC or with His6FliC-MSP119-PADRE, following in vitro stimulation
with the PADRE peptide or the purified His6MSP119. Together, these
results indicate that the addition of the TLR9 agonist CpG ODN 1826
balanced the immune response pattern and improved activation of
specific cell-dependent immune responses, as evaluated by IFN-�

secretion by spleen cells, induced by MSP119/FliC-based malaria
vaccines.

3.4. Antibodies raised in mice immunized with

MSP119/FliC-based vaccine formulations recognized P. vivax

parasites from human blood cells

The MSP119-specific antibodies raised in mice immunized
with the vaccine formulations had a similar affinity to the puri-
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Fig. 4. Characterization of the specific serum IgG responses elicited in mice immunized with recombinant MSP119-derived proteins and FliC flagellin. (A) IgG subclasses

responses and IgG1/IgG2c ratios in mice submitted to different immunization regimens. Immunization groups were as described in the legend of Fig. 3. Results are expressed

as means ± S.D. (n = 3). (B) Longevity of the induced anti-MSP119 IgG responses in mice immunized with the different malarial vaccine formulations. Results are expressed as

means ± S.D. (n = 6). Data are representative of two experiments performed with similar results.

fied His6MSP119 protein, as determined in ELISA carried out in
the presence of different concentrations of a chaotropic reagent
ammonium thiocyanate (data not shown). Moreover, the MSP119-
specific antibodies that were induced in mice immunized with
the different formulations by the s.c. route, bound to epitopes
exposed on the surface of P. vivax parasites isolated from infected
donors (Fig. 6). The antibodies induced in mice immunized by
the i.n. route with His6MSP119-PADRE mixed to FliC or His6FliC-
MSP119-PADRE were also capable of recognizing the parasites
isolated from infected donors (Fig. 6). Nevertheless, antibodies
from mice i.n. immunized with His6MSP119 mixed to FliC did
not bind to the parasites, indicating that, in immunizations by
this route, the PADRE epitope may influence the quality of the
response.

4. Discussion

The present study provides evidence that a proteic TLR agonist
(Salmonella FliC) can act as an adjuvant and molecular carrier to a
malaria recombinant antigen (P. vivax MSP119) promoting a strong
and long-lasting adaptive immune response in vaccinated mice. In
addition, the immunogenicity of this malaria vaccine formulation
can be further improved with the use of additional TLR agonists
such as CpG ODN 1826. Recent studies have also examined the
adjuvant/carrier property of Salmonella flagellin co-administered
with distinct antigens. In some cases, admixing flagellin and
antigen was sufficient to elicit antigen-specific antibody responses
[37–39]. In other cases, the flagellin and the antigen had to be
genetically linked in order to efficiently induce immune responses
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Fig. 5. MSP119-specific antibody and cell-dependent responses in mice immu-

nized with vaccine formulations admixed with CpG ODN 1826. (A) MSP119-specific

serum IgG responses in mice s.c. immunized (three doses) with His6MSP119-

PADRE (5 �g/dose) or His6FliC-MSP119-PADRE (25 �g/dose) in the presence of FliC

(2.5 �g/dose) and/or CpG ODN 1826 (10 �g/dose). All mouse groups immunized with

the recombinant fusion proteins in the presence of FliC or CpG ODN 1826 had signif-

icantly higher IgG titers than control group immunized with His6MSP119-PADRE

alone (p < 0.01). Results are expressed as means ± S.D. (n = 6). (B) IgG subclasses

responses in mice immunized with different vaccine formulations. The MSP119-

specific IgG1, IgG2b, and IgG2c titers are indicated. The IgG1/IgG2c ratio of each

immunization group is indicated at the top of the figure. Results are expressed as

means ± S.D. (n = 3). (C) IFN-� secretion by in vitro cultured spleen cells harvested

from vaccinated mice. Splenocytes collected from different mouse groups were cul-

tured in medium alone or in the presence of PADRE epitope or the His6MSP119

protein (10 �g/ml) during 120 h. The IFN-� concentration in culture supernatants

was monitored by ELISA. Results are expressed as means ± S.D. (n = 3). Data are

representative of two experiments performed with similar results.

