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Natalia Domingos Torres

A malaria grave é caracterizada pelo aumento da pressao intracraniana, sindrome do
desconforto respiratério agudo (SRAS), e disfuncdo de multiplos 6rgaos. Dentre as
caracteristicas da SRAS induzida durante a malaria podemos destacar a alteragcdo da
permeabilidade vascular, aumento da produgao de citocinas e quimiocinas € o acumulo de
mononucleares e neutréfilos no tecido pulmonar. Alguns autores sugerem que a terapia
direcionada a resposta inflamatéria desenvolvida pelo hospedeiro durante infecgcbes deva
ser concomitante ao uso de antimicrobianos. As lipoxinas (LX) sao eicosanodides
considerados anti-inflamatérios e pro-resolutivos. De fato, ja foi mostrado que a LXA, é
capaz de reduzir o acumulo de leucdcitos no cérebro de camundongos infectados com P.
berghei. No entanto, o papel da LXA4, no comprometimento pulmonar induzido durante a
malaria grave nao esta claro. Em nosso estudo avaliamos o efeito da LXA, durante a SRAS
induzida pela infecgéo por P. berghei. Camundongos C57BL/6 foram infectados com P.
berghei (10° hemacias parasitadas via i.p.). Uma hora antes da infecgdo os animais foram
tratados com LXA, (0,5 pg/kg/dia) e o tratamento foi mantido por mais 4 dias seguidos. No
quinto dia de infecgao, foi avaliada a parasitemia por citometria de fluxo, contagem de
leucdcitos totais e neutrdfilos circulantes; avaliagdo de edema cerebral e pulmonar;
avaliagdo da mecénica pulmonar, histologia e dosagem de MPO do tecido pulmonar;
producgao de citocinas em pulmao e soro; avaliagdo da maturagéao e apoptose de neutréfilos
da medula 6ssea; avaliagdo da migragéo de neutrdfilos retirados da medula 6ssea. Nossos
resultados mostram que o tratamento com LXA, foi capaz de aumentar em 60% a sobrevida
dos animais infectados no periodo de morte cerebral e diminuiu a formacado de edema
pulmonar e cerebral, porém sem alterar a parasitemia periférica. Observamos que a LXA;
diminuiu as pressoes de resisténcia (AP1), viscoelasticidade (AP2) e a elastancia (Est, L)
que aumentam durante a infecgdo por P. berghei. Esses dados confirmam a analise
histolégica que mostra que o tratamento com LXA, diminuiu a formacido de pontos
hemorragicos, o espagcamento alveolar e o infiltrado inflamatério. No entanto, observamos
que o tratamento com a LXA; nao alterou a produgao de IL-6, TNF-a, CXCL1 e CCL2, mas
aumentou a produgdo de IL-10 no tecido pulmonar quando comparado aos animais
infectados nao tratados. Além disso, o tratamento com a LXA, diminuiu a contagem de
leucdcitos totais e neutrdfilos circulantes concomitante a diminuicdo de CXCL1 no soro.
Observamos que a redugao do numero de neutrofilos apds o tratamento com LXA, ndo esta
relacionada com maturagcdo ou apoptose dessas células. De forma interessante,
constatamos que a LXA, reduziu a migragao de neutrdfilos tanto ex vivo como quando tais
células foram tratadas e estimuladas in vitro. Em conjunto os resultados sugerem que a
LXA, inibe o desenvolvimento da SRAS induzida por P. berghei devido a sua atuagéo direta
em neutrofilos, reduzindo sua migragao.
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MALARIA-INDUCED ACUTE LUNG INJURY IS ATTENUATED AFTER TREATEMENT WITH
LIPOXIN A,

ABSTRACT

MASTER DISSERTATION IN MOLECULAR AND CELLULAR BIOLOGY

Natalia Domingos Torres

Severe malaria is characterized by increased intracranial pressure, acute respiratory distress
syndrome (SRAS), and multiple organ dysfunctions. During malaria induced SRAS is
observed increased vascular permeability, cytokine and chemokine production and
neutrophil and mononuclear cell accumulation in lung tissue. It has already been suggested
that the therapy of host inflammatory response induced by infections should be performed
concomitant to antimicrobial therapy. The lipoxins (LX) are described as anti-inflammatory
eicosanoids. Interestingly, LXA, is able to reduce the accumulation of leukocytes in brain
vasculature of P. berghei-infected mice. However, it is not clear if LXA; modulates the
experimental severe malaria induced SRAS. In this study, we investigated the role of LXA4 in
lung tissue during malaria infection. C57BI/6 mice were treated with LXA, (0,5 pg/kg/day,
200ul) followed by infection with 10° parasitized red blood cell intraperitoneally. The
treatment was given during 5 days and, at the fifth day after infection, the following
parameters were evaluated: parasitemia; blood-brain barrier breakdown and pulmonary
edema; circulating leukocyte numbers; lung mechanical and tissue preservation; MPO,
cytokines and chemokines production in lung tissue; bone marrow neutrophils maturation,
apoptosis and migration. We observed that the treatment with LXA, increased survival of P.
berghei-infected mice, prevents BBB breakdown and decreases cerebral and pulmonary
edema; however, we did not observe parasitemia modulation. The LXA, was also able to
restore the basal levels of lung function by reducing the increased lung resistive (AP1) and
viscoelastic (AP2) pressures, and the static elastance (Est) induced during P. berghei
infection. Lung histological examination of P. berghei-infected mice treated with LXA4
showed fewer areas with alveolar collapse, neutrophil infiltration and interstitial edema when
compared to the P. berghei-infected non-treated mice. However, LXA, did not modulate IL-6,
TNF-a, CXCL1 and CCL2 production, but increased IL-10 production in lung tissue when
compared with P. berghei- infected non-treated mice. The treatment with LXA, reduced the
number of peripheral neutrophils and CXCL1 production in serum of infected mice.
Furthermore, we did not observed alteration in neutrophil maturation or apoptosis after
treatment with LXA,. In addition, we observed that treatment with LXA, reduced neutrophil
migration ex vivo as well after in vitro treatment. Together our results suggest that LXA,
inhibits malaria-induced SRAS by modulation neutrophil migration.
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1. INTRODUCAO

1.1 Historico

A malaria, palavra oriunda do italiano “mala aria” que significa “maus ares”, é
uma doenga parasitaria que aflige os seres humanos ha cerca de 50 mil anos.
Acredita-se que a malaria tenha sido a principal causa de morte entre os primatas
ancestrais do Homo sapiens, como os Australopithecus. No entanto, os primeiros
documentos que fazem referéncia a existéncia da malaria datam a partir de 2.700
a.C. na China (1).

Em 1860, aproximadamente, Louis Pasteur introduziu no mundo cientifico o
conceito de microrganismos, 0 que abriu novos horizontes para o estudo da
patogenia de diversas doengas (2). Com base na teoria dos microrganismos,
Charles Louis Alphonse Laveran deu o primeiro passo na descoberta da malaria.
Embora a enfermidade ja existisse ha séculos, somente em 1880, Laveran, entado
meédico do exército francés em missdo na Argélia, observara o Plasmodium pela
primeira vez no interior das hemacias (3). A partir da descoberta do plasmédio como
agente infeccioso da malaria, o proximo passo foi identificar como esses organismos
alcangavam a corrente sanguinea. Embora Laveran tenha cogitado a possibilidade
da transmissao devido ao repasto sanguineo de mosquitos, coube ao cirurgido
Ronald Ross, em 1897, o mérito da descoberta do vetor. Ross identificou o
desenvolvimento do plasmodio dentro do estdbmago de mosquitos Anopheles (4).
Hoje sabe-se que a malaria pode ser causada pelas espécies P. falciparum, P.
vivax, P. malariae, P. ovale (5) e, descrito mais recentemente, P. knowlesi (6).

O ciclo da doenca é dividido em duas fases: a sexuada no vetor e a
assexuada no hospedeiro vertebrado. A fase assexuada inicia-se na inoculacédo das
formas esporozoitas infectantes diretamente na circulagdo do hospedeiro
vertebrado. Estas formas alcangam o figado, invadindo os hepatdcitos onde sofrem
proliferagdo esquizogdnica pré-eritrocitica, caracterizada por inUmeras mitoses que
originam o esquizonte hepatico. O parasito passa por um processo de fragmentacéo
citoplasmatica e gera os merozoitas que rompem a membrana dos hepatdcitos,
caem na circulagdo sanguinea e invadem as hemacias. E importante ressaltar que
as espécies P. vivax e P. ovale sao capazes de se diferenciar em formas
hipnozoitas, permanecendo latentes no figado até se diferenciarem em meroitozas.
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Ao invadir as hemacias, os merozoitas iniciam o ciclo eritrocitico seguindo os
estagios de: trofozoita jovem (anel), trofozoita maduro, esquizonte e, novamente
merozoitas. Com o rompimento da hemacia parasitada, os merozoitas s&o liberados,
invadem novas hemacias e reiniciam o ciclo eritrocitico, que se repete em um prazo

que varia com a espécie infectante (5).

1.2 Epidemiologia da doenga

O numero de casos de malaria vem decaindo ao longo dos anos. Em 2000
foram reportados aproximadamente 262 milhdes de casos, ja em 2015 esse numero
foi de 214 milhdes, dos quais 88% encontram-se na Africa. Contudo, somente no
ano de 2015 a malaria levou cerca de 438.000 pessoas ao 6bito, grande parte
criangas menores que 5 anos. Destas mortes, 90% foram somente na regido da
Africa (7).

Dos 21 paises na regiao das Américas em que a doenca é considerada
endémica, 13 obtiveram a reducdo na incidéncia maior ou igual a 75% em casos
confirmados entre 2000 e 2011, incluindo o Brasil (8). Foram reportados cerca de
390.000 casos de malaria nas Ameéricas, destes, 37% ocorreram no Brasil (7). Na
Venezuela, por exemplo, o numero de casos de malaria vem aumentando desde
2008, em 2014 foram registrados mais de 90.000 de casos da doencga, a maior alta
em 50 anos (7).

Grande parte dos casos relatados em territério brasileiro sdo de plasmddio
vivax, que, ao contrario do que se pensava, ja € relacionado a casos de malaria
grave (8). A maior area afetada é a regido amazdnica, especialmente o estado do
Amazonas que contribuiu com o maior numero de casos (47%), seguido pelo Acre
(22%). Na regido extra-amazobnica, foram reportados 203 casos em 2014, porém
com um aumento de 15% nos casos de P. falciparum. A regido Sudeste ainda é
considerada area de risco para transmissdao da doenga (9). Em relatério da
Secretaria de Vigilancia e Saude do estado do Rio de Janeiro, do ano de 2010 a
2015, foram reportados 490 casos confirmados de malaria no estado, abrangendo
casos importados e autéctones. O numero de casos de malaria autdctone no estado
vem aumento gradativamente, apenas no primeiro trimestre de 2015, dos 11 casos

reportados, 8 foram confirmados como extra-amazonicos (10).
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Portanto, ainda é preciso investir em prevengao, diagndstico e tratamento da
doenga, mas também é preciso gerar conhecimento sobre a patogenia da malaria a
fim de elucidar aspectos fisiopatogénicos fazendo com que a abordagem terapéutica

da doenca tenha um maior potencial de cura.

1.3 Caracteristicas moleculares e celulares da resposta inflamatéria induzida

durante a malaria

No hospedeiro vertebrado, em cada uma das duas fases do ciclo, (fase pré-
eritrocitica e a fase eritrocitica), podem ser observadas diferentes populag¢des
leucocitarias e mediadores inflamatdrios envolvidos (11).

Os plasmoddios podem estimular a resposta inflamatéria do hospedeiro de
diferentes formas, como por exemplo pela ligagao do complexo hemozoina/DNA ao
receptor do tipo toll 9 (TLR9) (12), pela agédo do Glicosil-Fosfatidilinositol (GPI) ligado
ao TLR2 (13), apos rompimento da hemacia e consequente liberagcdo do heme
através de TLR4 (14), (15, 16) ou pela adesado de hemacias infectadas ao endotélio
(17, 18).

Uma vez dentro das hemacias, os parasitas exportam para a membrana dos
eritrocitos proteinas proprias (19). As proteinas expressas na membrana s&o
capazes de ativar leucécitos circulantes e se ligar a diferentes constituintes
presentes na membrana das células endoteliais, como as integrinas molécula de
adesdo intracelular-1 (ICAM-1) e molécula de adesdo vascular-1 (VCAM-1),
receptores lipidicos (CD36) e a condroitina sulfato A (CSA) (20). Desta forma, as
células endoteliais se ativam e aumentam a expressao de moléculas de adesao e
receptores para mediadores inflamatérios, gerando assim uma maior citoaderéncia
de hemacias parasitadas e um maior acumulo de leucdcitos, que, por sua vez,
contribuem para a chegada e adesao de novos leucocitos. Tal mecanismo pode ser
considerado uma forma de protec¢ao contra o sistema imune do hospedeiro, uma vez
que a citoaderéncia impede a destruicido do plasmddio no bago, facilitando assim a
sua sobrevivéncia (21).

A producdo exagerada de citocinas e outros mediadores pro-inflamatorios
podem levar o hospedeiro a lesdes teciduais como perda de funcdo do endotélio,

extravasamento proteico e até hemorragias gerando, assim, complica¢des
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pulmonares, faléncia renal, anemia severa e congestédo cerebral, levando-o a morte

caso nao haja tratamento especifico adequado (22, 23).

1.4 Malaria grave

Durante muitos anos a malaria grave foi associada aos sintomas relacionados
a danos no sistema nervoso central causado pela infeccdo pelo Plasmodium
falciparum. Atualmente, a Organizacdo Mundial de Saude (OMS) recomenda que o
diagnostico seja feito a partir da apresentacdo de dois ou mais dos sintomas
relatados a baixo, em pacientes infectados por P. falciparum, P. vivax ou P. knowlesi
(8). Devido a gravidade dos sintomas apresentados pelos plasmodios knowlesi e
vivax, a OMS passou a reconhece-los como causadores de malaria grave (8). Sédo
considerados sintomas relacionados a malaria grave: perda de consciéncia,
prostragcao, convulsido, ictericia, dificuldade respiratéria, edema pulmonar,
sangramento anormal, anemia severa, acidose metabdlica, hiperparasitemia,
hipoglicemia, insuficiéncia renal e hiperlactatemia (llustragao 1) (8).

A malaria cerebral € um dos principais sintomas apresentados durante a
malaria grave e uma das maiores causas de morte em adultos e criangas (8). Apesar
de amplamente estudado, o0s mecanismos celulares e moleculares do
desenvolvimento da malaria cerebral em pacientes ainda nao sao claros. Acredita-
se que disturbios metabdlicos, oclusdo de vasos por hemacias infectadas e a
resposta inflamatéria do hospedeiro, que incluem ativagdo do endotélio e producao
sistémica de citocinas e influxo de leucdcitos no tecido, sdo fatores que podem levar
ao rompimento da barreira hemato-encefalica e, consequentemente, a malaria
cerebral (24-26).

Grande parte da compreenséo da fisiologia humana se deve ao estudo em
modelos animais, e 0 mesmo ¢é valido para a malaria. Os modelos experimentais
para o estudo da malaria variam de acordo com a patologia que se pretende
estudar. Assim como na malaria humana, diferentes plasmodios causam diferentes
patologias em roedores (27) e galinaceos (28). Em modelos murinos os mais
utilizados séo P. yoelli, P. chabaudi e P. berghei, dos quais apenas o P. berghei
induz malaria grave. Os modelos que utilizam a infeccédo pelo P. berghei ANKA em
camundongos C57BI/6 visam elucidar aspectos decorrentes da malaria grave, uma
vez que a infeccdo por esta espécie € capaz de induzir patologias em camundongos
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| Genero | Principais sintomas

Plasmodium falciparum Perda De Consciéncia, Prostragdo, Convulsao,

- : Dificuldade Respiratoria, Edema Pulmonar, Sangramento
Plasmodium vivax

Anormal, Anemia Severa, Acidose Metabdlica,

Malaria grave

Plasmodium knowlesi Hiperparasitemia, Insuficiéncia Renal

Plasmodium malarie Cefaléia
Febre

Plasmodium ovale Dor muscular

1 { Plasmodium berghei ANKA Malaria cerebral; ARDS; Insuficiéncia Renal; Anemia

Malaria grave
experimental

Plasmodium chabaudi Hiperparasitemia

' i Anemia
C57BII6 Plasmodium yoelii

semelhantes as observadas em humanos, como induzir comprometimento das

fungdes cerebrais, renais e pulmonares (llustracéo 1) (27).

llustracao 1: Agente etiologico e as possiveis complicagdes decorrentes da infecgéo.

1.5 A sindrome respiratoria aguda severa induzida durante a malaria grave

A sindrome do desconforto respiratério agudo (SRAS) é um quadro que
acomete cerca de 10% dos pacientes internados em unidades de tratamento
intensivo (UTI), com uma taxa de mortalidade em torno de 40% (29). O
desenvolvimento da SRAS é uma resposta a diferentes estimulos, como:
pneumonia, infecgdo sistémica ou multiplos traumas (30). A inflamagao pulmonar
desencadeada durante a SRAS gera dano ao endotélio e epitélio pulmonar mediado
pelo influxo de neutréfilos no espacgo alveolar. Essa resposta leva a liberagao de
diferentes citocinas pro-inflamatérias, incluindo IL-6, IL-1B, IL-8 e TNF- a (31).

Assim como a manifestagao cerebral, a malaria causa uma intensa disfuncéo
pulmonar, a SRAS (32, 33). Esta sindrome é observada em 5% dos pacientes sem
complicagado, e em 20-30% dos pacientes com malaria grave (34). No entanto, os
parametros para diagnostico da SRAS foram recentemente alterados, sugerindo que
os dados de malaria pulmonar sejam maiores que os estimados pela OMS (35).

Autopsias feitas em pacientes com malaria grave mostraram pulmbes
edemaciados, capilares pulmonares congestionados, espessamento da parede
alveolar, hemorragias dentro dos alvéolos e extravasamento de fluido para a pleura
e pericardio (36, 37). Tais patologias sdo consequéncia da ativagdo do endotélio que
resulta em aumento da expressdo de moléculas de adesao, congestdo dos vasos e
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acumulo celular nos pulmdes (38, 39). Assim como nos estudos da malaria cerebral,
o estudo da malaria pulmonar € limitado por aspectos éticos e por ser realizado em
pacientes ja em fase de tratamento, o que torna os modelos experimentais de
malaria grandes aliados na geragao de conhecimento no assunto (40).

Para o estudo da SRAS induzida durante a malaria experimental, ja foram
utilizadas diferentes cepas de camundongos assim como diferentes espécies de
plasmodios (41, 42). O P. berghei ANKA, por exemplo, causa varias patologias
associadas a malaria grave, inclusive SRAS (43). Por outro lado, o P. berghei NK65
causa SRAS sem causar complicagdes cerebrais (42). Alguns autores sugerem que
as patologias relacionadas a malaria tem inicio no pulmdo, quando as primeiras
hemacias parasitadas por merozoitas oriundos do figado atingem os capilares
pulmonares (44). Nosso grupo mostrou que 24 horas apds a infecgao ja € possivel
observar disfuncdo da mecanica pulmonar associada a presenca de hemacias
parasitadas, células inflamatérias e citocinas no tecido pulmonar em modelos de
malaria grave (43). Ja em tempos mais tardios da infec¢cdo, assim como observado
na patologia pulmonar ocasionada durante a malaria humana, a presenga de
hemacias infectadas no pulmdo de camundongos desencadeia uma intensa
resposta inflamatoéria local. Tal resposta tem como caracteristica as mesmas
observadas em pacientes com a doenga (ilustragao 2) (41, 42, 45-50).