Fig. 6. MSP119-specific antibodies generated in vaccinated mice recognize the

native protein expressed by P. vivax parasites. Fixed IFA slides were incubated with

pooled sera diluted 1:100 in PBS from mice immunized as indicated. Bound IgG

were stained with FITC and the parasite nuclei were stained with DAPI. Data are

representative of two experiments performed with similar results.
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[40–43]. The reasons for such discrepant results are not clear but
may be dependent on the nature of the non-flagellin antigen.

Another ambiguous point is the importance of the route of
administration on the induced immune responses in mice immu-
nized with vaccine formulations containing Salmonella flagellins.
A single comparison between the different routes of immuniza-
tion showed that the amount of antigen required to elicit specific
antibody responses by the s.c. route was approximately 10 times
lower than the amount required to achieve similar antibody levels
in mice immunized via the i.n. route [43]. This result concurs with
our present findings, in which significantly lower antibody titers to
the malarial antigen were observed in mice immunized by the i.n.
route.

The protective nature of the antibodies to the C-terminal domain
of Plasmodium MSP1 proteins has been thoroughly documented in
a number of in vitro and in vivo studies. In mice infected with the
rodent malaria parasite P. yoelii, the passive transfer of MSP119-
specific monoclonal antibodies to naïve mice conferred complete
protection [52,53]. In subsequent studies, active immunization of
recombinant proteins with Complete Freund Adjuvant also pro-
vided a high degree of protective immunity with a prevailing serum
IgG1 subclass response [54–58]. The MSP119-specific serum anti-
body immune responses observed in mice vaccinated with flagellin
and malarial recombinant proteins revealed a predominant IgG1
response, as showed in other models [37,39]. These finding are
compatible with previous observations that flagellin promotes the
secretion of IL-4 and IL-13 by antigen-specific CD4+ T cells, pro-
moting a Th2 biased immune response [59,60]. The Th2 biased
responses elicited in mice immunized with bacterial flagellins is
apparently due to the activation of TLR5, which relies solely on the
MyD88 adaptor activation [59].

We observed that the genetic linkage of the flagellin with the
malarial antigen did not dramatically influence the conformation
of the P. vivax MSP119 epitopes. Antibodies from humans exposed
to malaria parasites (native protein) clearly recognized the fusion
protein and this recognition was not significantly different when
compared to His6-MSP119. These observations were complemented
using two MAbs which recognized conformational epitopes in both
recombinant proteins (Fig. 2). In addition, antibodies from immu-
nized mice recognized by IFA parasites obtained from a infected
human individual (Fig. 6). Previous studies using influenza or West
Nile virus epitopes fused to flagellin presented similar conclusions
[42,43]. The fact that all recombinant fusion proteins generated so
far retained their bioactivity for TLR5 activation [40,42,43] suggests
that the genetic linkage of antigens to Salmonella flagellins might be
a general approach for the development of vaccines using distinct
microbial antigens.

It is very likely that the mechanism that mediates the adjuvant
properties of flagellin involves the activation of TLR5 in antigen
presenting cells. This activation leads to an increase in the sur-
face expression of B7-2, which seems to be required – at least in
part – for the adjuvant properties of flagellin. B7-2 and B7-1/2
knockout mice had significantly lower antibody responses when
immunized with the saliva-binding region of the adhesin AgI/II of
Streptococcus mutans [38]. Alternatively, flagellin may act through
an Ipaf (ICE protease-activating factor)-dependent mechanism that
detects cytosolic flagellin and may activate antigen presenting cells
[34,36,61,62]. We are currently exploring this second hypothesis
using Ipaf deficient mice. Most recently, flagellin has been shown to
activate APC through the reduction of IL-10 secretion, an immuno-
suppressive cytokine [63]. This may further improve the adjuvant
properties of flagellin, allowing for a stronger adaptive immune
response.

In addition to the strong systemic antibody responses, we
observed that mice immunized with flagellin and MSP119-

containing vaccine formulations acted also as an adjuvant for CMI,
as demonstrated by the secretion of IFN-� by immune spleen
cells. However, in contrast to the induced MSP119-specific antibody
responses, the genetic linkage between the malarial antigen and
flagellin resulted in higher PADRE and MSP119-specific IFN-� secre-
tion by immune spleen cells of vaccinated mice (Fig. 5C). Therefore,
even though the antibody responses that we observed were similar,
the linkage of the antigen to flagellin may be an important strategy
to improve the adjuvant activity in CMI. The presence of B-cell and
helper epitopes in the flagellin, linked to the antigen, may enhance
both the antigen presentation of MSP119 CD4-specific epitopes and
the expansion of CD4 T cells specific for MSP119. These possibilities
should be evaluated further in future studies.