Grande parte do dano pulmonar ocasionado pela infec¢gado por P. berghei é
mediado por neutrdfilos, que sdo ativados e atraidos pelas quimiocinas expressas
durante a resposta inflamatoria. Poucos estudos abrangem a lesdo pulmonar em
decorréncia dos neutrodfilos, porém sabe-se que assim que migram para o tecido,
essas células tentam controlar a infeccdo e acabam por causar mais danos aos
pulmdes. No entanto, quando ocorre a inibicdo da migragdo de neutrdfilos para o
tecido pulmonar, € observada uma diminuicdo da producdo de mediadores
inflamatorios e a preservagao da histoarquitetura do pulméo (51, 52). Os mondécitos
também representam um papel importante durante a resposta a infeccdo por P.
berghei. Assim como neutrdéfilos e macréfagos, os mondcitos ja foram identificados
em tecido pulmonar durante a malaria grave, tanto em humanos, quanto em
murinos. Geralmente os mondcitos estudados durante a malaria s&o visualizados
com restos de hemozoina, sugerindo que essa populagdo celular participe da

fagocitose de células infectadas (51).
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llustragao 2: Representagao de alvéolo pulmonar durante a malaria grave
(Adaptado de Aitken et al. Malaria Journal 2014 (53))

1.6 Importancia da terapia direcionada a resposta do hospedeiro no tratamento

da malaria

Um dos grandes problemas para o tratamento da malaria € a resisténcia que
os plasmddios adquiriram a antimalaricos como a cloroquina e o artesunato (54).
Devido a isso, a OMS propds que o tratamento da malaria seja uma terapia
combinada, formada por um coquetel de pelo menos duas substancias sendo uma
delas obrigatoriamente um derivado de artemisinina, evitando-se assim o
aparecimento de novas cepas resistentes (8, 55). No entanto uma nova abordagem
terapéutica vem sendo proposta, a terapia direcionada para o paciente e ndo so6 para
a eliminag&o do plasmaodio (56).

Nos primeiros trabalhos com terapias direcionadas a pacientes de malaria, os
autores administraram corticoides, no entanto o tratamento ndo foi eficaz em
proporcionar melhora do paciente (57, 58). Desta forma, surgiu a hipotese de que o
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tratamento direcionado a um alvo terapéutico especifico como a producdo de
mediadores inflamatérios (59), a ativagdo PPAR-y estimulando a via anti-inflamatdria
deste receptor (60) ou a indugao da vasodilatagédo (61, 62) poderia ser mais eficaz.
Entretanto, nenhum estudo foi conclusivo. Os autores mostraram que estas terapias
podem ser seguras, mas 0 sucesso depende de fatores como fase da doenga em
que os moduladores sdo administrados, periodo de tempo de administragao,
comorbidades paralelas do paciente entre outros (63).

Muitos estudos tém sido feitos em modelos experimentais com o intuito de
auxiliar os clinicos a entender qual a melhor forma de tratamento direcionado ao
paciente de malaria. Ja foi mostrado que a administracdo de doadores de Oxido
nitrico melhora a sobrevida de camundongos infectados com P. berghei através da
diminuicdo da expressdao de moléculas de adesdao no endotélio cerebral e
consequente diminuigdo da adesao de leucdcitos (64). Outros estudos mostraram
que a administracdo de estatina, clinicamente utilizada no tratamento de doencas
cardiovasculares, reduziu a resposta inflamatoria cerebral em camundongos
infectados com P. berghei (65). No entanto, a maior parte destes estudos observou o
efeito de imunomoduladores apenas na recuperagao da malaria cerebral, mas até
agora, poucos estudos se dedicaram a estudar a modulagdo da SRAS induzida
durante a malaria grave. Ja foi mostrado que o tratamento com altas doses de
dexametasona reduz a resposta inflamatoria associada a SRAS induzida durante a
malaria (42). Recentemente nosso grupo mostrou que a administracdo de células-
tronco mesenquimais leva ao aumento da sobrevida dos animais pela atenuacao da
SRAS induzida durante a malaria grave experimental, sugerindo que o tratamento da
SRAS induzido pela malaria pode ser benéfico para a recuperagcao do hospedeiro
(66).

1.7 Mediadores lipidicos anti-inflamatérios: lipoxinas

Até o inicio dos anos de 1980, acreditava-se que a resposta inflamatéria que
nao se tornasse crdnica, se extinguiria a partir de resolugao passiva. No entanto,
Serhan e colaboradores mostraram que derivados do acido araquiddnico inibiam a
atividade de neutréfilos in vitro. Como a biossintese destes compostos exigia a
atividade sequencial de diferentes lipoxigenases (LO), os autores chamaram tais

compostos de lipoxinas (LX) (67). As lipoxinas LXA; e LXBs sao derivados
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eicosandides, e, em camundongos, sao sintetizadas apos atividade sequencial das
enzimas 15-LO e 5-LO sobre o acido araquiddnico e 15S-HETE, respectivamente,
formando a LXA4 no exterior celular (ilustragcédo 2) (68-70). Mais recentemente, outros
mediadores lipidicos anti-inflamatoérios também foram descritos. Dentre eles estido as
resolvinas E e D (derivadas do acido eicosapentaendico e docosahexaendico
respectivamente) e a maresina (derivada do acido docosahexaenodico) (71). Tais
mediadores foram denominados mediadores especializados em pro-resolugao, ou
mediadores SPM (do inglés specialized pro-resolving mediators). Os SPM sao
descritos como anti-inflamatérios por inibir a resposta inflamatéria ou como pro-
resolutivos por estimular uma resposta antagbnica a resposta inflamatéria, como
estimulando a apoptose de células inflamatdrias e a fagocitose das mesmas (68). Os
SPM, incluindo as lipoxinas, sdo mediadores que se ligam aos receptores formil
peptideo (FPR) que sado acoplados a proteina G. Os receptores acoplados a
proteina G (GPCR) s&o formados por sete dominios transmembrana, com o terminal
amino no meio extracelular e o terminal carboxila no meio intracelular (72). Os
GPCRs podem ser ativados por ligantes como, por exemplo, horménios,
neurotransmissores e fatores de crescimento. Uma vez ativado o respectivo GPCR,
a proteina G promovera uma resposta intracelular especifica, levando a acado de
moléculas efetoras. Um exemplo é a adenilato ciclase, enzima que gera o
monofosfato ciclico de adenosina (AMPc). Alguns GPCR’s ja foram descritos por ter
uma agao antagénica, onde por exemplo reduzem a via do AMPc (73). Em humanos
sdo descritos trés tipos de FPRs: FPR1, ALX/FPR2 e FPR3, enquanto em
camundongos s&o descritos até agora oito subtipos (74).

As LX's tém acdes especificas, como a de limitar o recrutamento, quimiotaxia e
adesdo de neutrdfilos no local da inflamagdo, funcionando como um “freio” na
sinalizagao para os neutrdfilos circulantes e para os presentes no sitio inflamatorio.
Como exemplo, Takano e colaboradores observaram que a aplicacao tépica de
leucotrieno B4 (LTB4) em orelhas de camundongos induziu edema e intenso infiltrado
de neutrdfilos. Quando a LXA4 foi adicionada, os autores observaram a reducéo do
infiltrado celular e do edema, mostrando o efeito da LXA4 no acumulo de neutrofilos
no sitio inflamatorio (75). Ainda assim a LXA4 pode agir em outras células de defesa,
como nos macroéfagos, sinalizando a fagocitose de restos celulares (76). Foi descrito
por Nascimento-Silva e colaboradores, que a lipoxina pode, também, ativar vias
citoprotetoras, como é o caso da heme oxigenase-1 (HO-1). Os autores sugerem
que a LXA4 contribui para a redugcdo do acumulo de leucécitos no leito vascular ao
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induzir a expressao de HO-1 em células endoteliais ativadas, e, assim, inibir a

expressao de moléculas de adesao (77).
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1.8 A lipoxina como opc¢ao de tratamento para SRAS

Varios estudos discorreram sobre o efeito anti-inflamatorio da LXA; em
modelos de SRAS. Um dos mecanismos de agdo da LXA4 no pulmao envolve a
inibicdo da agregagao de células, como neutrofilos e plaquetas, em paralelo a
inducdo da producédo de mediadores proé-resolutivos (78). Além da administragcao
direta de LXA4, a inducdo da producdo de LXA; durante a SRAS também pode ser
benéfica para recuperacédo do quadro de lesao pulmonar (79).

Além da atuagao sobre células da resposta inflamatdéria pulmonar, a LXA4 pode
atuar sobre o endotélio pulmonar estabilizando as ligagdes juncionais e, assim
estabilizando a camada endotelial e preservando o tecido (80). No entanto, ndo ha
dados na literatura quanto ao efeito da LXA4 na recuperacao da fungao pulmonar em
casos de SRAS.

Pouco se sabe sobre o papel da lipoxina durante a malaria grave experimental,
sendo grande parte dos estudos voltados para o comprometimento cerebral.
Recentemente Shryock e colaboradores (81) mostraram que animais infectados por
P. berghei e tratados com o0 analogo estavel da LXA4, a 15-epi-LXA4, apresentaram
maior sobrevida e numeros reduzidos de linfécitos no cérebro. No entanto, os
autores nao avaliaram o efeito da LXA4 nos danos pulmonares causados pela

infecgao.
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2. OBJETIVOS

2.1 Objetivo Geral

O objetivo deste trabalho € estudar o efeito do pré-tratamento com LXA4 no

dano pulmonar causado durante a malaria grave experimental induzida por P.
berghei ANKA.

2.2 Objetivos Especificos

1-

Estudar o papel da LXA; in vivo no desenvolvimento da malaria grave
induzida pela infecgdo por P. berghei, avaliando os seguintes parametros:
parasitemia, sobrevida, edema pulmonar e edema cerebral, analise

comportamental;

Estudar o papel da LXA4 na fungcdo pulmonar durante a malaria grave
experimental induzida por P. berghei, avaliando elastancia estatica, pressao

de resisténcia e pressao de viscoelasticidade.

Avaliar a resposta inflamatéria pulmonar induzida pela infecgao por P. berghei
apdés tratamento com LXA4 observando parametros como produgdo de

citocinas, quimiocinas e presenca de células inflamatdrias no tecido pulmonar.

Estudar o efeito da LXA4 na mobilizacdo de neutrofilos da medula durante a
infeccao por P. berghei.
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3. MATERIAL E METODOS

3.1 Aspectos éticos

Todos os procedimentos previstos neste projeto estdo licenciados na
Comissdo de Etica no Uso de Animais (CEUA-FIOCRUZ), licenca: L-052/12 sob a
responsabilidade da Dra. Mariana Conceicédo de Souza; e pelo Comité de Etica em
Pesquisa do Hospital Universitario Clementino Fraga Filho — UFRJ, licenga: CEUA-
CCS-019, sob a responsabilidade da Dra. Patricia Rieken Macedo Rocco. O parasita
foi gentilmente cedido pelo Dr Leonardo Carvalho do Laboratério de Pesquisa em
Malaria (I0C, FIOCRUZ) ap6s doagédo do Malaria Researchand Reference Reagent
Resource Center (MR4, EUA, depositado por CJ Janse e AP Waters, sob cddigo
MRA-865).

3.2 Animais

Foram utilizados camundongos C57BL/6 machos, com idade entre 5 e 6
semanas. Os animais foram fornecidos pelo Centro de Criacdo de Animais de
Laboratorio (CECAL) da Fundagcdo Oswaldo Cruz e mantidos, até o momento da
experimentagdo, no biotério do Laboratério de Farmacologia Aplicada, com livre
acesso a agua e ragao, sendo submetidos a um ciclo claro/escuro de 12 horas.
Todos os procedimentos experimentais foram realizados de acordo com as normas

e aprovacao da CEUA da Fundacédo Oswaldo Cruz.

3.3 Infecgao com P. berghei ANKA e tratamento com LXA,

Camundongos C57BL/6 foram infectados com P. berghei ANKA GFPcon
259cl2, por via intraperitoneal (i.p.), com 10° hemacias parasitadas, oriundas de
camundongos infectados doadores da mesma espécie. Os animais foram tratados
por 5 dias com LXA4 (0,5; 1 e 2 pg/kg/dia), ou seu antagonista de receptor BOC-2
(N-Boc-Phe-Leu-Phe-Leu-Phe, 100 ug/kg/dia) + LXA4 (0,5 pg/kg/dia), ou tampao
fosfato-salino (PBS), ambos com volume final de 200 pl, por via intraperitoneal (i.p.).
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Os animais foram tratados, 01 hora apdés o primeiro tratamento foi realizada a

infecgao e o tratamento permaneceu por mais 04 dias.

3.4 Modelo de edema cerebral e pulmonar

No quinto dia apo6s a infec¢do, foi ministrado via intravenosa (i.v.) 150uL de
Azul de Evans (2%). Apos duas horas os camundongos foram sedados com
xilazina/quetamina (20 mg/ml e 50 mg/ml respectivamente) e eutanasiados com
Hypnol 3% (pentobarbital sédico 100 mg/Kg) para retirada de seus cérebros e
pulmdes, que foram pesados e reservados em 2 mL ou 4mL de formamida,
respectivamente, por 48 horas em estufa a 37°C. Apds este intervalo o

sobrenadante foi recolhido e avaliado em espectrofotdmetro (A=620nm).

3.5 Sobrevida e avaliagao da parasitemia

Os animais foram tratados com LXA4 (0,5 pg/kg/dia) ou PBS e posteriormente
infectados conforme descrito acima (item 3.3). Ao final do sexto dia apds a infecgao,
foi avaliada a parasitemia e os animais foram mantidos em biotério, com o0 mesmo
ambiente acima citado, para avaliagao da sobrevida.

A parasitemia foi avaliada por citometria de fluxo, onde 4 pyL de sangue foi
ressuspenso em 500 uL de PBS contendo 0,1% de azida e a suspensao celular foi
imediatamente adquirida em citdbmetro de fluxo (FACSCalibur, BD Biosciences),
como descrito por Franke-Frayard e colaboradores (45). As escalas de tamanho e
granulosidade foram definidas de forma a restringir os eritrocitos totais e o
percentual de eritrocitos PbGFP infectados foi determinado pela intensidade de
fluorescéncia. Pelo menos 10.000 eventos foram adquiridos no espaco-fisico. As
andlises de dados foram realizadas utilizando software CellQuest (BD

Immunocytometry Systems, EUA).
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3.6 Analise de parametros cognitivos e comportamentais (SHIRPA)

Os parametros foram avaliados por meio de uma série de testes selecionados
a partir do protocolo SHIRPA (SmithKline Beecham, Harwell, Imperial College, Royal
London Hospital, phenotype assessment). Antes dos testes, os animais foram
conduzidos ao local do experimento para minimizar os efeitos da transferéncia sobre
o resultado dos testes (82). Os aparelhos foram devidamente limpos apds a

avaliacdo de cada animal, para evitar a influéncia de odores durante o teste (83).

Testes SHIRPA
A série de testes SHIRPA foi utilizada nesse estudo para avaliar

alteragcdes comportamentais e neurologicas durante o desenvolvimento da infecgéo
por P. berghei (84). O SHIRPA é constituido de estudos comportamentais em
animais, com metodologia e materiais padronizados e vem sendo utilizada em
diferentes estudos (85). Inicialmente sdo feitas observagdes quantitativas e
semiquantitativas de reflexos e fungdes sensoriais basicas (86). Esta série de 40
testes € baseada naquela desenvolvida por Irwin (87), e fornece um perfil
comportamental e funcional a partir da avaliacdo do desempenho individual de cada
animal (85). Utilizamos apenas alguns testes voltados para os parametros cognitivos
e comportamentais, afim de avaliar o comprometimento cerebral dos camundongos.
Os testes foram realizados com os animais nao infectados, em seguida estes
mesmos camundongos foram tratados e infectados conforme descrito acima.
Inicialmente, o animal é colocado em recipiente plastico e pesado. A seguir, ele é
colocado em uma jarra de observagao, localizada sobre uma mesa com fundo
branco, e durante cinco minutos avaliamos a posigcao corporal, atividade
espontanea, taxa de respiragao, tremor, numero de “headings” (apoio apenas sobre
as patas traseiras) e “groomings” (movimentos de “limpar” dirigidos a cabeg¢a ou
corpo, efetuados com as patas dianteiras). Transcorrido o tempo, o animal é
transferido para uma arena (“open field”) sem ser manuseado e € observado a
excitacao de transferéncia, atividade locomotora (numero de entradas, com as
quatro patas, em quadrados demarcados na arena em 30 segundos), elevagao da
cauda, escape ao toque e passividade posicional. O animal é entdo suspenso pela
cauda e avaliado quanto a capacidade de posicionamento visual, forga ao agarrar,
tbnus corporal, beliscada nos dedos da pata traseira e manobra do arame. Em
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seguida o animal é colocado em uma grade e precisa virar-se e subir a mesma. A
seguir, o animal é contido pelo dorso em uma restricdo supina e sao avaliados o
comprimento corporal, cor da pele, tdbnus dos membros, tonus abdominal,
lacrimejacdo, salivacdo, mordida provocada, reflexo postural. Os parametros
observados foram classificados atribuindo-se pontos numa escala de 0 a 5 para
cada comportamento avaliado, onde 0 significa o comportamento normal e 5
impossibilidade de realizar o teste. Ao final os pontos s&do somados e € determinado

um score com base no mesmo animal antes da infeccao e apods a infeccao.

3.7 Mecanica pulmonar

Esta metodologia foi realizada em colaboragdo com o laboratério de
investigacdo Pulmonar, localizado no Instituto de Biofisica Carlos Chagas Filho -
UFRJ, sob a coordenacéo da Dra. Patricia Rieken Macedo Rocco.

Cinco dias apds o inicio do tratamento, os animais foram sedados (diazepam,
1 mg via i.p.), anestesiados (pentobarbital sédico, 20 mg/kg via i.p.), submetidos a
tragueostomia e foram registrados os sinais de fluxo aéreo, volume (V) e pressao
transpulmonar (PL) em fungdo do tempo. Em seguida os animais foram paralisados
com brometo de vecurdnio (0,005 mg/kg™" via i.v.) e mecanicamente ventilados com
um ventilador de fluxo constante (Samay VR15; Universidad de la Republica,
Montevideo, Uruguay) utilizando os seguintes parametros: taxa respiratéria = 100
respiragdes/min, volume corrente (Vi) = 0.2ml, fragdo e inspiracdo de oxigénio (FiOy)
= 0.21. A parte anterior da caixa toracica foi removida cirurgicamente, de forma a
preservar os pulmbes. Imediatamente antes da perfuragéo do diafragma foi instalada
presséo positiva ao final da expiragdo (PEEP - positive end-expiratory pressure) de 2
cmH;0. A utilizacdo da PEEP evita o colapso alveolar e o desenvolvimento de
atelectasias resultantes da retirada da parede toracica. Apés 10 minutos do periodo
de ventilacdo, a mecéanica pulmonar foi apurada. Os parametros da mecanica
respiratoria foram obtidos através do meétodo da ocluséo ao final da inspiragéo (88).

O método de oclusado ao final da inspiracdo permite analisar os componentes
elastico, resistivo e viscoelastico e/ou inomogéneo do pulmao (89-92). Apds a
oclusdo das vias aéreas durante cinco segundos ao final da inspiragao, sob fluxo
constante, ocorre uma queda subita da presséo transpulmonar (PL) até um ponto de
inflexdo (Pi,L), a partir do qual, o decaimento da pressao assume carater mais lento,
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atingindo um platd em sua porcao terminal. Esta fase de platd corresponde a
pressdo de retracdo elastica do pulmao (Pel,L). O valor da elastancia estatica do
pulmédo (Est,L) foi calculado dividindo-se Pel,L pelo volume inspirado (VT). Para a
realizacdo da oclusido, o aparelho utiliza uma valvula com tempo de fechamento
definido (10 ms). Como este fechamento ndo é absolutamente instantaneo, o fluxo
nunca cai a zero imediatamente apos a oclusao, proporcionando a existéncia de um
pequeno volume. Esse fluxo € responsavel pelo aumento do volume pulmonar e,
consequentemente, da Pi,L e da Pel,L. Apds a oclusao das vias aéreas, ha uma
queda rapida na PL (AP1) que corresponde a Pressdo maxima menos Pi, presséo
dissipada para vencer o componente viscoso do pulmao, seguida por uma queda
lenta (AP2), pressdo dissipada para vencer os componentes viscoelastico e/ou
inomogéneo do pulmao, até um ponto de equilibrio elastico, representado pela
presséo de retracao elastica pulmonar (Pel). A pressao resistiva do equipamento foi
subtraida da pressao resistiva dos pulmdes de tal forma que os resultados
representem as propriedades mecanicas intrinsecas.

Os dados da mecanica pulmonar foram obtidos pelo menos 10 vezes em
cada animal e analisados usando o software de analise ANADAT (RHT-InfoData,
Inc., Montreal, Quebec, Canada).

3.8 Preparagdao dos pulmées para histologia, dosagem de citocinas e

quimiocinas e contagem total e diferencial de leucécitos periféricos

No quinto dia de infecgao, foi feita a contagem de leucdcitos total em camara
de Neubauer utilizando liquido de Turk (acido acético 2%) e a distensdo sanguinea
dos animais. As laminas foram coradas em pandtico (Pandtico rapido — Laborclin —
Brasil) para fixacdo e coloragdo das células. A contagem diferencial de células se
deu por microscopia 6ptica em 6leo de imersédo, contando 100 células/lamina. Os
resultados foram expressos em fungcdo do numero de leucdcitos totais. Apds, os
animais foram sedados com xilazina/quetamina (20 mg/ml e 50 mg/ml
respectivamente) e anestesiados com Hypnol 3% (pentobarbital sodico). Apds
detectada a auséncia de resposta a estimulos nociceptivos, os animais foram
perfundidos com uma solugdo salina heparinizada (100 Ul/ml), em média, por 5
minutos. Ao final, parte dos camundongos tiveram seus 6rgéos retirados, fixados em

formalina (formaldeido 37%) durante 72 horas, clivados e embebidos em parafina
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liquida. Foram entdo submetidos a microtomia, obtendo-se cortes de 4 um de
espessura e de forma seriada, respeitando um intervalo de 80 um entre eles. Apds
esta etapa, o material foi submetido a desidratacdo em solugdes hidroalcodlicas de
concentragdes crescentes, a clarificagcdo em xilol e, em seguida a coloragdo com
hematoxilina e eosina (HE), foram montados em Iaminas de vidro com meio proprio
(goma damar) para analise morfologica geral em microscopio Optico. Os animais
restantes tiveram seus pulmdes extraidos e macerados com os respectivos tampdes
para analise de citocinas e quimiocinas através de ELISA, e atividade enzimatica da

mieloperoxidase (MPO).

3.9 Avaliacgao atividade enzimatica da mieloperoxidase (MPO)

A atividade da enzima mieloperoxidase, utilizada como indicativo da presenca
de leucdcitos polimorfonucleares, foi avaliada utilizando metodologia de Bradley e
colaboradores (93) modificada por De Young e colaboradores (94).

Apos o modelo de infeccdo e tratamento in vivo, os animais foram
eutanasiados e seus pulmdes foram extraidos e macerados com 1 ml de solugao de
Hanks (9,7 g/L; sem calcio e sem magnésio). As amostras foram centrifugadas a
1952 G por 10 minutos a 4°C, o sobrenadante foi descartado e o pellet
homogeneizado com 500 ul de NaCl 0,2%, em seguida homogeneizado novamente
com NaCl 1,6%. As amostras foram centrifugadas mais uma vez como descrito, o
sobrenadante foi descartado, e o pellet ressuspenso em 1 mL de
hexadeciltrimetilamoénio brometo (HTAB). Posteriormente as amostras foram
centrifugadas a 1700 G por 15 min a 4°C, o sobrenadante foi recolhido e
centrifugado a 15300 G por 15 min a 4°C. Em seguida, o sobrenadante foi recolhido
para analise da atividade MPO. Para isso, as amostras foram plaqueadas com
solucdo de Hank’s e orto-Dianisidina e reservadas por 15 minutos a 37°C. Foi entao
adicionado 50 pL de H,0, e reservadas por 10 minutos a 37°C. A reacao foi parada
utilizando 50 pL de azida sédica 1% e a atividade enzimatica foi determinada através
de leitura em espectrofotbmetro (SpectraMax M5 — EUA) a 460nm. Em seguida, o
mesmo sobrenadante recolhido para quantificagdo foi submetido a dosagem de
proteina pelo método de Bradford, utilizando o guia fornecido pelo fabricante: Sigma-
Aldrich. A leitura foi realizada em espectrofotometro (SpectraMax M5 — EUA) a 595
nm. A concentragcdo de proteina nas amostras foi determinada a partir de valores
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obtidos com a curva padrao realizada com diferentes diluicdes de albumina de soro
bovino (BSA). Os resultados foram expressos em quantidade de MPO ativa em
relagdo a quantidade de proteina presente.

3.10 Quantificacdo de citocinas e quimiocinas por ELISA (enzyme linked

immunosorbent assay)

As concentragdes de IL-6, TNF-a, IL-10, CXCL1 e CCL2 em extrato pulmonar,
assim como de CXCL1 e CCL2 no soro, foram realizadas através do ensaio
enzimatico ELISA, utilizando-se kits comercias da R&D Systems. Os pulmdes foram
macerados em 1 mL de tamp&o de lise celular (Cell lysis buffer). As amostras foram
centrifugadas a 10.000 G por 20 minutos a 4°C, o sobrenadante foi recolhido e
avaliado.

A leitura foi realizada em espectrofotdmetro (SpectraMax M5 — EUA) a
490nm. A concentracdo das citocinas nas amostras foi determinada a partir de
valores obtidos com a curva padrao realizada com diferentes diluicbes da proteina

recombinante fornecida pelo fabricante.

3.11 Isolamento de células da medula 6ssea para analise do perfil celular e

ensaio de migragao

Os animais foram anestesiados e submetidos a perfusdo com solugdo salina
heparinizada como descrito anteriormente.

O fémur e a tibia foram cirurgicamente removidos e as epifises ésseas foram
retiradas. Utilizando uma agulha de 21 G, a medula 6ssea foi lavada com 2 mL de
solugao de Hank’s (sem calcio e sem magnésio) contendo 0.5 mL de citrato de sodio
1.8%. O lavado foi submetido a centrifugagcdo a 400 G por 15 minutos a 20°C, com
aceleragao e desaceleragao minimas. Em seguida o sobrenadante foi descartado e

o pellet foi ressuspendido em 2 mL de Solugao de Hank’s.

3.11.1 Analise do perfil de maturagao e apoptose de neutrofilos

As células obtidas no isolamento da medula 6ssea foram contadas em

camara de neubauer e semeadas em placa de 96 pocos com fundo em U numa
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concentracdo de 10° células/pogo. A placa foi centrifugada e o sobrenadante
descartado.

As células foram incubadas por 30 minutos com PBS contendo 0,1% de azida
e 10% soro bovino fetal, para inativacdo dos sitios inespecificos. Os anticorpos
foram diluidos em PBS azida 0,1%, ambos na proporgéao de 1:100 e as células foram
marcadas incubadas por 30 minutos na solu¢cdo. As marcagdes foram feitas com os
seguintes anticorpos: anti-Ly6G (FITC) para determinagcdo dos neutrofilos; anti-
CD11b para avaliagdo da maturagéao; anexina V (APC) e iodeto de propideo (PI)
para analise de morte celular. Ao término da marcacéao, as células foram adquiridas
em citbmetro de fluxo (FACSCalibur, Beckton Dickinson - EUA). Os granuldcitos
foram selecionados primeiramente de acordo com o tamanho (FSC) e a
granulosidade (SSC) e a porcentagem de neutrdfilos anti-Ly6G™ foi determinada
através de uma regiao fisica correspondente a fluorescéncia do anticorpo. Pelo
menos 10.000 eventos foram adquiridos na regido fisica correspondente aos
neutrofilos. Para analise da maturagao, foi determinada uma regiao fisica, de acordo
com a expressdo de CD11b * entre as células Ly6G". A avaliagdo da morte celular
por necrose e apoptose foi realizada através da marcagdao com anexina V e iodeto

de propideo (Pl) na regido de células Ly6G". A analise foi feita no software Flowjo.

3.11.2 Ensaio de migragao de neutrofilos

As células obtidas da medula d6ssea no item 3.11 foram submetidas ao
gradiente de percoll 65% e 72% para separag¢ao dos polimorfonucleares presentes.
Uma vez montado, os gradientes foram centrifugados a 1200 G por 35 minutos a
20°C com aceleracao e desaceleragdo minimas. As células foram recolhidas do anel
intermediario entre os niveis de percoll, lavadas (centrifugacdo a 400 G por 15
minutos a 20°C), contadas em contador de particulas (Beckman Coulter — EUA) e
foram preparadas laminas para verificagao dos niveis de pureza. Nos experimentos
s6 foram utilizados gradientes com pureza = 90%.

A quimiocinese e quimiotaxia foram realizadas em cémara de 48 pogos
(cdmara de Boyden — Neuro Probe Inc. — EUA) com membrana de policarbonato
(filtro de policarbonato de 5 pym, Neuro Probe — EUA) conforme preconizado por
Arraes e colaboradores (95). Para a quimiotaxia, os neutrofilos foram plaqueados no
pOCO superior (2x105 células/mL) e migraram em dire¢do a quimiocina CXCL1 (30
ng/mL) ou plasma proveniente de animal ndo infectado ou infectado com P. berghei,

ambos plaqueados no poco inferior. Como controle negativo, utilizou-se meio RPMI
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(RPMI-1640 medium, Sigma-Culture - USA). Na quimiocinese os neutrdfilos isolados
da medula éssea foram plagueados em camara de Boyden, onde ndo havia estimulo
nos pocos inferiores, somente meio RPMI.

Para o tratamento in vitro dos neutrdéfilos, as células provenientes de animais
nao infectados foram isoladas, pré-tratadas com lipoxina A4 (10nM) ou BOC -2 e
LXA4 (40 nM e 10nM, respectivamente) por 1 hora e mantidas em estufa a 37°C com
5% de CO; antes do estimulo, sendo reservado um grupo controle no qual foi
utilizado apenas meio RPMI puro. Em seguida, os pogos foram lavados e as células
foram plagueadas em camara de Boyden para avaliagdo da migragao frente aos
estimulos CXCL1 ou plasma, como descrito anteriormente.

Uma vez colocadas em camara de Boyden, a mesma foi incubada por 1 hora
em estufa a 37°C e 5% de CO,. A camara foi entdo desmontada para retirada da
membrana que foi corada em pandético (Pandtico rapido — Laborclin — Brasil) para
fixagdo e coloragdo das células. Em seguida, os neutréfilos foram contados em
microscopio 6tico (1000x) abrangendo 15 campos seguidos na linha média de cada
poco. O experimento foi realizado em quadruplicata e os resultados expressos em

numero de neutrdéfilos/campo.

3.12 Analise Estatistica

Os resultados sdo apresentados como média + erro padrao da média (EPM).
Eles foram avaliados, estatisticamente, através da analise de variancia (ANOVA) e
do pés-teste de Bonferroni. O teste de Log-rank (Mantel-Cox) foi utilizado para
comparar as curvas de sobrevida. Em ambos os testes foi considerando significante

os valores de p<0,05.
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4. RESULTADOS

Como demonstrado na literatura, a LXA4 é um mediador anti-inflamatério que
possui um papel anti-inflamatoério durante a malaria cerebral experimental (81). Para
avaliar o papel da LXA; em nosso modelo de malaria grave, realizamos uma dose
resposta afim de obter a melhor concentracéo de trabalho. Observamos que o efeito
da LXA,4 é dose dependente, onde somente a menor dose (0,5ug/Kg/dia) foi capaz
de inibir a formagao de edema cerebral (figura 1A), sem, com isso alterar os niveis
de parasitemia (figura 1B). Durante o desenvolvimento da malaria grave
experimental induzida pela infecgdo por P. berghei em camundongos C57BI/6, a
maior parte dos animais morrem entre 5 a 9 dias quando apresentam sintomas de
comprometimento neurologico (figura 1C, area cinza). O pré-tratamento com LXA4
protegeu 60% dos camundongos infectados no periodo de morte por malaria
cerebral (figura 1C) assim como diminuiu os indicies de avaliacdo de disfuncéo

cerebral causado pela infecgéo (figura 1D).
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Figura 1 — Dose resposta de LXA, Efeito do tratamento com diferentes doses de
LXA4 (0,5; 1 ou 2 ug/kg/dia) em camundongos C57BL/6 infectados com P. berghei no
modelo de edema cerebral. (A) Edema cerebral em animais nao infectados (barra branca),
animais infectados com P. berghei (barra preta) tratados ou ndo com LXA,. Os resultados
foram expressos como média + erro padrdo da média (EPM) de 6 animais por grupo. As
diferengas estatisticamente significativas (teste one-way ANOVA e Bonferroni; p < 0,05)
entres os grupos infectado e nao-infectado sao indicados por um (*), ao passo que (+) indica
as diferengas entre os grupos infectados. (B) Parasitemia, avaliada através de citometria de
fluxo, de animais infectados tratados ou ndo com LXA, (0,5 pg/kg/dia). Os resultados foram
expressos como média * erro padrdao da média (EPM) de 6 animais por grupo. As
diferencgas estatisticamente significativas (teste t; p < 0,05) sao expressas por (+).
(C) Sobrevida de animais infectados com P. berghei néo tratados ou pré-tratados com LXA,
(0,5 ug/kg/dia). Os resultados foram expressos como média + erro padrao da média (EPM)
de 12 animais por grupo. As diferengas estatisticamente significativas (teste de Log-rank
(Mantel-Cox) p < 0,05) entres os grupos infectado e nao-infectado séo indicados por um (*).
(D) Pontuagdo de comportamento de animais submetidos a alguns testes selecionados do
SHIRPA. Os resultados foram expressos como média * erro padrao da média (EPM) de 6
animais por grupo. As diferengas estatisticamente significativas (teste t; p < 0,05) séo
expressas por (+).
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Assim como o parametro cerebral, outro comprometimento estudado durante
a malaria grave experimental € a SRAS. No modelo experimental utilizando P.
berghei em camundongos C57BI/6, ocorre edema pulmonar, infiltrado inflamatério,
bem como disfungdo do 6rgéo (43). Em nosso estudo constatamos que o pré
tratamento com a LXA4 foi capaz de reduzir a formagdao de edema pulmonar
causado pela infeccéo (figura 2A), bem como diminuir a elastancia estatica (Est)
(figura 2B),
a pressao de resisténcia (AP1) (figura 2C) e a viscoelasticidade (AP2) (figura 2D)

quando comparados ao grupo infectado néao tratado.
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Figura 2— Efeito do pré-tratamento com LXA4 durante o desenvolvimento da
SARS. Efeito do pré-tratamento com LXA, (0,5 pg/kg/dia) durante o desenvolvimento da SARS
induzida por P. berghei em camundongos C57BI/6. (A) Edema pulmonar; (B) elastancia estatica
(Est); (C) pressao de resisténcia (AP1) e (D) viscoelasticidade (AP2). Os resultados foram
expressos como média + erro padrdao da média (EPM) de 6 animais por grupo (10 a 15 aferigbes
por animal). As diferengas estatisticamente significativas (teste one-way ANOVA e Bonferroni; p
< 0,05) entres os grupos infectado e nao-infectado sao indicados por um (*), ao passo que (+)
indica as diferengas entre os grupos infectados.
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Realizamos a analise histolégica dos pulmdes dos camundongos submetidos
a mecanica pulmonar para que pudéssemos visualizar o comprometimento tecidual.
De acordo com a analise histologica dos pulmdes (figura 3), o grupo infectado,
quando comparado ao grupo nao infectado, apresentou pontos hemorragicos,
aumento do espessamento da parede alveolar e grande influxo inflamatério. No
entanto, o tratamento com LXA, foi capaz de preservar a arquitetura tecidual,
apresentando diminuigdo tanto nos pontos hemorragicos, como no espagamento

alveolar e no infiltrado inflamatdrio celular.

Nao-infectado

P. berghei

LXA4

Figura 3 — Analise morfolégica dos pulmées. Corte histolégico de pulmao de
camundongos C57BI/6 6 dias apos a infecgado por P. berghei. Parte dos animais infectados
foram tratados com LXA,. Os pulmdes foram recolhidos, processados, cortados e as laminas
coradas por HE conforme descrito na secgdo de Material e Métodos. Setas indicam o
espessamento peribronquialveolar; (*) indicam quebra de septo alveolar; (+) indicam
infiltrado inflamatério.
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Para corroborar os resultados obtidos através da analise histoldgica,
analisamos indiretamente a presencga de neutrdéfilos no tecido pulmonar. O ensaio
para determinar a atividade da enzima mieloperoxidase (MPO) nos pulmdes de
camundongos infectados por P. berghei demostrou que durante a infec¢ao no tecido,
ocorre um aumento da atividade da MPO quando comparada ao grupo néao
infectado. No entanto, o tratamento com LXA, foi capaz de diminuir a atividade de
MPO no tecido pulmonar (figura 4).
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Figura 4 — Atividade de MPO em tecido pulmonar apés tratamento com LXA,
Atividade de MPO em tecido pulmonar de camundongos C57BI/6 infectados com P.
berghei, tratados ou ndo com LXA, (0,5 ug/kg/dia). Os resultados foram expressos como
média + erro padrdo da média (EPM) de 6 animais por grupo. As diferencas
estatisticamente significativas (teste one-way ANOVA e Bonferroni; p < 0,05) entres os
grupos infectado e néao-infectado sao indicados por um (*), ao passo que (+) indica as
diferengas entre os grupos infectados.
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Conforme descrito anteriormente, o desenvolvimento da SRAS durante a malaria
experimental depende da presenca de infiltrado inflamatério (52). Uma vez
observada a diminuicdo de células inflamatérias no tecido pulmonar, avaliamos o
papel da LXA4 na produgéao de citocinas como IL-6, TNF-a e IL-10, que estéo ligadas
a patogénese da malaria (48) e ao desenvolvimento da SRAS de origem infecciosa
(96, 97).

De fato, os animais infectados apresentaram um aumento de IL-6 (figura 5A),
TNF-a (figura 5B), CXCL1 (figura 5C) e CCL2 (figura 5D) quando comparados com
animais nao infectados. Entretanto, ndo foi observada alteragdo na producéo IL-10
(figura 5C) quando comparado com o grupo ndo infectado. Foi observado que o
tratamento com LXA4 n&o alterou a producao de IL-6 (figura 5A), TNF-a (figura 5B),
CXCL1 (figura 5C) e CCL2 (figura 5D) quando comparada ao grupo infectado sem
tratamento, no entanto foi capaz de induzir o aumento de IL-10 (figura 5C) no tecido

em relagdo aos grupos controle (infectado e ndo-infectado).
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Figura 5—- Producdo de citocinas e quimiocinas em tecido pulmonar durante
tratamento com LXA, Producgéo de citocinas e quimiocinas em tecido pulmonar de camundongos
C57Bl/6 infectados com P. berghei, tratados ou ndo com LXA, (0,5 ug/kg/dia). Dosagens de IL-6
(A), TNF-a (B), IL-10 (C), CXCL1 (D) e CCL2 (E) em tecido pulmonar, foram determinadas pelo
método de ELISA. Os resultados foram expressos como média + erro padrdo da média (EPM) de 6
animais por grupo. As diferencas estatisticamente significativas (teste one-way ANOVA e
Bonferroni; p < 0,05) entres os grupos infectado e ndo-infectado sao indicados por um (*) ao passo
que (+) indica as diferengas entre os grupos infectados.
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Na figura 6, observa-se que a infec¢do por P. berghei foi capaz de induzir o
aumento de leucocitos totais (figura 6A) e neutrdfilos (figura 6B) na circulagéo
periférica, levando também a um aumento de mononucleares (figura 6C) quando
comparados ao grupo nao infectado. O tratamento com LXA4 reduziu o numero de
leucécitos periféricos, assim como neutréfilos e mononucleares circulantes.
Utilizamos o BOC-2 como antagonista do receptor FPR1 (receptor da LXA4), afim de
comprovar o efeito do tratamento e observamos que o BOC-2 reverteu os efeitos da
LXA4, exceto na contagem de mononucleares, onde o numero de células diminuiu

em relagao ao grupo infectado.
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Figura 6 - Efeito do pré-tratamento com LXA, na contagem de leucdcitos
total e diferencial Efeito do pré-tratamento com LXA,; (0,5 pg/kg/dia) ou BOC-2
(1mg/kg/dia) + LXA, (0,5 ug/kg/dia) sobre numero de leucécitos totais (A), neutrofilos (B)
e mononucleares (C) periféricos durante infecgdo por P. berghei em camundongos
C57BI/6. A contagem de leucécitos foi realizada em camara de neubauer enquanto a
contagem de neutrdéfilos e mononucleares foi realizada em distensdo sanguinea utilizando
coloragéo por panético. Os resultados foram expressos como média + erro padrdo da
média (EPM) de 6 animais por grupo. As diferengas estatisticamente significativas (teste
one-way ANOVA e Bonferroni; p < 0,05) entre os grupos infectado e nao-infectado sao
indicados por um (*) ao passo que (+) indica as diferengas entre os grupos infectados e
(#) indica a diferencga entre os grupos infectados tratados.
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Uma vez observada a diminuicdo de neutrdéfilos periféricos apds tratamento com
LXA4, dosamos a quimiocina CXCL1 no plasma (figura 7A). Observamos que a
infeccado por P. berghei induziu o aumento dos niveis de CXCL1 no plasma quando
comparado ao grupo nao infectado. Tal aumento foi inibido apds tratamento com a
LXA;. Verificamos que ao utilizamos o BOC-2, ocorre um aumento na producgao de
CXCL1 semelhante ao observado no grupo infectado (Figura 7A).