The immunization of non-human primates with recombinant
P. falciparum and P. cynolmogi MSP1 C-terminal regions provided
a certain degree of protective immunity to the vaccinated animals
when parenterally administered with Complete or Incomplete Fre-
und Adjuvant [64–66]. Based on these promising results, phase I
clinical trials with P. falciparum recombinant proteins have already
been initiated [67,68]. However, it is important to mention that
similar pre-clinical or clinical studies have yet to be initiated using
recombinant proteins based on the C-terminal region of the P. vivax

MSP1 protein. Indeed, the P.vivax and P. falciparum proteins share
an overall structural homology. No cross-reaction is observed, how-
ever, at the level of antibody recognition or immune-protection.

We have also evaluated whether a second TLR agonist, CpG-
containing oligonucleotides, could modify the immune response
elicited in the presence of the TLR5 agonist flagellin. The TLR9 ago-
nist CpG ODN 1826 is well-known for the ability to stimulate IL-12
and IFN-� production when injected in vivo [69]. The addition of
CpG ODN 1826 did not improve the magnitude of the antibody
responses, though its presence changed the IgG1/IgG2c ratio to a
more balanced Th1/Th2 pattern. Co-administration of the CpG ODN
1826 has also evoked a clear increase in the PADRE and MSP119-
specific IFN-� secretion by immune spleen cells (Fig. 5C). This result
further emphasizes that the incorporation of both TLR agonists may
confer broader immune responses elicited in animals immunized
with MSP119 and provides new perspectives for the rational devel-
opment of new malarial vaccine candidates.
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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% O2, 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-a, IFN-c and IL-10 mRNA levels and percentage of cd and ab 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].

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-c, 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-a, IL-1b and IL-10 [16].

Hyperbaric oxygen therapy (HBO; pO2=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-a and IL-1b 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-a [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-1a (HIF-1a), 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 berghei

[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. berghei 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 São Paulo (São 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. berghei were used: the cloned line of P.

berghei ANKA (PbA) and P. berghei 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 São Paulo, São Paulo, SP,

Brazil), respectively. The blood stage forms of both parasites were

stored in liquid nitrogen after in vivo passages in C57BL/6 mice

according to the protocol described elsewhere [31]. Mice were

infected intraperitoneally (i.p.) with 106 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 1300B, 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]. For 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 11-day exposure protocol, but at 1.0 ATA (normobaric)

instead 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 21uC, 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

from a naı̈ve 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 (107/mL) were

plated in five replicates on a 24 well-plate and exposed to HBO

(100% O2, 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/mL6109) were evaluated daily, starting on

day 21 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 in vitro assays,

DRBC were counted from 0 hour. The percentage of RBC

density relative to day 21 p.i. or to 0 hour was calculated with the

following formula: [(DRBC per mL6109 of a determined day p.i.

or hour/DRBC per mL6109 on day 21 p.i. or at 0 h)6100].

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 TrizolTM

reagent (Invitrogen, USA) according to the protocol described by

the manufacturer. Shortly, after the addition of 1 mL of TrizolTM

(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 12,0006g for 15 min and the aqueous

phase was transferred to a new tube. The RNA was precipitated

by adding 0.5 mL of isopropanol followed by a centrifugation at

12,0006 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 mg 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 mL volume and in the presence of the TaqMan PCR

Master MixTM (Applied Biosystems, USA) and different sets of

oligonucleotides and probes for the amplification of the b-actin,

IFN-c, TNF-a, IL-1b, IL-6 and IL-10 genes. These corresponded

(respectively) to the following reference numbers (Applied

Biosystems, USA): Rn00667869_m1, Mm00443258_m1,

Mm00443285_m1, Mm00434228_m1, Mm00446190_m1 and

Mm00439616_m1. Expression levels of cytokine genes in PbA-

infected animals were represented as a relative copy numbers by

using the delta threshold cycle method (22DCt) [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 15,0006

g for 5 min. The pellet was resuspended with 10 mL of an HEPES

buffer (Sigma, USA) and supplemented with collagenase (Roche,

Hyperbaric Oxygen in ECM
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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 5,0006 g for 30 s to

remove debris. The supernatant was deposited on a 30%

PercollTM (GE Healthcare, Sweden) gradient and centrifuged at

3,0006 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 cd (clone GL3) and APC/anti TCR ab (clone H57-597) and

then washed with PBS, fixed and analyzed by flow cytometry in a

FACSCantoTM 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 DivaTM 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 pixels2 with the aid of the

ImageJTM 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 naı̈ve animals

and infected mice. Calculations were performed using BioEstatTM

version 3.0 (CNPq, Brazil) and PrismTM 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% O2, 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.i.. In contrast to the non-exposed animals, 50% of the

Figure 1. HBO’s effect on the survival and the parasite
development in P. berghei-infected mice. (A) Groups of 10 mice
infected i.p. with 106 iRBC were exposed or not to HBO (100% O2, 3.0
ATA) for 1 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

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
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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 Leishmania 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.i., 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. berghei 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 naı̈ve mouse were exposed to pressurized oxygen

(100% O2, 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%

O2, 3 ATA). Figure 2A shows a significant reduction (P,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 (P.0.05). Then, to

assess whether these iRBC were still able to induce CM

neurological signs, we collected 106 iRBC exposed directly to

HBO or left outside the hyperbaric chamber for 6 hours and

injected them in susceptible mice. As shown on Figure 2B, mice

infected with iRBC 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

them to daily HBO sessions (100% O2, 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 p.i. (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-c, TNF-a and IL-1b) [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.i.. According to Figure 4, after RT-qPCR

analysis the mRNA levels of IFN-c (P,0.05), TNF-a (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-1b 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-

c mRNA also presented elevated levels of TNF-a and IL-10.

Next, we asked whether the neuroprotective effect of the

pressurized oxygen therapy could be associated to the percentage

of cd and ab 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 cd (1.9 vs. 1.2%) and ab (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 cd (7.1 vs. 2.8%) and ab (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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corroborate with existing literature, in which T lymphocytes,

mainly ab CD8+ T cells, are implicated in CM pathology [14,37]

No immunolabeling was detected on T lymphocytes in the

absence of mAbs (data not shown).

HBO effects on severe ECM symptoms
Severe hypothermia and dysfunction of the BBB are common

features in ECM [35]. To investigate whether HBO therapy could

improve poor ECM outcomes, we measured the corporal

Figure 2. The direct effect of HBO therapy on RBC infected, or not, by PbA. 106 iRBC/mL of PbA in a 24-well-plate were directly exposed or
not to HBO (100% O2, 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 quadruplicates6standard deviation. (B) Mice (n = 8 each group) were infected with 106 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
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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 106 iRBC; on day 4 p.i. (parasitemia of 4%) 10 animals, randomly selected, were daily exposed to HBO therapy
(100% O2, 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% O2, 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.g003
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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

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 naı̈ve animals early on day 7 p.i..

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 naı̈ve mice brains. To quantify the Evans

Blue staining and, in turn the BBB integrity, we measured the light

intensity in naı̈ve animals and infected mice brains submitted or

not to pressurized oxygen. According to Figure 6B, HBO therapy

significantly reduced (P,0.005) the brain staining in treated mice.

Moreover, when we compared the Evans Blue staining in naı̈ve

and PbA-infected animals that received HBO treatment, no

significant difference was observed (P.0.05). As expected, a

statistical difference in light intensity levels was observed between

naı̈ve 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% O2, 3.0

ATA) is capable of partially protecting PbA-infectedmice 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

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%
O2, 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-c (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 b–actin copies of six-seven mice6standard
deviation.
doi:10.1371/journal.pone.0003126.g004

Figure 5. Reduced brain-sequestered T lymphocytes in PbA-infected mice exposed to HBO treatment. Flow cytometric analyses were
done on cd and ab 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 ab CD8+

T cells. Representative dot blots of (A) cd and CD4, (B) ab and CD4, (C) cd and CD8, (D) ab and CD8 double staining.
doi:10.1371/journal.pone.0003126.g005
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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