A figura 7B mostra que o soro de animais infectados induz a quimiotaxia de
neutrdfilos, no entanto quando a quimiocina CXCL1 presente no plasma foi
neutralizada com anticorpo anti-CXCL1, os niveis de migracdo dos neutréfilos caem

mas permanecem aumentados em relagdo grupo estimulado com soro de animal
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Figura 7 - Participagcao do CXCL1 na migragao de neutréfilos (A) Producao
de CXCL1 em soro de camundongos C57BI/6 infectados com P. berghei, tratados ou
ndo com LXA,; (0,5 pg/kg/dia) ou LXA,; (0,5 pg/kg/dia) + BOC-2 (1mg/kg/dia),
determinada pelo método de ELISA. Os resultados foram expressos como média + erro
padrao da média (EPM) de 6 animais por grupo. (B) Quimiotaxia de neutrdfilos retirados
da medula de camundongos nao infectados e estimulados in vitro com plasma recolhido
de camundongos nao infectados ou 5 dias apdés a infecgdo com P. berghei. Os
resultados foram expressos como média + erro padrdo da média (EPM) de 3
experimentos independentes. As diferengas estatisticamente significativas (teste one-
way ANOVA e Bonferroni; p < 0,05) entres os grupos infectado e nao-infectado séo
indicados por um (*) ao passo que (+) indica as diferengas entre os grupos infectados e
(#) indica a diferenga entre os grupos infectados tratados.
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Uma das hipéteses levantadas para a diminuicao dos numeros de neutrdfilos
no sangue apods tratamento com LXA, seria a apoptose dos mesmos ainda na
medula 6ssea. Observamos na Figura 8 que a infecgado por P. berghei induz a
apoptose tardia de neutréfilos quando comparado ao grupo nao infectado, porém o
tratamento com LXA4 ou LXA4 e BOC-2, mantiveram os niveis equivalentes ao grupo

infectado (figura 8A).
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Figura 8- Efeito do pré-tratamento da LXA, na apoptose induzida em
neutréfilos Efeito do pré-tratamento da LXA, na apoptose induzida em neutrdfilos retirados
da medula 6ssea de camundongos C57BI/6 infectados com P. berghei e tratados ou nao
com LXA,; (0.5ug/kg/dia) ou LXA, (0.5ug/kg/dia) e BOC-2 (1mg/kg/dia). (A) Neutrofilos
foram marcados com anticorpo anti-Ly6G, anexina V e iodeto de propideo (Pl), adquiridos
no citdbmetro de fluxo (FACS) e os dados foram analisados no FlowJo. Os resultados foram
expressos como meédia + erro padrdo da média (EPM) de 6 animais por grupo. As
diferengas estatisticamente significativas (teste one-way ANOVA e Bonferroni; p < 0,05)
entres os grupos infectado e ndo-infectado sdo indicados por um (*). (B) Dotplots
representativos mostrando a porcentagem de células Ly6G*/anexina V'/PI" na medula
6ssea de camundongos C57BI/6 infectados com P. berghei e tratados ou ndo com LXA,.
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Visto que o tratamento diminuiu o numero de neutrdfilos periféricos, no
entanto sem induzir a apoptose dos mesmos na medula Ossea, investigamos a
possibilidade de a LXA4 modular a atividade dos neutréfilos dentro da medula 6ssea.
Foi observado que a infecgao por P. berghei diminui a porcentagem de neutrdfilos
Ly6G" na medula 6ssea quando comparado a animais ndo infectados (figura 9A e
C). O tratamento com a LXA; aumentou a porcentagem de neutrofilos, mas sem
retornar aos niveis basais. Ja o tratamento com BOC-2 nédo reverteu o efeito da
LXA, (figura 9A e C). Foram avaliados, ainda, a porcentagem de neutréfilos
maduros na medula 6ssea através da identificacdo das células CD11b". Verificamos
que a infecgao por P. berghei induz o aumento da porcentagem de neutrofilos
maduros na medula, no entanto nem o tratamento com a LXA4, ou o tratamento com

LXA4 + BOC-2 foram capazes de modular esses valores (figura 9B e C).
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Figura 9 — Efeito do pré-tratamento com LXA, na maturagao de neutréfilos. Efeito
do pré-tratamento com LXA; na maturagcao de neutréfilos na medula 6ssea de camundongos
C57BI/6 infectados ou nao com P. berghei, tratados ou ndo com LXA, (0,5 pg/kg/dia) ou LXA,
(0,5 pg/kg/dia) e BOC-2 (1mg/kg/dia). Neutrofilos foram marcados com anticorpo anti-Ly6G e
anti-CD11b, adquiridos no citdmetro de fluxo (FACS) e os dados foram analisados no FlowJo.
(A) Percentual total de neutréfilos em diferentes estagios de maturagdo na medula éssea; (B)
Percentual de neutrdfilos maduros localizados na medula dssea. Os resultados foram expressos
como média * erro padrdao da média (EPM) de 6 animais por grupo. As diferencgas
estatisticamente significativas (teste one-way ANOVA e Bonferroni; p < 0,05) entres os grupos
infectado e nao-infectado sao indicados por um (*) ao passo que (+) indica as diferengas entre
os grupos infectados. (C) Dotplots representativos mostrando a porcentagem de células
Ly6G*/CD11b" na medula 6ssea de camundongos C57BI/6 infectados com P. berghei e tratados
ou nao com LXA,ou LXA, e BOC-2.
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Em seguida avaliamos se a LXA; estaria interferindo na migracdo dos
neutroéfilos. Inicialmente avaliamos o efeito do tratamento in vivo com LXA4 sobre a
mobilidade espontanea dos neutrdfilos. Em ensaio de quimiocinese verificamos que
neutrofilos oriundos de medula 6ssea de camundongos infectados por P. berghei
migram espontaneamente em maior numero que neutrofilos oriundos de
camundongos nao infectados. De maneira interessante, o tratamento in vivo com
LXA4 reduziu a taxa de migragcdo espontanea; tal redugdo foi revertida apds
tratamento com BOC-2 (figura 10A).

Posteriormente, avaliamos se a re-estimulacdo in vitro modularia a
capacidade migratoria dos neutrodfilos retirados de camundongos né&o infectados ou
infectados por P. berghei, tratados ou ndao com LXA; ou LXA; e BOC-2.
Primeiramente submetemos os neutrofilos a quimiotaxia utilizando soro de animal
nao infectado como estimulo migratério e verificamos o mesmo padrao de resposta,
onde neutréfilos de animais infectados migraram mais que neutrofilos de animais
nao infectados (figura 10B). Neutrdéfilos de camundongos infectados com P. berghei
e tratados com LXA4 migraram menos quando comparados a neutrofilos de animais
infectados e o co-tratamento com BOC-2 reverteu este padrao migratério (figura
10B). Em seguida, estimulamos os neutréfilos com soro de animais infectados e
observamos que neutrofilos recolhidos de camundongos n&o infectados migram em
maior numero quando comparado com a taxa migratéria de neutréfilos que
receberam soro de animais nao infectados como estimulo migratério (figura 10C).
Porém os neutrdfilos recolhidos dos animais infectados, sejam eles tratados ou nao,
tiveram um perfil migratério semelhante ao visto nos graficos mostrados na figura
10A e 10B, ou seja, mesmo com a re-estimulagdo ndo houve aumento do nivel de
migragao dos neutrofilos, e a LXA4 permaneceu impedindo a migragao dos mesmos
(figura 10C).

Ao utilizarmos a 15-epi-LXA4, um analogo estavel da LXA4, na avaliagdo da
migracdo de neutrofilos da medula éssea de camundongos infectados com P.
berghei, observamos os mesmos resultados das figuras 10A, 10B e 10C, onde o
tratamento in vivo com 15-epi-LXA4 foi capaz de inibir as taxas de migragao tanto na

quimiocinese (figura 10D) quanto na quimiotaxia (Figura 10E).
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Figura 10 — Avaliagao do efeito do pré-tratamento com a LXA, na migragao de
neutréfilos ex vivo. Quimiocinese (A), quimiotaxia utilizando como estimulo soro de animal
néo infectado (SN) (B) e quimiotaxia utilizando como estimulo soro de animais infectados
com P. berghei (Sl) (C) de neutrdfilos retirados da medula éssea de camundongos C57Bl/6
infectados ou nao com P. berghei, tratados ou ndo com LXA, (0,5 ug/kg/dia) ou LXA, (0,5
pg/kg/dia) e BOC-2 (1mg/kg/dia). Efeito do pré-tratamento in vivo com 15-epi-LXA, (0,5
Mg/Kg/dia) na quimiocinese (D) e quimiotaxia utilizando como estimulo CXCL1 (E) de
neutrdfilos retirados da medula 6ssea de camundongos C57Bl/6 infectados ou ndo com P.
berghei, tratados ou ndo com 15-epi-LXA, (0,5 ug/kg/dia) ou 15-epi-LXA, (0,5 pg/kg/dia) e
BOC-2 (1mg/kg/dia). Os ensaios foram realizados em camara de Boyden. Os resultados
foram expressos como média * erro padrao da média (EPM) de 3 experimentos
independentes. As diferengas estatisticamente significativas (teste one-way ANOVA e
Bonferroni; p < 0,05) entres os grupos infectado e nao-infectado sao indicados por um (*) ao
passo que (+) indica as diferengas entre os grupos infectados e (#) indica a diferenga entre
os grupos infectados tratados.



Nossos resultados sugerem que a LXA4, em nosso modelo in vivo, esteja de
alguma forma atuando no neutrdfilo, impedindo a sua migragéo. Portanto avaliamos
se a acgao € direta através do ensaio de tratamento in vitro com a LXA4. Neutrdfilos
isolados da medula 6ssea de camundongos né&o infectados foram pré-tratados in
vitro com LXA4 (10 nM) ou BOC-2 e LXA4 (40 nM e 10 nM, respectivamente), em
seguida foram colocados em camara de Boyden para migrar frente aos estimulos
soro de animal infectado ou ndo (figura 11A) ou CXCL1 (figura 11B). Novamente
observamos que o soro oriundo de animal infectado € capaz de induzir a migragao.
Verificou-se, também, que o tratamento com LXA; manteve o mesmo padréo de
resposta da quimiocinese e quimiotaxia in vivo, onde o tratamento inibiu a migracéao
de neutrofilos quando comparado ao grupo estimulado com soro infectado (figura
11A) ou com o grupo estimulado com CXCL1 (figura 11B). A adicdo de BOC-2 ao
tratamento com a LXA, reverteu a inibicdo causada pela LXA; tanto quando os
neutrofilos foram estimulados com soro de animais infectados (figura 11A) quanto
por CXCL1 (figura 11B).
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Figura 11 — Efeito do pré-tratamento in vitro de LXA4 na migracao de
neutrofilos estimulados in vitro. Efeito do pré-tratamento in vitro de LXA4 (10 nM) ou
BOC-2 e LXA4 (40 nM e 10 nM, respectivamente) na migragéo de neutrdfilos isolados da
medula 6ssea de camundongos nao-infectados. Quimiotaxia de neutrdfilos utilizando como
estimulo soro de animal n&o infectado (SN), soro de animais infectados com P. berghei (Sl)
(A); ou CXCL1 (B). Os resultados foram expressos como média * erro padrao da média
(EPM) de 3 experimentos independentes. As diferencas estatisticamente significativas (teste
one-way ANOVA e Bonferroni; p < 0,05) entres os grupos infectado e nao-infectado sao
indicados por um (*) ao passo que (+) indica as diferencas entre os grupos infectados e (#)
indica a diferenga entre os grupos infectados tratados.
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5. DISCUSSAO

A malaria grave é uma doenga que mata cerca de 2 milhdes de pessoas no
mundo anualmente (98) e é caracterizada pela presenga de uma ou mais patologias
especificas como edema cerebral, sindrome respiratéria aguda severa (SRAS),
lesdo renal aguda e disfuncdo de diversos 6rgaos. Atualmente o tratamento da
malaria visa apenas a eliminagdo do parasita, no entanto, alguns autores sugerem
que a modulagdo da resposta inflamatéria causada durante a infeccédo deva ser
concomitante a administragdo do antimalarico (56, 99). Ainda assim, nao esta claro
se o tratamento visando a melhora da SRAS induzida durante a malaria grave seria
benéfico a recuperacao do hospedeiro.

A LXA; foi primeiramente descrita por Serhan, Hamberge Samuelsson em
1984, como um medidor lipidico cuja presenga no organismo esta ligada a resolugao
do processo inflamatério (68-70). Em camundongos, as lipoxinas sdo sintetizadas
apods atividade sequencial das enzimas 15-LO e 5-LO sobre o acido araquidénico
(AA) e 0 15S-HETE, respectivamente, formando a LXA4 (100). Recentemente, nosso
grupo mostrou que a LXA4 é capaz de melhorar a resposta inflamatéria durante a
malaria grave cerebral experimental (Anexo ), porém ainda ndo ha dados na
literatura sobre a atuagao desse mediador durante a fase pulmonar da malaria grave
experimental.

Alguns estudos ja descreveram caracteristicas da SRAS durante a malaria
grave experimental, tais como diminuicdo da fungdo pulmonar, aumento da
producdo de citocinas (43) e quimiocinas (101) e o acumulo de mononucleares e
neutrofilos no tecido pulmonar (42). Além disso, estudos anteriores mostram que
diferentes linhagens de camundongos possuem diferentes respostas a infecgéo pelo
P. berghei (41). A linhagem DBA, por exemplo, quando infectado com P. berghei
apresenta SRAS sem comprometimento cerebral; j4& o Balb/c desenvolve
hiperparasitemia sem desenvolver nem SRAS nem comprometimento cerebral (41).
De acordo com o descrito anteriormente na literatura (102) e por nosso grupo (43),
utilizamos camundongos C57BI/6, pois essa linhagem possui susceptibilidade a
malaria grave quando infectada por P. berghei, incluindo comprometimento cerebral
e pulmonar.

Num primeiro momento avaliamos o tratamento com LXA; durante o
desenvolvimento da malaria cerebral. De forma interessante, observamos que a

LXA4 em sua menor dosagem foi capaz de inibir a formagédo de edema cerebral.
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Embora o tratamento com a LXA4 ndo tenha contribuido para uma maior sobrevida
ao longo do tempo, observamos que entre o 4° e o 9° dia (periodo de morte por
malaria cerebral) os camundongos tratados sobreviveram mais que o grupo
infectado. A melhora na disfuncado cerebral também foi vista em relacédo ao dano
cognitivo, onde, mais uma vez, o tratamento se mostrou eficaz na preservagao
contra comprometimento cerebral. Constatamos que a preservagao do tecido
cerebral pela LXA; ocorreu sem modulagdo da parasitemia, sugerindo que a LXA4
melhora a resposta do hospedeiro atuando somente nos mecanismos inflamatérios.
Grande parte do comprometimento cerebral, ocasionado durante a malaria
experimental, se da devido ao acumulo celular, principalmente de linfocitos T CD8"
(103), rompimento da barreia hematoencefalica (104) e produgdo exacerbada de
mediadores inflamatérios no endotélio cerebral (27). Embora haja diminuicdo da
adesao de hemacias e do edema cerebral, o tratamento com LXA; ndo se mostrou
eficaz em inibir a adesao de leucdcitos na vasculatura cerebral.

A LXA; tem um importante papel na resposta inflamatéria, agindo em
diferentes populagdes celulares (75, 76). Ja foi descrito que a LXA4 pode modular a
expressédo de ICAM-1 em células endoteliais estimuladas in vitro (105, 106), o que
culminaria na reducédo do influxo leucocitario (107, 108). De acordo com esses
dados, observamos que a LXAy inibiu a expressdo de ICAM-1 in vivo e in vitro por
induzir a via citoprotetora de expressdao de hemeoxigenase 1. Em conjunto esses
dados sugerem que a administracédo de LXA4 atenua os danos cerebrais causados
durante a infec¢do pelo P. berghei através da modulagcdo da ativagcao de células
endoteliais (Anexo |). Assim como no edema cerebral, a LXA4 reduziu o edema
pulmonar, no entanto, a SRAS observada durante a infecgdo pelo P. berghei tem
outros componentes inflamatérios que nao sao observados na malaria cerebral,
sugerindo que a LXA4 poderia ter outros mecanismos de agao além da agao sobre o
endotélio.

Como uma das formas de avaliar se a LXA; também modula a funcéo
pulmonar, analisamos a mecanica pulmonar a fim de mensurar a funcionalidade do
tecido pulmonar frente a infecgdo por P. berghei. Sabe-se que durante a SRAS
induzida durante a malaria grave experimental, ocorre um aumento da elasténcia e
das pressoes resistiva e viscoelastica (43). A LXA4 foi capaz de reduzir as pressdes
resistiva e viscoelastica, bem como a elastancia, quando comparadas ao grupo
infectado ndo tratado. Esses dados sao corroborados pelos resultados observados

na histologia pulmonar desses animais, uma vez que a LXA4 diminui o edema
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intersticial e influxo inflamatério. Ortiz-Mufioz e colaboradores, mostraram que a
LXA, foi capaz de reduzir a adesao entre neutrofilos e plaquetas no pulmdo em dois
modelos experimentais de SRAS, uma por instilacdo de LPS e outra por leséo
pulmonar aguda associada a transfuséo, contribuindo para uma melhora na lesao
pulmonar (78). A mieloperoxidase (MPQO) é uma enzima secretada por neutrdéfilos e
encontrada nos tecidos onde ha a formagado do processo inflamatério e infiltrado
destas células, sendo este um dos marcadores para a presenga de neutréfilos no
tecido estudado (109, 110). Como forma de comprovar os achados histoldgicos,
dosamos a MPO em tecido pulmonar e observamos que o tratamento com LXA, foi
capaz de reduzir os niveis de MPO em relacdo ao grupo infectado, retomando
valores semelhantes ao grupo controle ndo infectado, sugerindo que a o pré-
tratamento com LXA, reduz o acumulo de neutréfilos no tecido pulmonar durante a
malaria grave experimental. De fato, a diminuicdo do numero de neutréfilos no tecido
pulmonar justifica a melhora da fungdo pulmonar uma vez que ja foi demonstrado
que a deplecdo de neutrdfilos melhora a SRAS desenvolvida durante a malaria
grave experimental (51, 52).

Além de neutrdfilos, citocinas e quimiocinas sdo mediadores quimicos
fundamentais no desenvolvimento da malaria grave experimental (48). De fato, ja foi
mostrado que citocinas e quimiocinas estdo envolvidas no desenvolvimento da
SRAS induzida durante a malaria grave experimental (43, 111) como em SRAS
originadas de quadros infecciosos sistémicos ou locais (96, 97). De forma
interessante, o modelo de infecgdo por P. berghei em camundongos C57BI/6,
embora culmine no desenvolvimento da SRAS e malaria cerebral, ndo apresenta
aumento na expressao de VEGF, diferente do observado em outras linhagens (41).
Em dados ndo mostrados, observamos que a dosagem de VEGF no tecido pulmonar
no modelo experimental utilizado nesse estudo mostrou um padrao semelhante ao
observado na literatura, onde a infeccdo por P. berghei em camundongos C57/BI6
nao € capaz de aumentar a expressdao de VEGF em relagcdo ao controle nao
infectado. Da mesma forma, o tratamento com a LXA4 nao interfere na producéo do
VEGF (dados ndo mostrados). Dosamos, ainda, IL-6, TNF-a, IL-10, CXCL1 e CCL2
em tecido pulmonar a fim de avaliar se LXA; estaria envolvida na melhora da
resposta inflamatéria através da modulacdo na produgdo destas citocinas e
quimiocinas. Nossos resultados mostram que a LXA; induziu o aumento de IL-10, o
que pode ter contribuido para uma melhora na resposta inflamatéria, porém sem

interferir na produgao de IL-6 e TNF-a. Estudos mostram que durante a infecdo por
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P. berghei nao ha aumento da producdo de IL-10, o que estaria relacionado com a
resposta inflamatoria exacerbada. Fazalul e colaboradores demonstraram que a IL-
27, citocina considerada proé-inflamatoria na malaria, seria responsavel por suprimir a
producao de IL-10. Uma vez neutralizada a IL-27 em camundongos infectados com
P. berghei, observou-se um aumento de IL-10, culminando por uma preservagao dos
tecidos durante a resposta inflamatéria (112). Esses dados sugerem que a melhora
da SRAS induzida durante a malaria grave experimental apds pré-tratamento com
LXA, esteja relacionada com agéao direta deste mediador em diferentes populagdes
celulares, como na modulacao da resposta Th1/Th2.