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 (4–6 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-c, IL-1b, IL-10 and TNF-a

[10,11,16] neuroprotection in ECM is often associated with the

reduction of IFN-c, and TNF-a 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+ ab 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-c, TNF-a and

IL-10 mRNA expression levels in the brain and the percentage of

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% O2, 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 naı̈ve
animals, PbA-infected mice and HBO-treated PbA-infected mice were
collected and photographed (n = 4 of each group). (B) The BBB
dysfunction of naı̈ve mice or PbA-infected animals, regardless of
submission to hyperbaric conditions, was determined by brain staining
quantification with the aid of the ImageJTM 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 naı̈ve and HBO-treated
infected mice and brains collected from non-treated infected mice
were significantly (P,0.005) darker than naı̈ve animals. Results are
expressed as the mean of brightness intensity of each delimited brain
area of six mice6standard deviation.
doi:10.1371/journal.pone.0003126.g006
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brain-sequestered CD4+ and CD8+ cd and ab 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-c and TNF-a. These data are in line

with the fact that pressurized oxygen is able to inhibit synthesis of

cytokines, such as TNF-a and IFN-c, 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% O2, 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-c, TNF-a and IL-10 cytokine expression and the

migration to the brain of T lymphocytes, preventing BBB

breakdown and severe mice hypothermia without directly affecting

iRBC viability and infectivity. Since complementary therapies

such as steroids, sodium bicarbonate and heparin are deleterious

in CM, and treatment with an anti-TNF-a monoclonal can

worsen neurological symptoms [62]. The data presented here

create promising perspectives for further investigation of addition-

al HBO’s neuroprotective mechanisms and to consider it as a new

supportive therapy that could act alone or in association with

conventional treatment or with recently discovered neuroprotec-

tive or anti-inflammatory molecules to improve poor CM

outcomes [63,64].

Supporting Information
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Found at: doi:10.1371/journal.pone.0003126.s001 (0.01 MB
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1. Introduction

The complex molecular structure of Plasmodium sp., the etiolog-
ical agent of malaria, stimulates multifaceted immune responses, 
including antibodies, NK and NKT cells, CD4+ and CD8+ T cells [1]. 
However, the precise mechanisms responsible for host protective 
immunity against the parasite have not been fully elucidated. Some 
experimental models have demonstrated that T cells play a major 
role in protection against Plasmodium. According to the literature, 
CD4+ T cells stimulate CD8+ T cell cytotoxic activity, inhibiting the 
development of liver stages and preventing the infection of red 
blood cells [2,3]. In a murine model of Plasmodium berghei NK 65 
infection, the initial innate response to the intraerythrocytic stages 
of malaria parasites engages CD4+ Th1 cells illustrated by detection 
of serum IgG and IFNc producing CD4+ T cells [4].

Mature T cells are generated from marrow-derived T lympho-
cyte precursors that differentiate and maturate in the thymus 
through a complex process characterized by lymphocyte (or thy-
mocytes while in the thymus) migration throughout the thymic 
microenvironment. Alongside the thymocytes, at different stages 
of maturation, the thymic microenvironment is formed by epithe-
lial cells, which form a meshwork to provide mechanical support 

and stimuli for the proliferation and development of thymocytes 
and by macrophages, dendritic cells, fibroblasts and matrix mole-
cules that provide mechanical support and molecular stimuli for 
complete T cell development [5,6].

It has been demonstrated that several pathogens, such as Try-

panosoma cruzi [7,8], Human Immunodeficiency Virus [9,10] and 
Paracoccidioides brasiliensis [11,12], are able to invade the thymus 
causing severe atrophy and deep disorganization of thymic archi-
tecture [13]. Recently, Seixas et al. (2005) [14] have also observed 
thymic alterations in mice treated with non-lethal malaria model 
of Plasmodium chabaudi. In this paper, we reported thymic atrophy 
and histological alterations by using lethal murine malaria model 
of P. berghei. Besides, we demonstrate for the first time the pres-
ence of parasites inside thymus. We conjecture that such events 
may influence the process of intrathymic T cell differentiation 
impairing the normal development of T cells and, most probably, 
the peripheral immune response to the parasite.