Com base nos dados anteriores, observamos que o pré-tratamento com a
LXA4 diminuiu o numero total de leucdcitos periféricos, especialmente o numero de
neutrofilos, bem como reestabeleceu a niveis basais os numeros de mononucleares
periféricos. Embora ja tenha sido descrito a atuagdo da LXA; na migragdo de
neutrofilos para o sitio inflamatorio (113), ndo existem estudos que descrevam o
papel da LXA4 na reducgao periférica de neutréfilos nem sua mobilizagcdo da medula
O0ssea. Desta forma hipotetizamos que o pré-tratamento com a LXA,; atue sobre
mecanismos que envolvam a migragao de neutrofilos da medula éssea.

Diversos mecanismos de mobilizagdo de neutrdéfilos da medula 6ssea ja foram
demonstrados. Durante a homeostasia, fatores como CXCL12 retém os neutrofilos
na medula éssea evitando a neutrofilia. O CXCL12 se liga no CCR4 presente na
membrana de neutrdfilos medulares sinalizando para que os mesmos fiquem no
estroma. Outro fator presente na manutengéo destas células na medula 6ssea € o
fator derivado de células estromais (SDF-1). Em modelo murino foi observado que
este quimiotatico, pertencente a familia dos CXCL12, atua via CCR4, contribuindo
para a retengédo de células na medula éssea. Durante a infecgdo por P. berghei em
camundongos C57BI/6, foi observado que o SDF-1a produzido no bago é importante
para impedir a formagdo da malaria grave experimental (114). Durante a resposta
inflamatdria, como a observada em nosso modelo, acontece a producdo de CXCL1
que se liga ao CXCR2 dos neutrofilos. Este receptor atua de forma antagdnica ao
CCR4, e, uma vez estimulado, culmina na internalizagcdo de CCR4 e leva a saida do
neutréfilo da medula 6ssea (115). Ja foi demonstrado que o aumento da produgao
de CXCL1 durante a SRAS induzida por LPS é importante para migracdo dessas
células (116). Desta forma, realizamos a dosagem de CXCL1, desta vez no soro, e
observamos que a produgdo de CXCL1 induzida durante a infec¢ao por P. berghei

foi inibida pelo pré-tratamento com LXA4. No entanto, ao bloquearmos o CXCL1 em
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ensaio de migracgao (figura 7b), também observamos que o CXCL1 ndo € o unico
fator responsavel pela migragdo de neutréfilos em nosso modelo, sugerindo que a
LXA; esteja modulando a mobilizagdo nos neutrofilos na medula 6ssea. Um dos
mediadores quimiotaticos importantes para a ativagao e migragao de leucécitos para
o sitio inflamatério € o LTB4. Derivado do metabolismo do acido araquiddnico pela
enzima fosfolipase A2, sua sintese é perpetuada mesmo apds ativagao celular
principalmente em neutrofilos e macréfagos ativados (117). O papel dos LT's
durante a malaria ainda ndo é bem definido. Sabe-se que no desenvolvimento da
malaria experimental cerebral, camundongos infectados apresentam aumento de
LTB4 no soro (118) que pode estar relacionada com o desenvolvimento da malaria
cerebral (119). Dados ainda n&o publicados do nosso grupo mostram que, em tecido
pulmonar, o LTB4 é produzido nos tempos iniciais da infeccdo por P. berghei, no
entanto, ao longo do desenvolvimento da doenga a produgéo é diminuida, ao ponto
que no quinto dia de infecgdo a quantidade retorna ao nivel basal. Nosso grupo
ainda observou que camundongos deficientes em expressar 5-LO, durante a
infeccdo por P. berghei, ndo apresentam melhora da resposta inflamatoéria em
comparagao aos animais controle infectado. Desta forma, acreditamos que durante a
malaria, quimiocinas, citocinas e outros mediadores inflamatorios tenham uma agao
diferenciada da descrita usualmente em outros modelos infecciosos, o que explica o
efeito da LXA, identificado neste estudo.

A interacao de neutrofilos com a LXAy ja é bastante descrita na literatura (78,
120, 121). Além da modulagédo da capacidade migratoria, a LXA4 usa como um dos
mecanismos para controle da resposta inflamatéria neutrofilica a apoptose de
neutréfilos (revisto em (122)), no entanto, em nosso modelo, a LXA4 n&o alterou os
niveis de apoptose induzido pela infeccdo pelo P. berghei. Outro mecanismo
possivel para justificar a redugdo dos numeros de neutrofilos periféricos apés
tratamento com a LXA; é a modulagdo da maturacido dos neutrofilos na medula
O0ssea. Como descrito por Pelus e Hoggatt, alguns eicosanoides podem interferir na
hematopoiese (123). Ja foi mostrado que células da medula 6ssea séo capazes de
produzir derivados da lipoxigenase, como o leucotrieno C4 e LXA4. NO entanto esses
mediadores nao seriam capazes de induzir diferenciagao ou proliferacdo, a nao ser
via presenca de GM-CSF (124). Entretanto, pacientes de leucemia mieldide crénica
em crise blastica, ou seja, com aumento da produgdo de células mieldides, tém

niveis de LXA4 diminuido quando comparado a fase n&o blastica (125).
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Como forma de avaliar se a LXA4 estaria interferindo na maturagao de
neutrofilos no modelo usado nesse estudo, analisamos o perfil de expressao
LY6G/CD11b, descrito como marcadores de maturacédo de neutroéfilos. Em situagdes
fisiolégicas, a diminuicdo da expressdo de CD11 indica que o neutrdfilo esta apto a
evadir da medula 6ssea (126). Atuando em paralelo, neutréfilos que apresentam
uma maior expressao de LY6G, sao células maduras aptas a migrarem da medula
ossea (127). No entanto, a expressdo de CD11b também pode ser usada como um
marcador de ativacdo e migracdo de diferentes populagdes celulares, inclusive
neutrofilos (128), além de ja ser descrito que a infecgdo por P. berghei é capaz de
induzir ao aumento desta integrina (129). Observamos que o tratamento com LXAg4,
assim como o tratamento com BOC-2, ndo foram capazes de alterar os niveis de
CD11b em neutrdfilos retirados da medula 6ssea quando comparados ao grupo
infectado. Este dado nos sugere que, uma das possiveis formas pelas quais a LXAy
esteja atuando sobre a redugao do infiltrado leucocitario, seja através da inibigao da
mobilidade do neutrdfilo, evitando seu egresso da medula éssea.

Como dito anteriormente, em diferentes modelos experimentais foi
demonstrado que a LXA4 possui um importante papel na inibicdo da migragao de
neutrofilos, seja em animais submetidos a sepse por CLP (113) ou em neutrdéfilos
isolados de humanos e estimulados in vitro com diferentes quimiotaticos (130). De
fato, nossos resultados demonstram que o tratamento in vivo com a LXA4 inibiu a
migracdo espontanea de neutréfilos ex vivo. Além disso, o tratamento in vitro dos
neutrofilos com LXAs também inibiu a migracdo induzida pelo soro de animais
infectados reduzindo a migracdo das células para os niveis basais de migragao.
Considerando-se que a LXA, inibe 0 aumento da quantidade sérica de CXCL1 e que
outros fatores quimiotaticos estdo presentes no soro de animais infectados, sugere-
se que a LXA, também iniba a producdo ou a resposta a estes outros fatores. Ja foi
demonstrado que o tratamento sistémico com LXA; reduziu a migragdo de
neutréfilos para o peritbnio em modelos de peritonite induzida por zimosan A (131).
Recentemente Wu e colaboradores compararam o efeito da LXA; com seu analogo
comercial a 15-epi-LXA4 na resposta inflamatoria sistémica induzida em modelo de
sepse. Embora a 15-epi-LXA4 seja mais estavel, ambas as moléculas foram capazes
de diminuir a inflamacao sistémica e o acumulo de neutréfilos no peritbnio de
animais submetidos ao modelo de sepse por ligagao e perfuragéo do ceco. (132). Da
mesma forma, ao utilizarmos a 15-epi-LXA4, observamos a inibicdo na migracao de

neutrofilos, tanto na quimiocinese quanto na quimiotaxia estimulada por CXCL1.
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Como o pré-tratamento in vivo com a LXA4 ndo permite afirmar que a LXA4
exerce um efeito direto sobre os neutrdfilos, avaliamos seu efeito in vitro sobre
neutrdfilos isolados da medula dssea. Demonstramos que o tratamento in vitro de
neutréfilos com LXA4 reduziu a migragdo dos mesmos quando foram utilizados como
quimiotaticos o plasma de animais infectados por P. berghei ou CXCL1, quimiocina
encontrada aumentada durante a infecgéo por P. berghei em nossos experimentos,
indicando que a LXA, afeta a resposta da célula aos quimiotaticos induzidos pela
infeccdo. De fato, estudos realizados in vitro mostraram que a LXAs diminui a
producao de IL-8 através da diminuicdo da translocacao de fatores de transcricao,
como o NFkB e o c-Fos para o nucleo de neutrofilos estimulados com LPS (133). De
forma semelhante, a LXA, modula a fosforilacdo de proteinas em neutréfilos
ativados, especialmente aquelas relacionadas com migracéo (134), sugerindo que o
feito da LXA; possa estar diretamente relacionado a fatores intracelulares
responsaveis pela migragdo dos neutrofilos.

Em conjunto, nossos resultados sugerem que a LXA4 possui um importante
papel na modulacdo da resposta inflamatéria durante a infeccao por P. berghei,
sendo capaz de atuar no tecido pulmonar de forma a prevenir lesdes teciduais. Um
dos possiveis mecanismos é a atuacao direta em neutrdfilos, culminando numa
diminuicdo da migragdo celular, que ao menos em parte, pode ser devido a

modulagao de importantes vias responsaveis pela a mobilidade celular.
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6. CONCLUSOES

Os resultados obtidos durante este estudo demonstram que a LXA4 € capaz

de reduzir os parametros de SRAS ocasionadas pela infecgao por P. berghei. Os

resultados sugerem que a agao da LXA; acontece tanto nas células endoteliais,

prevenindo a formacédo de edemas, como em neutrdfilos, impedindo a sua saida da

medula 6ssea.

A LXA4 inibe o desenvolvimento da malaria grave induzida pela infecgao por
P. berghei, impedindo a formacdo de edema pulmonar e cerebral, o que
aumentou a sobrevida dos animais no periodo em que acontece a morte por

malaria cerebral, no entanto n&o alterou os niveis de parasitemia.

O tratamento com LXA, inibiu a perda de funcdo pulmonar durante a malaria
grave experimental, mantendo os niveis basais de elastancia estatica,
pressdao de resisténcia e pressao de Vviscoelasticidade. Esses dados
corroboram a analise histologica, onde foi observado menor formagédo de
edema intersticial, menos pontos hemorragicos, assim como menor infiltrado

celular.

O tratamento com LXA4 ndo modulou a producdo de IL-6, TNF-a, CXCL1 e
CCL2 no tecido pulmonar, no entanto aumentou a producao IL-10 no pulmao.
O tratamento com a LXA4 diminuiu o numero de leucécitos totais e neutrofilos
periféricos em animais infectados. Apesar de a LXA, inibir a producado de
CXCL1 no soro de animais infectados, a reducdo do numero de neutrofilos

periféricos ndo é exclusivamente dependente da presenca de CXCLA1.

A reducdo do numero de neutrdfilos apds o tratamento com a LXA,; ndo esta
relacionado a alteracdo na maturagdo nem apoptose destas células na
medula dssea. Por outro lado, o tratamento in vivo impediu a ativagao e
migracao ex vixo de neutrofilos. Comprovamos que a LXA4 atua diretamente
sobre os neutréfilos uma vez que o tratamento in vitro impediu a migragao

destas células frente a diferentes estimulos.
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8. ANEXOS I

Neste trabalho tivemos como objetivo avaliar o papel da administracdo de LXA4
exdégena no desenvolvimento da malaria cerebral. Observamos que a LXA4 possui
um papel protetor no modelo de malaria severa frente a diferentes doses de LXAy,
sendo capaz de inibir a formacdo de edema na sua menor dosagem, também
diminuindo a parasitemia, e aumentando a sobrevida dos animais no periodo que
acontece a morte por malaria cerebral. Verificamos que a melhora da fungao
cerebral esta relacionada a recuperacdo da funcionalidade endotelial. De fato,
observamos que a LXA, desativa as células endoteliais por via da indugao da via

citoprotetora da hemeoxigenase-1.
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A breakdown of the brain-blood barrier (BBB) due to endothelial dysfunction is a primary feature of cerebral ma-
laria (CM). Lipoxins (LX) are specialized pro-resolving mediators that attenuate endothelial dysfunction in differ-
ent vascular beds. It has already been shown that LXA4 prolonged Plasmodium berghei-infected mice survival by a
mechanism that depends on inhibiting IL-12 production and CD8 "IFN-y™ T cells in brain tissue; however, the ef-
fects of this treatment on endothelial dysfunction induced during experimental cerebral malaria (ECM) remains
to be elucidated. Herein, we investigate the role of LXA,4 on endothelial dysfunction during ECM. The treatment of

Keywords: . X ) . . .

Endothelial dysfunction P. berghei-infected mice with LXA, prevented BBB breakdown and ameliorated behavioral symptoms but did not
Lipoxin modulate TNF-o. production. In addition, microcirculation analysis showed that treatment with LXA, significant-
Malaria ly increased functional capillary density in brains of P. berghei-infected C57BL/6 mice. Furthermore, histological

Brain-blood barrier breakdown analyses of brain sections demonstrated that exogenous LXA, reduced capillary congestion that was accompa-
nied by reduced ICAM-1 expression in the brain tissue. In agreement, LXA, treatment of endothelial cells stimu-
lated by Plasmodium berghei (Pb)- or Plasmodium falciparum (Pf)-parasitized red blood cells (RBCs) inhibited
ICAM-1 expression. Additionally, LXA, treatment restored the expression of HO-1 that is reduced during ECM.
As well, LXA, treatment inhibits PbRBC and PfRBC adhesion to endothelial cells that was reversed by the use of
an HO-1 inhibitor (ZnPPIX). Our results demonstrate for the first time that LXA4, ameliorates endothelial dysfunc-
tion during ECM by modulating ICAM-1 and HO-1 expression in brain tissue.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Malaria is the most widespread parasitic disease, and despite the
many efforts made to eradicate malaria, it still accounts for 1 million
deaths per year [1]. Death by cerebral malaria is closely associated

Abbreviations: Al, adhesion index; BBB, brain-blood barrier; BOC-2, N-Boc-Phe-Leu-
Phe-Leu-Phe; CFSE, carboxyfluorescein succinimidyl ester; CM, cerebral malaria; ECM, ex-
perimental cerebral malaria; ELISA, enzyme linked immuno sorbent assay; HO, heme oxy-
genase; ICAM, intercellular adhesion molecule; LX, lipoxin; NO, nitric oxide; Pb,
Plasmodium berghei; Pf, Plasmodium falciparum; RBC, red blood cell; TNF, tumor necrosis fac-
tor; ZnPPIX, zinc protoporphyrin IX.
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with the adhesion of parasitized erythrocytes to brain vasculature and
breakdown of the blood-brain barrier (BBB) [2,3]. In fact, it has been
widely demonstrated that murine experimental cerebral malaria
(ECM)-induced endothelial dysfunction depends on the adhesion of
parasitized erythrocytes to cerebral microvasculature [4-6]; the pro-
duction of inflammatory mediators, such as TNF-c, as well as increased
expression of adhesion molecules on endothelial cells [7,8]. Recent ad-
vances concerning malaria treatment have suggested that an adjuvant
therapy targeting endothelial activation improves patient outcome
[9-11]. Indeed, prevention of BBB disruption has been shown to dimin-
ish ECM [3], which can be achieved via pharmacological induction of the
stress-responsive protein heme oxigenase-1 (HO-1) and exposure to
carbon monoxide, the end-product of HO-1 activity [12].

Lipoxins (LX) are products of arachidonic acid metabolism and are
produced through sequential lipoxygenase activity following cell-cell
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interactions in the inflammatory milieu (reviewed by [13]). The interac-
tion of LXA4 and its receptor, ALX has an anti-inflammatory and pro-
resolving activity in several inflammatory models such as allergic air-
way inflammation [14], autoimmune diseases [15] and inflammatory
diseases triggered by bacterial infection [16]. The effect of LXA4 on endo-
thelial cells includes the stimulation of cytoprotective pathways
[17-20]. It has been widely reported that LXA4 upregulates the expres-
sion of heme-oxygenase 1 (HO-1), a stress-responsive enzyme with
cytoprotective activities [21]. In fact, the stimulation of HO-1 expression
by LXA, in endothelial cells is responsible for the inhibition of cellular
activation, including decreased expression of adhesion molecules [22].

Recently, Shryock and colleagues [23] demonstrated that, during se-
vere malaria, treatment with LX epimers (15-epi-LXA,) prolonged sur-
vival by a mechanism that depends on inhibiting IL-12 production and
CDS*IFN-y* T cell accumulation in brain tissue. However, the effects
of this treatment on endothelial dysfunction that is triggered during
ECM remain to be elucidated. In the present study, we provide evidence
that LXA4 exerts a protective effect on brain's endothelial cells by bene-
ficially impacting cerebral edema formation and microcirculation. The
underlying mechanisms are shown to include the prevention of capil-
lary rarefaction and anti-adhesive/anti-inflammatory effects on endo-
thelial cells.

2. Materials and methods
2.1. Ethics statement

This work was carried out in strict accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. The protocol was approved by the
Committee on Ethical Use of Laboratory Animals of the Oswaldo Cruz
Foundation (permit number L052/12).

2.2. Animal preparation and experimental protocol

Male C57BL/6 mice (5-6 weeks old) were provided by the Oswaldo
Cruz Foundation breeding unit (Rio de Janeiro, Brazil) and caged
with free access to food and fresh water at the Farmanguinhos experi-
mental facility, with a room temperature ranging from 22 to 24 °Cin a
12-hour light/dark cycle. The animals were randomly assigned to
three groups: uninfected, P. berghei-infected and LXA,-treated
P. berghei-infected mice. P. berghei ANKA GFPcon 259¢I2 was donated
from Malaria Research and Reference Reagent Resource Center (MR4,
Manassas, VA; deposited by C] Janse and AP Waters, MR4 number:
MRA-865). The infection was induced via intraperitoneal (i.p.) injection
of 5 x 10° P. berghei-parasitized red blood cells (PbRBCs) diluted in sa-
line solution (200 pl), which were withdrawn from a previously infected
mouse of the same strain. Uninfected animals received saline solution
(200 p, i.p.). LXA4 treatment (0.5 pg/kg/day in 200 pl sterile saline)
was performed by i.p. injection 2 h before infection. Untreated mice re-
ceived the same volume of sterile saline. The treatment was performed
daily, from day 1 to day 6 post-infection. Six days post-infection, a thick
blood smear was performed for parasitemia determination using Diff-
Quick staining. ECM was defined as the presentation of at least 2 of
the following clinical signs of neurologic involvement: ataxia, limb pa-
ralysis, poor righting reflex, seizures, roll-over and coma. In addition, a
set of 6 behavioral tests (transfer arousal, locomotor activity, tail eleva-
tion, wire maneuver, contact righting reflex, and righting in arena)
adapted from the SHIRPA protocol [24,25] was used to provide a better
estimate of the overall clinical status of the mice during infection. The
performance in each test was assessed using the following scoring sys-
tem: O to 5 (transfer arousal), O to 4 (locomotor activity), 0 to 4 (tail el-
evation), 0 to 4 (wire maneuver), 0 to 3 (contact righting reflex), and 0
to 3 (righting in arena). Tests were performed at day 0 and day 6 post-
infection in 10 mice per group. The data are expressed as differences
between the values registered at day 0 (pre-infection) and day 6 post-

infection, from each individual mouse. Lower numbers represent maxi-
mum performance, whereas higher scores represent severe behavioral
impairment. During all experimental of the procedures, the mice were
monitored daily, and those that presented impaired locomotor activity
and no struggle response to sequential handling were euthanized.

2.3. TNF-« determination from brain tissue

TNF-o levels were evaluated from brain tissue. Briefly, brains from
non-infected, P. berghei-infected and LXA4-treated P. berghei-infected
mice were excised and homogenized in cell lysis buffer [20 mM TRIS,
150 mM Nacl, 5 mM KCl, 1% Triton X-100, protease inhibitor cocktail
(1:1000, Sigma-Aldrich, USA)] and immediately frozen at —80 °C. The
total protein content of each tissue homogenate was evaluated using
the Bradford method, followed by determination of cytokine production
using a standard sandwich ELISA, performed according to manufacturer's
instructions (BD Pharmingen, USA). The plates were read at 490 nm in
M5 Spectrophotometer (Molecular Devices, USA). The results were
expressed as ng of cytokine per mg of tissue.

24. Evaluation of blood-brain barrier disruption

BBB disruption was evaluated as previously described [26]. The mice
were infected and treated as described above. On day 5 post-infection,
mice received an intravenous (i.v.) injection of 1% Evans blue dye
(Sigma-Aldrich, Brazil) and were euthanized 1 h later. Their brains
were weighed and placed in formamide (2 ml, 37 °C, 48 h) to extract
the Evans blue dye from the brain tissue. Absorbance was measured at
620 nm (Spectramax 190, Molecular Devices, CA, USA). The concentra-
tion of Evans blue dye was calculated using a standard curve. The data
are expressed as mg of Evans blue dye per g of brain tissue.

2.5. Cerebral intravital microscopy with epi-illumination and fluorescence

For intravital microscopy, the mice were infected and treated as
described above. At day 5 post-infection, they were anesthetized via
i.p. injection with a mixture of ketamine (100 mg/kg) and xylazine
(10 mg/kg). Anesthesia was maintained via additional intravenous
(i.v.) doses of 5 mg/kg via the tail vein. Core temperature was monitored
with a rectal probe and was maintained at 37 °C with a homeothermic
blanket (Harvard Apparatus, Boston, MA, USA).

To visualize the cerebral microcirculation, a craniotomy of the right
parietal bone was performed using a drill to expose the pia mater micro-
vasculature, as described previously [27]. This window also enables vi-
sualization of in vivo leukocyte recruitment [28]. The assessed field
was continuously perfused with artificial cerebrospinal fluid at 37 °C,
pH 7.35. The perfusate was continuously aerated with 10% O,, 6% CO,
and 84% N, to maintain tension and gas levels comparable to physiolog-
ical pH and to avoid local inflammation.

Following i.v. administration of fluorescein dextran (FITC-dextran
150), images of the microcirculation were acquired using Archimed
3.7.0 software (Microvision, Evry, France). The capillary count was
made using Saisam 5.1.3 software (Microvision). Serial images were
taken with 10x ocular and 10x objective lenses (Olympus BX150WI;
Center Valley, PA, USA) for 1 min/field from four fields. Only the contin-
uously perfused capillaries were counted to determine the mean func-
tional capillary density, expressed as the number of capillaries/mm?.

To label circulating leukocytes, 0.3 mg/kg rhodamine 6G was i.v.
injected. Fluorescing leukocytes were visualized via microscopy as de-
scribed above. The leukocyte-endothelial interaction was evaluated by
counting the number of leukocytes adhering to the venular wall
(100 um long) over 30 s and expressed as the number of cells/min/
100 pm. Parameters were determined in pia mater venules with diame-
ters ranging from 50 to 70 pm.
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2.6. Brain histology

Brains from uninfected, P. berghei-infected and LXA4-treated
P. berghei-infected mice were carefully removed, fixed in 4% buffered
formaldehyde, and paraffin-embedded. Five-micrometer-thick slices
were cut and stained with hematoxylin and eosin. The cerebral micro-
vasculature was analyzed in the cortical-medullary region. Occlusive
vessels were examined in 30 consecutive fields under 400 x magnifica-
tion. Adhered parasitized red blood cells were assessed in 30 consecu-
tive fields under 1000 x magnification according to the following
semi-quantitative scoring: 0 = no adhered parasitized red blood cells;
1 = unique adhered parasitized red blood cells; 2 = adhered rosettes;
3 = diffuse adhered cells.

2.7. Immunodetection of HO-1 and ICAM-1

Brains were removed from perfused mice and homogenized in ice-
cold extraction buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP-40)
freshly supplemented with phosphatase and protease inhibitors
(10 mM NaF, 5 mM NasVO,, 5 mM NayP,0; and 1x protease inhibitor
cocktail, Sigma-Aldrich, USA). The final protein concentration in
each condition was determined using the DC™ Protein assay reagent
(Bio-Rad, USA), using BSA as a standard. Aliquots containing 30 pg of
protein were re-suspended in SDS-PAGE loading buffer, resolved on
11% SDS acrylamide gels and transferred onto PVDF Hybond™
membranes (Amersham, UK). After blocking with 5% non-fat dry
milk/Tris-buffered saline containing 0.1% Tween-20 for 1 h at room
temperature, the membranes were probed overnight at 4 °C with spe-
cific primary antibodies followed by horseradish peroxidase-labeled
secondary antibodies. Rabbit polyclonal anti-mouse HO-1 (1:5000)
and horseradish peroxidase-labeled goat polyclonal anti-rabbit anti-
bodies (1:2500) were obtained from Enzo Life Sciences, Inc. (USA).
Mouse monoclonal anti-mouse ICAM-1 (1:1000) and horseradish
peroxidase-labeled goat monoclonal anti-mouse antibodies (1:500)
were obtained from Santa Cruz Biotechnologies, Inc. (USA). Then,
PVDF sheets were incubated with streptavidin-conjugated horseradish
peroxidase (1:10,000) for 1 h and developed by an ECL®-plus reagent
(Enhanced Chemiluminescence, Amersham Biosciences). The bands
were quantified by densitometry, using Image] (public domain) soft-
ware programs.

The probed membranes were stripped with Re-Blot Plus Western
Blot stripping solution (Millipore) for 30 min at room temperature
and re-probed with rabbit polyclonal B-actin antibody to detect total
levels of protein.

2.8. Endothelial cell stimulation

The murine thymic endothelioma cell line (tEnd.1) [29] and the
human endothelial cell line ECV-304 [22] were kindly provided by
Dr. T.C. Barja-Fidalgo (Universidade do Estado do Rio de Janeiro,
Brazil). The endothelial cell lines ECV-304 or tEnd.1 were cultured in
RPMI-1640 medium supplemented with 10% heat-inactivated FBS,
2 mM L-glutamine, 100 IU/ml penicillin and 100 mg/ml streptomycin.
The cells were plated onto 24-well culture plates (Nunc, Rochester,
NY, USA) and incubated (10* cells/well) at 37 °C in a humidified incuba-
tor containing 5% CO, chambers for 24 h. Before each experiment, ECV-
304 or tEnd.1 cells were pretreated or not with LXA4 (10 nM) for 1 h, the
LXA, receptor antagonist BOC-2 (N-Boc-Phe-Leu-Phe-Leu-Phe, 40 nM)
or the HO-1 inhibitor zinc protoporphyrin IX (ZnPPIX, 50 puM).
P. falciparum-infected RBCs (PfRBCs, kindly provided by Dr. M.G. Zalis,
Universidade Federal do Rio de Janeiro) or P. berghei-infected RBCs
(PbRBCs) were stained with CFSE (25 pM; Life Technologies, USA) for
30 min and then added to both non-treated or treated the ECV-304 or
tEnd.1 cultures (50 erythrocytes/cell, 5% parasitemia).

2.9. Cytoadherence assay

ECV-304 and tEnd.1 cells were cultured and treated as de-
scribed above, and PfRBCs or PhRBCs were allowed to adhere to
the ECV-304 or tEnd.1 cultures for 1 h. Non-adherent erythrocytes
were gently washed away with PBS, and the remaining cells were
subsequently fixed in ethanol and stained with Giemsa (Merck,
Brazil). The number of adhered erythrocytes per ECV-304 or
tEnd.1 cell was determined by direct counting under 400 x magni-
fication. The data are expressed as an association index calculated
as previously described [30]: Adhesion index (Al) = (cell with
bound erythrocytes) / total cell number x (erythrocytes bound to
cell) / (total cell number x 100).

2.10. Immunocytochemistry

ECV-304 or tEnd.1 pre-treatment and stimulation were performed
as described above. The immunofluorescent studies were performed
as described previously [26]. To evaluate ICAM-1 expression, cells
were fixed with 4% (w/v) paraformaldehyde and 4% (w/v) sucrose,
followed by blocking with 2% bovine serum albumin. The cells were
then incubated with anti-human ICAM-1 (1:50, BD Pharmingen, USA)
mAb or anti-mouse ICAM-1 (1:100 BD Pharmingen, USA) and subse-
quently incubated with the appropriate secondary FITC-conjugated an-
tibody (Santa Cruz Biotechnology, USA). Microscopic acquisition of the
fluorescent images was performed using a fluorescence microscope
(Nikon, Japan), and the fluorescence intensity was measured using
Volocity software (Perkin Elmer, USA).

2.11. Statistical analysis

Statistical significance was assessed using ANOVA followed by the
Bonferroni test. The results are expressed as the mean + SEM, and the
significance level in all cases was set at p < 0.05. A log-rank (Mantel-
Cox) test was used to compare the percent survival. The significance
level was set at p < 0.05.

3. Results

3.1. LXA,4 prevents cerebral dysfunction induced by P. berghei infection
independently of TNF-a production

To address the involvement of LXA, on vascular dysfunction
during ECM P. berghei-infected C57BL/6 mice were treated with LXA4
(0.5 pg/kg/day). Initially, LXA4 dose-response curves were constructed,
and from these curves the threshold dose was defined (Supplemental
data 1). LXA4 treatment did not alter parasitemia levels 5 d post-
infection (Fig. Fig. 1A), however, in agreement with a previous study
[23], prolonged the survival of P. berghei-infected mice (Fig. Fig. 1B).
Treatment with LXA,4 reduced the Evans blue dye extravasation into
brain tissue observed during ECM (Fig. Fig. 1C). It is important to note
that treatment with LXA4 did not modulate Evans blue dye extravasa-
tion to the brain tissue of uninfected mice (Supplementary data 2).
Moreover, LXA, treatment further improved behavioral and functional
scores in treated mice compared with untreated mice (Fig. Fig. 1D).
To investigate if LXA4 ameliorates vascular dysfunction by modulating
TNF-a production that accounts for activation of endothelial cells,
we investigated TNF-a production in brain tissue of LXA, treated
P. berghei-infected mice. A significant increase in TNF-a production
was observed in the brains of P. berghei infected C57BL/6 mice com-
pared to uninfected mice, however, the increased levels of TNF-a in-
duced by P. berghei infection were not affected by LXA, treatment
(Fig. Fig. 1E).
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P. berghei-infected group (p < 0.05) are indicated by +.

3.2. LXA, ameliorates cerebral microcirculation of P. berghei-infected mice

Accordingly, a significant decrease in functional capillary density
was observed due to diminished numbers of spontaneously perfused
capillaries in the brains of P. berghei-infected mice (Fig. Fig. 2A and C)
compared to uninfected mice (Fig. Fig. 2A and B). This phenomenon
was partially reversed in LXA4-treated mice (Fig. Fig. 2A and D). Accord-
ingly, histological analyses of brain sections from infected mice treated
with LXA4 showed a reduction in the number of congested capillaries
(Fig. Fig. 2E and H) compared to non-treated infected mice
(Fig. Fig. 2E and G). In histological analyses of brain sections from unin-
fected mice it was not observed glial cell swelling neither capillary con-
gestion (Fig. Fig. 2E and F). The diminished percentage of occluded
vessels observed in LXA4-treated mice was accompanied by lower
score of parasitized erythrocytes adhesion to brain vasculature
(Fig. Fig. 21 and L) then score observed in brain tissue of non-treated in-
fected mice (Fig. Fig. 2I and K). No leukocytes were observed adhering
to brain vasculature of non-infected mice (Fig. Fig. 2J).

3.3. LXA, inhibits endothelial activation markers during ECM

To investigate if the effects of LXA, are dependent of endothelial cell
activation, the expression of endothelial activation marker ICAM-1 was

quantified in brain tissue of P. berghei infected mice, treated or not
treated with LXA4. As expected, ICAM-1 expression was higher in
P. berghei infected mice than in uninfected mice, and LXA, treatment re-
duced ICAM-1 expression in the brains of P. berghei-infected mice
(Fig. Fig. 3A). Corroborating such results, the co-culture of murine endo-
thelial cells (tEnd.1 cells) and red blood cells parasitized by P. berghei
(PbRBCs) induced the expression of ICAM-1 expression (Fig. Fig. 3B).
In agreement, P. falciparum-infected red blood cells (PfRBCs) also in-
duced ICAM-1 expression in human endothelial cells (ECV-304 cells)
(Fig. Fig. 3C). Interestingly, the treatment of both endothelial cell lines
with LXA, impaired ICAM-1 expression when compared with the
equivalent parasitized RBC-stimulated control group. Treatment with
BOC-2 reversed the decreased ICAM-1 expression induced by LXA,4
(Fig. Fig. 3B and C).

3.4. LXA, triggers cytoprotective pathways during ECM

To address the hypothesis that LXA, triggers endothelial protective
effects during ECM, we evaluated a mechanism by which LXA, amelio-
rates endothelial cell function in P. berghei-infected mice. To this end,
the expression of HO-1 was quantified in brain tissue of P. berghei infect-
ed mice, treated or not treated with LXA,4. Low levels of HO-1 were de-
tected in the brains of P. berghei infected mice when compared with
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and leukocytes adhered to the endothelium (head arrows).

uninfected mice; and LXA4-treated mice expressed similarly elevated
levels of HO-1 over those observed in uninfected mice (Fig. Fig. 4A).
Additionally, the co-culture of endothelial cells and parasitized red
blood cells (either PbRBCs or Pf/RBCs) induced the adhesion of parasit-
ized RBCs to the membranes of the respective endothelial cells. Adhe-
sion was inhibited when both cell lines were pretreated with LXA4
(10 nM) and treatment with BOC-2 (40 nM) reversed the inhibitory ef-
fect of LXA4. To evaluate the mechanism by which LXA4 modulates par-
asitized RBC adhesion to endothelial cells, the cells were further treated
with ZnPPIX (50 uM) to block the activity of HO-1. We observed that
LXA4-reduced RBC adhesion was reversed by ZnPPIX pretreatment of
both endothelial cell lines (Fig. Fig. 4B and C, Supplementary data 2).

4. Discussion

Herein, using an experimental model of cerebral malaria, we dem-
onstrate for the first time that LXA, exerts an endothelial protective ef-
fect during ECM by inducing cytoprotective pathways. Despite its
widely recognized role as anti-inflammatory mediator [13,19,31,32],

the role of LXA4 during cerebral dysfunction induced by malaria infec-
tion is poorly understood.

Previous data in the literature have shown that treatment with the
LXA, epimer improved mouse survival by inhibiting IL-12 production
and CD8*IFN-y™ T cell accumulation in brain tissue [23]. In agreement
with these results, we observed amelioration of major signs of ECM as
cerebral edema and behavioral and functional scores. Interestingly,
when we performed a dose-response experiment aimed to pharmaco-
logically investigate the link between LXA4 levels and its effects, we ob-
served that lower doses were more effective. As described before, the
LXA,4 receptor, ALX/FPRL, is a G-protein coupled receptor (GPCR) in-
volved in cell- and agonist-specific signaling [33]. Furthermore, ALX/
FRPL is regulated by desensitization and agonist-induced internalization
[34]. Thus, in our model, where LXA, is administered for 6 days, higher
doses of LXA4 are most likely inducing internalization and/or desensiti-
zation. In addition, LXA,4 did not interfere with parasitemia levels,
supporting the evidence that LXA, modulates exclusively the host re-
sponse to P. berghei infection.

Cerebral tissue damage induced during P. berghei infection is primar-
ily due to inflammatory cell accumulation/activation, the production of
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inflammatory mediators in the brain vasculature, and the breakdown of
the BBB. This latter effect is induced by decreased expression of junction
proteins in activated cerebral endothelial cells [3,35,36]. Lipoxins have
been described to ameliorate BBB breakdown in non-infectious experi-
mental models by modulating MMP9 expression and MAPK activation
[37,38]. Compelling evidence suggests that the protective role of LXA4
in diseases caused by apicomplexan parasites such as Toxoplasma gondii
[39,40] depends on inhibition of cytokine production. Accordingly, in-
creased production of IFN-y and IL-12 has been demonstrated during
ECM in the absence of endogenous LXA, [23]. It is noteworthy
that IFN-y and IL-12 are more relevant in lymphocyte activation
rather than endothelial activation [41]. TNF-a has been demonstrated
as a crucial cytokine in endothelial dysfunction during ECM [42,43].
However, in our model, LXA4 did not modulate TNF-a production dur-
ing ECM. As well, LXA, impairs the activation of TNF-a-stimulated en-
dothelial cells [22,44], which suggests that prevention of brain edema
formation in LXA,-treated mice does not depend on TNF-a production.
Although the modulation of cytokines by LXA, treatment during severe
malaria cannot be excluded, our results concerning cerebral dysfunction
strongly suggested an additional role to the many played by this lipid
mediator in ECM.

Although we did not observe a difference in lymphocyte accumula-
tion in the brain tissue of LXA4-infected mice (data not shown), we ob-
served an improved functional capillary density, a significant reduction
in vascular occlusion in the brains of LXA4-treated mice and reduced
P. berghei-infected erythrocytes adhered to brain vasculature. Indeed,
ECM is associated with vasoconstriction and impaired responses to ace-
tylcholine due to nitric oxide synthase dysfunction [45,46]. Thus, thera-
peutic approaches for improving endothelial function, such as the
induction of HO-1 expression and reduction of ICAM-expression
through the administration of either NO donors [47] or carbon monox-
ide [12], would be beneficial in P. berghei infection.

To confirm the hypothesis that LXA, is acting on endothelial
dysfunction induced during ECM, the expression of endothelial cell acti-
vation marker, ICAM-1, was investigated. In the current study, LXA, im-
paired ICAM-1 expression in brain tissue of infected mice, as well as in
PbRBCs- and PfRBCs-stimulated endothelial cells in vitro. The ability
of the LXA4/ALX complex to modulate the expression of adhesion
molecules has been described in other non-infectious models, including
their capability to reduce the expression of ICAM-1 on TNF-a-
stimulated endothelial cells in vitro [48,49]. Under inflammatory condi-
tions, ICAM-1 signaling is involved in endothelial activation, the
rearrangement of the endothelial actin cytoskeleton, the regulation of
vascular permeability, and the transmigration of immune cells into the
brain parenchyma [50,51]. The essential role of ICAM-1 in cytoadherence
and vascular occlusion during ECM has been previously demonstrated
[26]; however, until now, the direct effect of LXA4 on the inhibition of
ICAM-1 expression during ECM had not been shown.

Several studies have described that LXA4-induced HO-1 expression
attenuates endothelial dysfunction both in vivo [52,53] and in vitro
[22,54]. HO-1 is an isoenzyme that catabolizes free heme released
under pathological conditions, especially in pathologies that are associ-
ated with intravascular hemolysis, such as burns, microangiopathy and
malaria. HO-1 expression is related to tissue protection [21]. Indeed, the
presence of HO-1 limits the damage induced during the inflammatory
response, and its pharmacological up-regulation helps maintain BBB in-
tegrity under pathological conditions in vivo and in vitro [55]. It has been
widely described that HO-1 inhibits the expression of several adhesion
molecules, especially ICAM-1 [56,57]. As well, the modulation of adhe-
sion molecules by LXA,4 via HO-1 expression in TNF-a-stimulated cells
has already been demonstrated [22]. In addition, parasites export pro-
tein to erythrocyte membrane that allows parasitized red blood cell ad-
hesion to adhesion molecules expressed on endothelial cells [42,58].
During ECM, HO-1 is known to be differentially regulated in certain
tissues at different stages of the Plasmodium life cycle [12,59]. Further-
more, HO-1 production in brain tissue is associated with mouse survival,
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decreased cerebral edema and decreased ICAM-1 expression [12]. How-
ever, even though LXA,4 has been demonstrated to induce HO-1 expres-
sion in non-infectious models in vivo [60], this effect has not been
previously demonstrated in a malaria model. Thus, in our model, LXA4
probably reduces the ICAM-1 expression by inducing the expression of
HO-1.