2. Materials and methods

2.1. Animals

Specific pathogen-free BALB/c male mice, 5-week-old, were pur-
chased from CEMIB/UNICAMP (Campinas, São Paulo, Brazil) and 
housed in microisolator cages with free access to water and food. 
All protocols were performed in accordance with the guidelines of 
the State University of Campinas Committee on the Use and Care 
of Animals.
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2.2. Infection of mice

Nine groups of five animals each were intraperitoneally infected 
with 5 £ 106 parasitized red blood cells obtained from a source 
mouse or with saline (control group). Parasitemia was assessed 
daily by counting the number of infected erythrocytes in Giemsa-
stained thin blood films. At days 3, 7 and 14 following infection, 
three groups of mice were sacrificed and their thymuses collected 
and analyzed by histological methods, Polymerase Chain Reaction 
(PCR) and Transmission Electron Microscopy (TEM).

2.3. Thymic index

The gross weight of each mouse was recorded on 3, 7 and 14 
days of infection. The mice were then sacrificed and the thymus 
glands were collected and weighed. The thymic index was calcu-
lated as: organ weight (g)/body weight (g) £ 100.

2.4. Histological analysis

For microscopic histological evaluation, thymuses were col-
lected and fixed in a solution 2% paraformaldehyde for 12 h at room 
temperature. The specimens were submitted to diafanization with 
xylene, dehydrated by graded ethanol, embedded in paraffin and 
cut in 5-lm-thick sections. Histologic changes were evaluated on 
sections stained with hematoxylin and eosin (H&E).

2.5. Polymerase chain reaction

Detection of parasites inside thymus was assessed by PCR 
method. Briefly, thymuses were perfunded with ACK via the 
heart to prevent erythrocyte contamination and teased apart 
in 1 ml of digestion buffer with proteinase K for DNA extrac-
tion. DNA was purified by phenol/chloroform and precipitated 
in 100% ethanol and sodium acetate and then washed in 70% 
 ethanol and resuspended in water. The control of PCR amplifica-
tion was performed using oligonucleotides based on the sequence 
of the mouse b-actin gene (sense: BA1 59-ATGGATGACGATATCGCT-
39 and the anti-sense: BA2 59-ATGAGGTAGTCTGTCAGGT-39). 
For PCR reaction based on the malaria ribosomal RNA gene, the 
 following oligonucleotides were utilized as template: sense rPLU3 
59-TTTTTATAAGGATACGGAAAAGCTGT-39 and anti-sense rPLU4 
59-TACCCGTCATAGCCATGTTAGGCCAATACC-39 [15]. DNA amplifi-
cation was made by technique of thermal denaturation with one 
cycle of 5 min at 94 °C, followed by 45 cycles of 1 min at 94 °C, 1 min 
30 s at 63 °C and 1 min 30 s at 72 °C. PCR products were analyzed in 
a 2% agarose gel.

2.6. Transmission electron microscopy

For TEM studies, animals were perfunded via the heart with 
ACK and fixative solution containing glutaraldehyde and parafor-
maldehyde. Then, thymuses were collected, fixed by the same fixa-
tive solution, post fixed in 1% osmium tetroxide and embedded in 
resin (Epon 812). Ultrathin sections were double stained in uranyl 
acetate and lead citrate and examined in a LEO 906 transmission 
electron microscope (Zeiss, Oberkochen, Germany) operated at 
60 kV.

2.7. Cytofluorometry

Thymuses were removed from infected (14 days of infection) 
and control animals. They were minced, washed and resuspended 
in PBS–FBS 5% for subsequent cellularity evaluation, which was 
followed by triple immunofluorescence staining. Appropriate dilu-
tions of the following fluorochrome-labeled monoclonal antibodies 

(mAbs) were used: FITC/anti-CD4 (clone GK1.5), Alexa Fluor 647/
anti-CD8 (clone 53–6.7) and PeCy-7/anti-CD3 (clone 145-2C11). 
These reagents were purchased from Pharmingen/Becton–Dick-
inson (South San Francisco, CA, USA). Fluorochrome-labeled iso-
type-matched negative controls for the specific mAbs were also 
Pharmingen products. Cells were staining for 20 min and then 
washed with PBS, fixed and analyzed by flow cytometry in a FACSa-
ria® device (Becton Dickinson, San Jose, CA, USA) equipped with 
Diva software. Analyses were done after recording 10,000 events 
for each sample using FCS Express V3 software. Lymphocytes were 
gated based on forward and side scatter parameters, so as to avoid 
larger leukocytes such as macrophages and granulocytes.