Collectively, the results of this study suggest that LXA, attenuates ce-
rebral dysfunction by regulating the expression of ICAM-1 and HO-1
both in vivo and in vitro.
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Abstract

Introduction: Malaria is the most relevant parasitic disease worldwide, and still accounts for 1 million deaths each year.
Since current antimalarial drugs are unable to prevent death in severe cases, new therapeutic strategies have been
developed. Mesenchymal stromal cells (MSC) confer host resistance against malaria; however, thus far, no study has
evaluated the therapeutic effects of MSC therapy on brain and distal organ damage in experimental cerebral malaria.

Methods: Forty C57BL/6 mice were injected intraperitoneally with 5 x 10° Plasmodium berghei-infected erythrocytes
or saline. After 24 h, mice received saline or bone marrow (BM)-derived MSC (1x10°) intravenously and were housed
individually in metabolic cages. After 4 days, lung and kidney morphofunction; cerebrum, spleen, and liver histology;
and markers associated with inflammation, fibrogenesis, and epithelial and endothelial cell damage in lung tissue were
analyzed.

Results: In P. berghei-infected mice, BM-MSCs: 1) reduced parasitemia and mortality; 2) increased phagocytic
neutrophil content in brain, even though BM-MSCs did not affect the inflammatory process; 3) decreased malaria
pigment detection in spleen, liver, and kidney; 4) reduced hepatocyte derangement, with an increased number
of Kupffer cells; 5) decreased kidney damage, without effecting significant changes in serum creatinine levels or
urinary flow; and 6) reduced neutrophil infiltration, interstitial edema, number of myofibroblasts within interstitial
tissue, and collagen deposition in lungs, resulting in decreased lung static elastance. These morphological and
functional changes were not associated with changes in levels of tumor necrosis factor-a, keratinocyte-derived
chemokine (KC, a mouse analog of interleukin-8), or interferon-y, which remained increased and similar to those
of P. berghei animals treated with saline. BM-MSCs increased hepatocyte growth factor but decreased VEGF in the
P. berghei group.

Conclusions: BM-MSC treatment increased survival and reduced parasitemia and malaria pigment accumulation
in spleen, liver, kidney, and lung, but not in brain. The two main organs associated with worse prognosis in
malaria, lung and kidney, sustained less histological damage after BM-MSC therapy, with a more pronounced
improvement in lung function.
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Introduction

Malaria is the most relevant parasitic disease worldwide.
Despite efforts toward its eradication, malaria still
accounts for 1 million deaths each year [1]. Cerebral
malaria is characterized by multiple organ dysfunction
triggered by circulating parasitized red blood cells
(RBCs). Besides the brain, highly vascularized organs
such as the lungs and kidneys are especially affected
during cerebral malaria. In fact, of patients with cerebral
malaria 20-30 % develop acute respiratory distress syn-
drome (ARDS) [2] and 40-50 % develop acute renal fail-
ure [3]. Disruption of the blood—brain barrier (BBB),
sequestration of parasitized RBCs in the brain, lung, and
kidneys, and a systemic inflammatory response, includ-
ing production of cytokines and activation of inflamma-
tory cells, have been consistently observed in both
human and nonprimate models of cerebral malaria [4].
Recent studies report that current antimalarial drugs are
insufficient to prevent death in severe cases of malaria;
thus, adjunctive therapies aiming to modulate the sys-
temic inflammatory response triggered by malaria have
been proposed [5].

The beneficial effects of cell therapy have been demon-
strated not only in infectious diseases [6—8] but also in
parasitic diseases [9-12]. Mesenchymal stromal cells
(MSCs) attenuated liver injury by diminishing the pro-
duction of proinflammatory mediators in schistosomiasis
[10] and decreased liver fibrosis induced by Trypano-
soma cruzi infection [11]. Using a model of noncerebral
malaria, Belyaev et al. [12] reported that treatment of
mice infected with Plasmodium chabaudi (a Plasmo-
dium species that does not induce cerebral malaria) with
lymphoid-primed multipotent progenitor cells decreased
parasitemia, probably by inducing a phagocytic active
cell population. Accordingly, experimental cerebral mal-
aria (ECM)-resistant mice treated with cells expressing
stem cell antigen-1 exhibited decreased parasitemia and
an increased survival rate when compared with non-
treated mice [13]. However, no study has thus far evalu-
ated the effects of mesenchymal stem cell therapy on
brain, spleen, liver, kidney, and lung damage in ECM. In
the present study, we hypothesized that bone marrow-
derived mesenchymal stromal cells (BM-MSCs) might
reduce mortality in ECM by acting not only in the brain
but also in other organs.

Methods

This work was carried out in strict accordance with the
recommendations of the US National Research Council
Guide for the Care and Use of Laboratory Animals. The
study protocol was approved by the Committee on Ethical
Use of Laboratory Animals of the Oswaldo Cruz Founda-
tion (permit number LW52/12) and by the Research Eth-
ics Committee of the Federal University of Rio de Janeiro
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Health Sciences Center (CEUA-CCS-019). All animals
received humane care in compliance with the “Principles
of Laboratory Animal Care” formulated by the National
Society for Medical Research.

Extraction, isolation, and characterization of BM-MSCs
Bone marrow cells were obtained from femurs and tib-
ias. After isolation, 1 x 10”7 bone marrow-derived cells
were cultured (37 °C, 5 % CO,) in T25 culture flasks
(TPP, Schaffhausen, Switzerland) with Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA, USA)
containing 15 mM HEPES (Sigma, St. Louis, MO, USA),
15 % inactivated fetal bovine serum (FBS; Invitrogen), 100
units/ml penicillin, and 100 mg/ml streptomycin antibiotic
solution (Gibco, Carlsbad, MO, USA) [14]. On day 3 of
culture, the medium was changed and nonadherent cells
were removed. Adherent cells reaching 80 % confluence
were passaged with 0.05 % trypsin—Ethylenediaminetetra-
acetic acid solution (Gibco) and then maintained in
DMEM with 10 % FBS (complete medium). At the third
passage, approximately 1 x 10° cells were characterized as
BM-MSCs according to the International Society of Cellu-
lar Therapy Consensus, i.e., adherent to plastic under
standard conditions, expressing some surface markers
(CD73, CD9Y0, and CD105) and lacking expression of
others (CD34, CD45, CD11b, and CD19), and demonstrat-
ing capacity to differentiate into mesenchymal lineages
under in vitro conditions [15]. Flow cytometry was per-
formed with antibodies against CD45 (leukocytes), CD34
(hematopoietic precursors), CD29 and CD45 (nonhemato-
poietic precursors), and Sca-1 (stem/progenitor cells) (BD
Biosciences, San Jose, CA, USA). The absence of CD34
and CD45 and the presence of CD29 and Sca-1 were used
to identify MSCs [16]. To measure the small-angle for-
ward scatter (FSC) intensity (~0—5°) and the limited-angle
side scatter (SSC) intensity (~85-95°), a photodiode and a
photomultiplier tube were used respectively. Additionally,
the potential of MSCs to differentiate into mesenchymal
lineages including osteoblasts and chondroblasts under
in vitro conditions was evaluated. Osteogenic differenti-
ation was induced by culturing MSCs for up to 3 weeks in
DMEM 10 % FBS and 15 mM HEPES (Sigma), supple-
mented with 10® M/l dexamethasone (Sigma), 5 pg/ml
ascorbic acid 2-phosphate (Sigma), and 10 mM/l pB-
glycerolphosphate (Sigma). To observe calcium depos-
ition, cultures were stained with Alizarin Red S (Nuclear,
Sao Paulo, SP, Brazil). To induce chondrogenic differenti-
ation, MSCs were cultured in DMEM supplemented with
10 ng/ml transforming growth factor (TGF)-B1 (Sigma),
50 nM ascorbic acid 2-phosphate (Sigma), and 6.25 mg/
ml insulin for 3 weeks. To confirm differentiation, cells
were fixed with 4 % paraformaldehyde in phosphate-
buffered saline (PBS) for 1 hour at room temperature and
stained with Alcian Blue pH 2.5.
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Animal preparation and experimental protocols

A total of 92 C57BL/6 male mice (6—7 weeks old) were
used. In 72 mice, the lung mechanics, renal function,
and brain, spleen, liver, kidney, and lung histology were
analyzed, and enzyme-linked immunosorbent assay
(ELISA) was performed in lung tissue. All experimental
conditions were repeated in triplicate (n = 6/group). The
remaining 20 mice were used to evaluate the survival
rate. Mice were provided by the Oswaldo Cruz Founda-
tion breeding unit (Rio de Janeiro, RJ, Brazil) and kept in
cages in a room at the Farmanguinhos experimental
facility, with free access to food and fresh water,
temperature ranging from 22 to 24 °C, and a standard
12-hour light/dark cycle, until experimental use. All ani-
mals were randomly assigned to two groups: uninfected
or Plasmodium berghei-infected. P. berghei ANKA
GFPcon 259 cl2 was kindly provided by Dr. L. Carvalho
(Fiocruz, Rio de Janeiro, RJ, Brazil) and is a donation
from the Malaria Research and Reference Reagent
Resource Center—MR4 (Manassas, VA, USA; deposited
by C.J. Janse and A.P. Waters; MR4 number: MRA-865).
Mice were infected by injection intraperitoneally (i.p.) of
P. berghei-infected RBCs withdrawn from a previously
infected mouse (5 x 10° infected RBCs diluted in 200 pl
sterile saline solution). Uninfected mice received saline
alone (200 pl, i.p.). Twenty-four hours after infection,
the uninfected and P. berghei groups were further ran-
domized into subgroups to receive saline (0.05 ml) or
BM-MSC (1 x 10° in 0.05 ml saline) intravenously into
the internal jugular vein. Five days after infection, sur-
viving mice were euthanized by injection ip. of a mix-
ture of ketamine (100 mg/kg) and xylazine (10 mg/kg)
followed by pentobarbital sodium (150 mg/kg). Five days
after infection, a thick blood smear was performed for
determination of parasitemia by rapid panoptic staining
(Laborclin, Parand, Brazil).

To calculate the survival rate, lethality in the treated
(n = 10) and untreated (n = 10) subgroups of P. berghei-
infected mice was recorded daily until day 20 post
infection.

Immunofluorescent staining and flow cytometric analysis

Splenocytes from C57BL/6 mice were isolated by
Histopaque-1077 (Sigma, St. Loius, MO, USA). One hour
after treatment, cells were washed and then incubated in
PBS plus 10 % FBS and 0.1 % sodium azide (PBS-S;
Sigma-Aldrich) and blocked with FcyIIR monoclonal anti-
bodies (mAbs; 1:100, CD16/CD32; BD Pharmingen, San
Jose, CA, USA) for 30 minutes at 4 °C. After blocking,
cells were labeled with fluorescein isothiocyanate (FITC)-
conjugated mAb anti-mouse CD11b antibodies diluted in
PBS-S and incubated for another 30 minutes at 4 °C. Cells
were then washed and resuspended in PBS/0.1 % sodium
azide for data acquisition in an Accuri flow cytometer (BD
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Biosciences). FSC and SSC were set to exclude dead cells,
and at least 10* lymphocytes were analyzed per sample.
Control staining to determine the positive population was
performed based on an irrelevant IgG isotype labeled with
FITC. Once determined, the gate was rigorously main-
tained for all analyses. Data analysis was performed using
FlowJo software (Tree Star, Inc., Ashland, OR, USA).

Measurement of renal and lung function

Immediately after treatment with BM-MSCs, mice were al-
located individually to metabolic cages and kept in a
temperature-controlled room under a 12-hour light/dark
cycle, with free access to food and water. After 24 hours of
adaptation, 24-hour urine samples were collected from the
different experimental groups 1 day before euthanasia,
which was performed on postinfection day 5. Urine samples
were clarified by centrifugation at 600 x g for 5 minutes and
the supernatant was separated and stored at —-20 °C until
use. Urine samples were assayed colorimetrically to deter-
mine total protein levels, using specific commercially avail-
able kits (Gold Analisa kit 498 M; Gold Analisa Diagndstica,
Belo Horizonte, MG, Brazil) in accordance with the manu-
facturer’s instructions. On postinfection day 5, the animals
were anesthetized with ketamine (80 mg/kg body weight)
and xylazine (5 mg/kg body weight), tracheotomized, para-
lyzed (vecuronium bromide, 0.005 mg/kg intravenously),
and ventilated with a constant flow ventilator (Samay VR15;
Universidad de la Republica, Montevideo, Uruguay) set to
the following parameters: rate 100 breaths/minute, tidal vol-
ume (V) 0.2 ml, and fraction of inspired oxygen (FiO,)
0.21. The anterior chest wall was surgically removed and a
positive end-expiratory pressure of 2 cmH,O was applied.
Airflow and tracheal pressure (Ptr) were measured. Lung
mechanics were analyzed by the end-inflation occlusion
method. In an open chest preparation, Ptr reflects transpul-
monary pressure (Pp). Static lung elastance (Est,L) was deter-
mined by dividing the elastic recoil pressure (Pel) by Vr.
Lung mechanics parameters were measured ten times in
each animal. All data were analyzed using ANADAT soft-
ware (RHT-InfoData, Inc., Montreal, QC, Canada). All ex-
periments lasted less than 15 minutes. Blood samples were
then collected via cardiac puncture into heparinized tubes
and centrifuged at 600 x g for 5 minutes to separate plasma.
Urine and blood samples were assayed to determine the
levels of creatinine (Gold Analisa kit 427E; Gold Analisa
Diagnostica, Belo Horizonte, MG, Brazil) and blood urea ni-
trogen (BUN; Gold Analisa kit 335; Gold Analisa Diagnés-
tica, Belo Horizonte, MG, Brazil). The glomerular filtration
rate (GFR) was derived from the creatinine clearance.

Prior to removal of the brain, liver, kidney, spleen, and
lungs, a laparotomy was performed, heparin injected
intravenously, the trachea clamped at end expiration,
and the abdominal aorta and vena cava sectioned to kill
the animals by exsanguination.



Souza et al. Stem Cell Research & Therapy (2015) 6:102

Brain, spleen, liver, kidney, and lung histology

The brain, liver, kidney, spleen, and lungs were fixed in 4 %
buffered formaldehyde, embedded in paraffin, and cut into
4-um-thick slices, which were stained with hematoxylin
and eosin (Vetec Quimica Fina, Rio de Janeiro, Brazil). A
five-point, semiquantitative, severity-based scoring system
was used to assess the degree of injury as follows: O = nor-
mal tissue; 1 = damage to 1-25 % of total tissue examined;
2 = damage to 26-50 % of total tissue examined; 3 = dam-
age to 51-75 % of total tissue examined; and 4 = damage to
76-100 % of total tissue examined. The following
parameters were analyzed: presence of malaria pigment,
inflammation, fibrosis, and histoarchitectural damage. Lung
histology was also examined using an integrating eyepiece
with a coherent system consisting of a grid with 100 points
and 50 lines of known length coupled to a conventional
light microscope (Olympus BX51; Olympus Latin America
Inc,, Sao Paulo, SP, Brazil). The number of mononuclear
and polymorphonuclear cells in pulmonary tissue was de-
termined by the point-counting technique [17] across ten
random, noncoincident microscopic fields [18]. These ana-
lyses were performed by an expert in lung pathology
blinded to the experimental protocol.

ELISA in lung tissue

Levels of tumor necrosis factor (TNF)-q, interferon (IFN)-
Y, chemokine (C-X-C motif) ligand (CXCL)-1, hepatocyte
growth factor (HGF), TGF-B, and vascular endothelial
growth factor (VEGF) were quantified in lung tissue.
Briefly, the lungs were excised and homogenized in cell
lysis buffer (20 mM Tris, 150 mM NaCl, 5 mM KCl, 1 %
Triton X-100, protease inhibitor cocktail (1:1000); Sigma-
Aldrich), and immediately frozen at -80 °C. The total
protein content of each tissue homogenate was evaluated
by the Bradford method, followed by determination of
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cytokine production by a standard sandwich ELISA, per-
formed in accordance with manufacturer instructions
(R&D Systems, Minneapolis, MN, USA). Plates were read
at 490 nm in an M5 Spectrophotometer (Molecular De-
vices, Sunnyvale, CA, USA).

Statistical analysis

Survival analysis was performed using the Kaplan—Meier
method and the log-rank (Mantel-Cox) test. Comparison
between groups was performed using two-way analysis of
variance followed by Tukey’s test. Parametric data were
expressed as mean + standard deviation (SD), and nonpara-
metric data were expressed as median and interquartile
range. All tests were performed using PASW Statistics for
Windows, Version 18.0 (SPSS Inc., Chicago, IL, USA). Stat-
istical significance was established as p <0.05.

Results

BM-MSC treatment increased survival rate in P. berghei-
infected mice

All untreated P. berghei-infected mice succumb to infection
within 12 days. Even though BM-MSC therapy appeared to
increase the mortality rate at early time points, evaluation
of the full time course allows for the conclusion that BM-
MSC therapy increased survival as compared with non-
treatment of P. berghei-infected mice (Fig. 1la). At day 5
after infection, parasitemia was analyzed, and treatment
with BM-MSCs was found to have decreased parasitemia
levels (Fig. 1b).

Cerebral damage observed during ECM was not modulated
by BM-MSC administration

Photomicrographs of brain tissue (Fig. 2a) from uninfected
and P. berghei-infected mice treated or not with BM-MSC
were obtained on postinfection day 5. Brains collected from
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Fig. 1 Survival rate and parasitemia of P. berghei-infected mice. Mice were infected with 5 x 10° parasitized RBCs or mock-infected with saline
and, 24 hours after infection, were treated with BM-MSCs. a Survival of mice infected with P. berghei. b Parasitemia was analyzed 5 days after infection
using light microscopy. Values are expressed as means + SD of six animals per group out of three experiments. BM-MSC bone marrow-derived
mesenchymal stromal cell, Sal saline
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Fig. 2 a Photomicrographs of brain tissue stained with hematoxylin and eosin. Original magnification x 1000; bars = 100 um. Mice were inoculated
with 5 x 10° parasitized RBCs or saline and treated with BM-MSCs. Brains were excised 5 days after infection. Normal brain cortex with neurons,

astrocytes, and oligodendrocytes (single white arrows). Treatment with BM-MSCs did not affect the brain cortex, which displays normal neurons, astrocytes,
and oligodendrocytes (black single arrows). In P. berghei-infected mice treated with saline, neurons were damaged, with an increased number of astrocytes
and oligodendrocytes (double white arrows). In P. berghei-infected mice treated with BM-MSCs, brain damage was repaired, with an increased number of
astrocytes and oligodendrocytes within neutrophils (double black arrows). b A semiquantitative, severity-based score was used to measure inflammation
and histoarchitectural damage in brains of mice infected with P. berghei or mock-infected with saline. Twenty-four hours after infection, mice were treated
with BM-MSCs. Values are expressed as median (interquartile range) of six animals in each group. *Significantly different from uninfected group (p <0.05).

BM-MSC bone marrow-derived mesenchymal stromal cell, Sal saline

both groups of uninfected mice (treated or not with BM-
MSCs) exhibited similar histological patterns, characterized
by normal brain cortex with neurons, astrocytes, and oligo-
dendrocytes. In brains from P. berghei-infected mice we ob-
served neuron damage associated with an increased
number of astrocytes and oligodendrocytes. In brains from
BM-MSC-treated P. berghei-infected mice there was a fur-
ther increase in the number of astrocytes and oligodendro-
cytes, suggesting tissue repair. Semiquantitative analysis of

brain damage revealed no significant differences in tissue
inflammation or degree of histoarchitectural damage be-
tween the treated and nontreated P. berghei-infected groups
(Fig. 2b). Neither malaria pigment nor fibrosis was detected
in brain tissue of animals from either of the studied groups.