2.8. Statistical analysis

Statistical evaluation of the results between control and infected 
mice was carried out by unpaired t test (GraphPad Prism 4.0 soft-
ware). Results are presented as mean ± SE and p values equal or 
lower than 0.05 were considered significant.

3. Results

All mice infected with lethal murine malaria P. berghei NK65 
developed high levels of parasitemia, which peaked on day 14 after 
parasite inoculation and 100% mortality until 15 days after infec-
tion (data not shown).

Severe thymic atrophy, with pronounced fall of thymus weight, 
was observed from 7 days of infection. This atrophy was progres-
sive and reached its maximum value at 14 days post-infection, coin-
ciding with the parasitemia peak. Before 3 days of infection, no 
thymic alterations could be detected (Fig. 1).

Atrophy was accompanied by histological alterations in thymus 
architecture with total loss of cortical-medullar delimitation at 14 
days post-infection when compared to the control mice and/or to 
the infected mice on day 3 after infection (Fig. 2A–C). Furthermore, 
changes in the histological pattern of thymus were detected at 14 
days after infection when higher atrophy levels were detected.

In order to investigate if histological alterations were associ-
ated with the presence of parasites inside the thymus, we have pro-
ceeded with transmission electron microscopy and PCR methods. 
Analysis of thymus by TEM has suggested the presence of parasites 

Fig. 1. Changes in thymus weight in Plasmodium berghei-infected BALB/c mice. Sig-

nificant differences between control and infected mice were only observed on days 

7 and 14 p.i., although such differences were more prominent at day 14 after infec-

tion. Asterisks indicate a statistically significant difference at *p < 0.05 and **p < 0.001. 

Results are representative of three similar experiments.
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in the organ based on the observation of Plasmodium hemozoin 
inside thymic macrophages (Fig. 2D). Amplification of Plasmo-

dium parasite DNA fragments in thymus from experimental mice 
has confirmed this hypothesis. No specific PCR products could be 
detected in the thymus of control mice or infected mice at 3 days 
of infection. On the other hand, specific PCR products were only 
detected in thymus from P. berghei-infected animals on day 7 (data 
not shown) and at 14 days post-infection (Fig. 2E).

Next, cytofluorometry analysis of CD4 and CD8 expression on 
thymocytes was conducted. As expected, thymocytes from unin-
fected mice were mostly immature and cortical CD4+CD8+ cells. 
Around the day of peak parasitemia, infected mice showed low num-
bers of double negative (CD4¡CD8¡), double positive (CD4+CD8+) 
and single positive cell subsets (CD4+CD8¡; CD4¡CD8+). Some-
what impressing, immature CD4+CD8+ thymocyte subpopulation 
decreased sharply (about 50 times) in infected mice when com-
pared to the control ones. Representative results obtained with thy-
mic cells from control and infected mice are depicted in Fig. 3.

4. Discussion

Thymus is the central lymphoid organ that plays an important 
role in cellular immunity by generating circulating T lymphocytes. 
Although its function declines with age, the thymus remains indis-
pensable to T-cell-repertoire reconstitution, which ensures immune 
reactions in various situations until late adulthood [16,17]. The 

T-cell development process in the thymus requires a complex struc-
tural organization formed by non-lymphoid cells and elements of 
extracellular matrix that provide a favorable microenvironment 
to interactions that are essential for the evolution of lymphocytes 
in different stages of maturation [18,19]. Thus, it is reasonable to 
suppose that insults to this organ can threaten its function since 
T-cell generation depends on the structural maintenance of its com-
partments, i.e., cortex, sub capsular cortex zone, cortico-medullary 
junction and thymic medulla.

It has long been known that the thymus is vulnerable to several 
infectious diseases [7–13]. Here, we demonstrated that murine 
malaria lethal strain P. berghei NK65 infection is also able to trigger 
severe thymic alterations. Plasmodium berghei NK65 infection in 
BALB/c mice induces high parasitemia and 100% lethality without 
the development of cerebral malaria [20]. Now, our results using 
this experimental model show a decrease in the total number of 
thymic cells observed from data of thymic index and total loss of 
delimitation among cortical and medullary zones. These findings 
suggest that the normal thymocytes maturation may be severely 
impaired given that the successful development of these cells into 
mature T cells depends on their ordered and constant migration 
through an organized thymic microenvironment. Similar results, 
i.e., thymic atrophy and histological disorganization with alter-
ation of thymocyte migration, were already shown in experimen-
tal infections by T. cruzi [7,8] and P. brasiliensis [11,12]. The causes 
of thymic atrophy were not available here, however, accumulating 

Fig. 2. (A–C) Histopathological analysis. Thymus from control mice and infected mice at 3 days post-infection showing preserved delimitation between cortical (c) and med-

ullary zones (m) (A and B). Thymus from Plasmodium berghei-infected mice presenting total loss of corticalmedullary delimitation after 14 days p.i. (C). (D) Transmission 

Electron Microscopy. Thymus from Plasmodium berghei-infected mice showing evidences for the presence of haemozoin pigments (arrow) inside macrophage on day 14 p.i. 

(E) DNA amplification by Polymerase-Chain Reaction. No specific PCR products were detected in control mice or infected mice on day 3 after infection. Specific PCR products 

were detected at 14 days of infection in thymus from Plasmodium berghei-infected mice. All results are representative of three similar experiments.
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evidences from the literature have indicated that among them are 
apoptosis and precocious migration of immature thymocytes to the 
periphery [13]. Amplification of parasite-specific DNA in the peak 
of parasitemia (14th day post-infection) argues strongly in favor of 
the direct participation of Plasmodium in such thymic alterations, 
since it unequivocally demonstrates the presence of parasites 
inside the thymus. These data were obtained even when the organ 
was perfunded with hypotonic solution to exclude the possibility 
of contamination by cytoadherence of parasitized erythrocytes to 
microvascular endothelium, a common phenomenon observed in 
mature stages of Plasmodium-parasitized erythrocytes. Moreover, 
thymic atrophy could not be observed in the beginning of infec-
tion (3rd day post-infection); it was only noted 7 days after infec-
tion coinciding with the time when parasites were detected inside 
the thymus. It is important to highlight that the sequence utilized 
as primer for detection of the Plasmodium DNA only amplifies the 
genetic material of viable parasites [15], reinforcing our hypothesis 
of direct participation of the pathogen in thymic alterations.

We have also observed changes in thymocyte subsets that, most 
probably, are related to the structural thymic alterations reported 
here after Plasmodium infection since maintenance of thymus 
microenvironment is essential for T cell maturation. It is reason-
able to suppose that both the presence of parasites inside the thy-
mus and the histological alterations, with a severe depletion of thy-
mocyte absolute numbers mainly in very immature DP cells, lead 
to functional alterations in this primary lymphoid organ. Altera-
tions in thymus compartment and thymocyte subpopulations with 
changes in the peripheral T cell repertoire were already reported 
during T. cruzi infection [8]. We believe that alterations in second-
ary lymphoid organs are also present in our infection model and 
new experiments are being conducted to investigate such possibil-
ity. In any way, results presented here showing that the thymus is 
a target during P. berghei NK65 infection strongly suggest an impor-
tant role for the organ in the immune response to malaria.

To the best of our knowledge, data presented here show for 
the first time a correlation between the presence of malaria par-
asites inside the thymus and parasitism with significant atrophy 

and histological alterations of this lymphoid organ. A fundamental 
question that remains open is whether such thymic insults during 
malaria infection are relevant for the peripheral immune response. 
We believe that future studies, from this and other laboratories, 
could elucidate the functional consequences of thymic alterations 
during P. berghei infection, opening up new possibilities for the 
understanding of immune response during malaria infections.
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Fig. 3. Thymocytes subset variation in the thymus of control and Plasmodium berg-

hei-infected mice. The figure shows absolute numbers of single-positive (CD4+CD8¡ 

or CD4¡CD8+) cells, double positive (DP/CD4+CD8+) and double negative (DN/

CD4¡CD8¡) cells per group. Values expressed by mean ± S.E.; n = 10–12 animals per 

group, with infected animals being sacrificed on day 14 post-infection. **P < 0.001 

and *** P < 0.0001.
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