BM-MSC treatment increased clearance of parasitized RBCs
Spleens from P. berghei-infected mice showed evidence of
tissue damage, with activation of lymphocytes in white
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pulp and increased deposition of malaria pigment in red
pulp (Fig. 3b). BM-MSC administration did not affect
spleen histology in uninfected mice (Fig. 3a, b); however,
administration of BM-MSCs reduced levels of malaria pig-
ment and increased the CD11b" cell count in spleens of P.
berghei-infected mice (Fig. 3¢).

BM-MSC treatment increased the number of Kupffer cells
in liver

Administration of BM-MSCs to uninfected mice did not
alter the liver architecture (Fig. 4a). In P. berghei-infected
mice, we observed hepatocyte derangement, increased de-
position of malaria pigment, and an increased number of
Kupffer cells (Fig. 4b). After BM-MSC therapy, there was
an increase in the number of regenerated hepatocytes and
Kupffer cells (phagocytic cells) (Fig. 4a).

BM-MSC treatment mitigated the histopathological
features of P. berghei-induced kidney injury, but did not
improve renal function

Administration of BM-MSCs to uninfected mice did not
affect the normal kidney architecture (Fig. 5a, b). P. berghei
infection induced mesangial proliferation in the glomeruli
accompanied by increased deposition of malaria pigment
(Fig. 5a, b). P. berghei-infected mice treated with BM-MSCs
exhibited restoration of mesangial cell architecture and
tubular cells, as well as decreased deposition of malaria pig-
ment (Fig. 5b).

Concerning renal function, P. berghei-infected mice
exhibited a 50 % reduction in urinary flow (Fig. 6a),
while there was a threefold increase in serum creatinine
(Fig. 6b) and BUN (Fig. 6¢) as compared with the unin-
fected group. The alterations in urinary flow and serum
creatinine were reflected by a sixfold decrease in creatin-
ine clearance (Fig. 6d). No changes in the BUN/serum
creatinine ratio or in urinary creatinine levels were ob-
served in the infected group (Fig. 6e and f, respectively).
BM-MSC treatment in infected mice did not change any
of these parameters. Interestingly, uninfected mice that
received BM-MSCs had increased serum creatinine and
a significant reduction in urinary creatinine. The base-
line creatinine clearance of uninfected mice was there-
fore reduced by BM-MSC treatment. The enhancement
in serum creatinine levels observed in uninfected mice
treated with BM-MSCs led to a decrease in the BUN/
serum creatinine ratio. Furthermore, we observed that
the increased urinary protein/creatinine ratio (UPCr) in-
duced by P. berghei was significantly lower after BM-
MSC treatment (Fig. 6g).

BM-MSC improved lung mechanics and reduced lung
inflammation in P. berghei-infected mice

P. berghei-infected mice also exhibited lung damage, as
characterized by structural derangements, thickening of

Page 6 of 15

the alveolar—capillary membrane, increased mononuclear
cell and fibroblast counts, and malaria pigment deposition
(Fig. 7a, b). After BM-MSC administration, reductions
were observed in the thickness of the alveolar—capillary
barrier, the number of myofibroblasts within interstitial
tissue, collagen deposition (Fig. 7a), and neutrophil counts
(Fig. 8b); however, there was an increase in the number of
mononuclear cells (Fig. 8a).

Static lung elastance (Est,L) was increased in P.
berghei-infected mice when compared with uninfected
mice (Fig. 8c). BM-MSC administration reduced Est,L in
P. berghei-infected mice.

P. berghei-infected mice exhibited increased levels of
TNF-a, IFN-y, CXCL-1/KC, and VEGF and reduced
levels of TGF-B1 in lung tissue as compared with unin-
fected animals. No significant differences in HGF levels
were observed between the P. berghei-infected and unin-
fected groups. BM-MSC administration increased TNF-
a, TGF-B1, and HGF levels and reduced VEGF levels,
but did not modulate the production of IFN-y or CXCL-
1/KC in P. berghei-infected mice (Fig. 9).

Discussion

In the model of ECM employed in this study, the reduc-
tion in mortality rate observed after BM-MSC therapy
was not associated with a reduction in brain damage.
Even though histological evidence of lung, liver, kidney,
and spleen injury was reduced, only lung function im-
proved after therapy. These morphological and func-
tional changes were not associated with a reduction in
proinflammatory mediators, but rather with decreased
peripheral parasitemia.

The use of BM-MSCs in diseases characterized by
brain dysfunction has been extensively described. Au-
thors have reported that BM-MSCs exert a beneficial ef-
fect in a paracrine fashion, by enhancing synaptic
transmission and ameliorating microglial signaling [19—
21]. In addition, the use of BM-MSCs as a therapeutic
approach that targets host defenses has been proposed
in bacterial diseases, including tuberculosis [22] and
parasitic diseases [10, 11]. It is interesting to note that
the parasitic conditions in which BM-MSC therapy has
been studied are characterized by involvement of specific
organs, such as the liver and heart, which reinforces the
need for studies of parasitosis that feature multiple
organ dysfunction, such as malaria. Indeed, previous
studies concerning cell therapy during malaria infection
have already been performed [12, 13, 23]. However, our
study was the first designed to evaluate the effects of
BM-MSC therapy in multiple organ dysfunction during
ECM.

Accordingly, for the present study we used a model of
ECM known to be associated with multiple organ dys-
function [24]. Mice succumb to ECM between 5 and 10
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(See figure on previous page.)

Fig. 3 a Photomicrographs of spleen tissue stained with hematoxylin and eosin. Original magnification x 1000; bars = 100 pm. Mice were inoculated
with 5 x 10° parasitized RBCs or saline and treated with BM-MSCs. Spleens were excised 5 days after infection. Normal spleen architecture with white pulp
(double black arrows). Uninfected mice treated with BM-MSCs also displayed normal spleen architecture (double black arrows). In P. berghei-infected mice,
spleen damage was observed with activation of lymphocytes in white pulp, increased deposition of malaria pigment in red pulp (single white arrows), and
increased number of lymphoblasts and lymphocytes in white pulp (red double arrows). b A semiquantitative, severity-based score was used to measure
malaria pigment deposition, inflammation, fibrosis, and histoarchitectural damage in spleens of mice infected with P. berghei or mock-infected with

saline and, 24 hours after infection, treated with BM-MSCs. Values are expressed as median (interquartile range) of six animals in each group. *Significantly
different from uninfected group (p <0.05). *Significantly different from P. berghei-infected group (p <0.05). ¢ Representative dot-plots demonstrating
CD11b" fluorescence in splenocytes. BM-MSC bone marrow-derived mesenchymal stromal cell, FSC forward scatter, Sal saline
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Fig. 4 a Photomicrographs of liver tissue stained with hematoxylin and eosin. Original magnification x 1000; bars = 100 um. Mice were inoculated with

5 x 10° parasitized RBCs or saline and treated with BM-MSCs. Livers were excised 5 days after infection. Note the intact hepatocytes (single black arrows)
involving the centrolobular vein. Administration of BM-MSCs did not alter the liver architecture (double black arrows) or centrolobular vein in control mice.
P. berghei-infected, saline-treated mice exhibited hepatocyte derangement (double white arrowhead), increased deposition of malaria pigment, and an
increased number of Kupffer cells (single white arrows). BM-MSC therapy increased the number of regenerated hepatocytes and Kupffer cells (double white
arrows). b A semiquantitative, severity-based score was used to measure malaria pigment deposition, inflammation, fibrosis, and histoarchitectural damage
in livers of mice infected with P. berghei or mock-infected with saline and, 24 hours after infection, treated with BM-MSCs. Values are expressed as median
(interquartile range) of six animals in each group. *Significantly different from uninfected group (p <0.05). *Significantly different from P. berghei-infected
group (p <0.05). BM-MSC bone marrow-derived mesenchymal stromal cell, Sal saline
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Fig.5 a Photomlcrographs of kldney tissue stained with hematoxylin and eosin. Original magnification x 1000; bars = 100 um. Mice were inoculated with
5 x 10° parasitized RBCs or saline and treated with BM-MSCs. Uninfected mice treated or not with BM-MSCs also showed normal kidney architecture (black
arrows). In P. berghei-infected mice treated with saline, mesangial proliferation occurred in the glomeruli (*) with hydropic degeneration of kidney tubular
epithelium (#) and increased deposition of malaria pigment (arrowhead). In P. berghei-infected mice treated with BM-MSCs, normal mesangial cell
architecture (*) and tubular cells (#), and sparse deposition of malaria pigment (arrowhead) were observed. b A semiquantitative, severity-based score

was used to measure malaria pigment deposition, inflammation, fibrosis, and histoarchitectural damage in kidneys of mice infected with P. berghei or
mock-infected with saline and, 24 hours after infection, treated with BM-MSCs. Values are expressed as median (interquartile range) of six animals in each
group. *Significantly different from uninfected group (p <0.05). *Significantly different from P. bergher-infected group (p <0.05). “Significantly different from
uninfected untreated group (p <0.05). BM-MSC bone marrow-derived mesenchymal stromal cell, Sal saline
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days post infection. Animals that survive longer than 7
days are considered resistant, and die from pathological
conditions not related to ECM [4]. BM-MSCs were there-
fore administered 24 hours after P. berghei infection, when
the inflammatory process in different organs was already
present and intense. If treatment was started late in the
course of malaria, when the mortality rate is high, this
would have hampered interpretation of results. Mice were
euthanized 5 days post infection because, at this time
point, several pathological conditions were already present
[25] but the mice were still alive; this approach prevented
misinterpretation of results due to the presence of resist-
ant animals.

Histologically, brains from mice with ECM exhibit cor-
tical edema, congested capillaries, increased numbers of
microglial cells, and glial cell swelling [26—28]. In addition,
Nacer et al. [29] proposed recently that intracranial hyper-
tension plays a crucial role in ECM development. The
authors suggest that intracranial hypertension could be pro-
moted by the presence of late-stage infected erythrocytes,
i.e, schizonts, in postcapillary venules. Interestingly, the re-
duction in parasitemia shown in Fig. 1 was mainly due to
reduction of early-stage (i.e, ring) forms, but not schizonts,
which may explain why BM-MSC treatment did not im-
prove brain tissue damage despite increasing the survival
rate in P. berghei-infected mice. On the other hand, the
number of astrocytes and oligodendrocytes was further in-
creased, which suggests tissue repair [30]. Glial cells have
been described as undergoing apoptosis during ECM [31];
nevertheless, the outcome of ECM does not depend on the
attenuation of glial cell dysfunction [32, 33], suggesting that
this process is not involved in ECM development. Further-
more, glial cells increase neutrophil survival and phagocyt-
osis, which could provide protection against brain infection
[34]. Since cell-based therapy decreases parasite load in
noncerebral malaria models [12, 13], we hypothesized that
BM-MSC administration would stimulate phagocytosis and
promote parasite clearance, which has been extensively de-
scribed in the literature as occurring in the spleen [35, 36].
The spleen is well characterized as a hematopoietic site
during experimental malaria [37]; the increased numbers of
constitutive hematopoietic stem progenitor cells observed
in the spleen during P. berghei infection impair parasitemia
exacerbation and increase mouse survival [23]. This fact
corroborates the hypothesis that treatment with BM-MSCs
promotes parasite clearance and increases survival of in-
fected mice. In the present study, we observed a reduction
in the levels of malaria pigment in the spleen after BM-
MSC therapy, providing further evidence for the aforemen-
tioned improvement in parasite clearance.

In our experiment, C57Bl/6 mice infected with P. berghei
developed not only ECM but also kidney injury, which was
characterized by reduced urinary flow and creatinine
clearance [38]. This renal function impairment has been
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Fig. 7 a Photomicrographs of lung parenchyma stained with hematoxylin and eosin. Original magnification x 1000; bars = 100 um. In uninfected
mice treated or not with BM-MSCs, normal architecture was observed with intact alveolar—capillary barrier (black arrows and white arrows, respectively).
P. berghei infection induced lung damage, associated with structural disarrangement, thickening of the alveolar—capillary barrier by mononuclear cells
(double black arrows) and malaria pigment deposition (red arrowhead), and increased number of fibroblasts (double black arrows). Treatment with
BM-MSCs reduced thickening of the alveolar—capillary barrier and decreased the number of myofibroblasts within interstitial tissue (double black arrow)
and collagen deposition (double black arrows). b A semiquantitative, severity-based score was used to measure malaria pigment deposition, inflammation,
fibrosis, and histoarchitectural damage in lungs of mice infected with P. berghei or mock-infected with saline and, 24 hours after infection, treated with
BM-MSCs. Values are expressed as the median (interquartile range) of six animals in each group. *Significantly different from uninfected group (p <0.05).
*Significantly different from P. berghek-infected group (p <0.05). BM-MSC bone marrow-derived mesenchymal stromal cell, Saf saline




Souza et al. Stem Cell Research & Therapy (2015) 6:102 Page 12 of 15

D Uninfected Fig. 8 Fraction area of mononuclear cells (a) and neutrophils (b).

P. berghei Static lung elastance (Est,L) (c). Values are the mean + SD of six
- g animals in each group. *Significantly different from uninfected group
(p <0.05). *Significantly different from P. berghei-infected group (p
<0.05). BM-MSC bone marrow-derived mesenchymal stromal cell

>

o
g

associated with increased parasitemia [39]. Interestingly,
even though tissue parasitemia and inflammatory infiltra-
tion were reduced, BM-MSCs did not improve renal func-
tion. This dissociation between reduction in kidney damage
and absence of improvement in renal function may be at-
tributable to the duration of the analysis period, since, in
previous studies, mice that survived ECM continued to ex-
hibit evidence of kidney injury 21 days after clearance of
parasitemia [38].

Some studies have reported that BM-MSCs attenuate
lung inflammation and fibrosis as well as improve pul-
monary function in noninfectious models [40-42]. A
previous study concerning BM-MSC treatment of infec-
tious diseases suggests that lung injury attenuation was
associated with disease recovery [43]. Even though cell-
based therapies have already been used in malaria infec-
tion, no study had thus far investigated the effects of
BM-MSCs on ECM-associated lung damage. BM-MSCs
reduced lung tissue parasitemia as well as neutrophil in-
filtration despite an increase in mononuclear cell counts.
Additionally, BM-MSC treatment reduced lung tissue
damage and fibrosis, thus improving pulmonary func-
tion, which may suggest an association between attenu-
ation of general lung dysfunction attenuation and the
outcome of ECM. In this context, it is known that any
therapy which regulates the lung injury-induced inflam-
matory cascade may also reduce distal organ dysfunction
[44]. The reduction of malaria pigment deposition in
lung tissue could also result in decreased neutrophil ac-
C cumulation, thus improving lung morphofunction. How-

601 ever, attenuation of lung injury after BM-MSC therapy is
not exclusively associated with diminished parasitemia,
since malaria-induced lung injury is not necessarily a
direct consequence of parasitemia [45]. We thus specu-
late that BM-MSCs may improve lung morphofunction
for several reasons: (1) intravenously administered BM-
MSCs accumulate mainly in lung tissue [46]—more
beneficial effects would thus occur in the lung than in
other organs; (2) the decrease in tissue parasitemia
would be associated with increased numbers of lung tis-
sue phagocytic cells [47]; and (3) VEGE, which is the
main factor implicated in malaria-induced lung injury
[45], would be reduced. Corroborating these hypotheses,
we observed that the number of macrophages was in-
deed increased and levels of VEGF were indeed reduced
in lung tissue.

This study has some limitations that should be ad-
dressed. First, ECM was induced by P. berghei inoculation;

'S
<

N
<

Mononuclear cells (%)

m
=
@
0 o
!
!
+
+

N
g

—
T

Neutrophils (%)
@ S

0
BM-MSC — — + +

s
<

Est,L (cmH,0.ml™")
N
o

BM-MSC




Souza et al. Stem Cell Research & Therapy (2015) 6:102

Page 13 of 15

\

+ [ Uninfected
A N B W P. berghei
0.204 0.20 4 0.06+ .
— — *
g Q *
* 3
@ 2 )
2 0.15- @ 0.15- * ]
- e Q 2 0.04-
o ‘s x 2™
=
=) o)) i =
£ 0.10- £ 0.10- A%
o) 3 O
£ s % g 0.02-
:J 0.054 = 0.054 c
TN pd -
pd L
== —
0.00 0.00 0.00-
BM-MSC - - + + BM-MSC - - + + BM-MSC - - + +
D * +
2.5 = 0.0204 2.0
— *
® + 7 3
a 2.04 o . 2
7] = 0.0154 g 1.5-
] L
S 1.5- = i )
: > * j=)]
2 E 0.0104 £ 1.0-
£ 10] ? 3
o - £ =
: v S—
ko 0.0054 w 0.5+
L 0.5 N 5 T}
o TR ]
T o >
0.0 = 0.000 0.0
BM-MSC - - + + BM-MSC - - + + BM-MSC — — + +
Fig. 9 Cytokine production in lung tissue after BM-MSC treatment of P. berghei-infected mice. a Tumor necrosis factor (TNF)-q, b interferon (IFN)-y,
¢ chemokine C-X-C motif (CXCL)1/KC, d hepatocyte growth factor (HGF), e transforming growth factor (TGF)-3, and f vascular endothelial growth factor
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thus, our findings cannot be extrapolated to other models
of malaria associated with different degrees of severity or
to human malaria. Second, BM-MSCs were administered
1 day after infection, when the severity of ECM was
reduced compared with day 5 [25]. However, if treatment
had been started late in the course of malaria, the mortal-
ity rate would be high, hampering interpretation of the
results. Additionally, as noted above, mice that survive
longer than 7 days are considered resistant and die of
pathological conditions not related to cerebral malaria [4].
Third, the observation time was relatively short (5 days
post infection), precluding evaluation of the dynamics of
malaria-induced multiple organ dysfunction. However,
several organs were already damaged at day 5—including
the brain, as demonstrated by impaired behavior and cog-
nition. Fourth, no specific antimalarial therapy was given
with BM-MSCs because this study was designed as a proof
of concept rather than an evaluation of optimal therapy.

Fifth, BM-MSCs were not tracked within the organs be-
cause markers used for this purpose are usually present for
up to 24 hours and our analysis was carried out on day 5,
when many organs had already been affected by P. berghei
infection.

Conclusions

BM-MSC treatment increased survival and reduced para-
sitemia and malaria pigment deposition in the spleen,
liver, kidney, and lung, but not in the brain. The two main
organs associated with worse prognosis in malaria—the
lung and the kidney—sustained less histological damage
after BM-MSC therapy, with a more pronounced im-
provement in lung function.
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Study of the antimalarial properties of hydroxyethylamine derivatives
using green fluorescent protein transformed Plasmodium berghei
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A rapid decrease in parasitaemia remains the major goal for new antimalarial drugs and thus, in vivo models
must provide precise results concerning parasitaemia modulation. Hydroxyethylamine comprise an important group
of alkanolamine compounds that exhibit pharmacological properties as proteases inhibitors that has already been
proposed as a new class of antimalarial drugs. Herein, it was tested the antimalarial property of new nine different
hydroxyethylamine derivatives using the green fluorescent protein (GFP)-expressing Plasmodium berghei strain. By
comparing flow cytometry and microscopic analysis to evaluate parasitaemia recrudescence, it was observed that flow
cytometry was a more sensitive methodology. The nine hydroxyethylamine derivatives were obtained by inserting one of
the following radical in the para position: H, 4CI, 4-Br, 4-F, 4—CH3, 4—OCH3, 4-NO,, 4-NH, and 3-Br. The antimalarial
test showed that the compound that received the methyl group (4-CH,) inhibited 70% of parasite growth. Our results
suggest that GFP-transfected P. berghei is a useful tool to study the recrudescence of novel antimalarial drugs through
parasitaemia examination by flow cytometry. Furthermore, it was demonstrated that the insertion of a methyl group at
the para position of the sulfonamide ring appears to be critical for the antimalarial activity of this class of compounds.

Key words: experimental malaria - novel antimalarial drugs - hydroxyethylamine

Malaria is the most relevant parasitic disease and,
despite the many efforts made to eradicate malaria, the
disease still accounts for 0.5 million deaths per year glob-
ally (WHO 2015). In Brazil, despite the number of cases
has been decreasing, it still accounts for 177,767 cases in
2013 (de Pina-Costa et al. 2014, WHO 2015). The current
antimalarial treatment recommended by World Health
Organization (WHO) is artemisinin-based combination
therapy because of artemisinin’s efficacy and ability to
lower the rate at which resistance emerges (WHO 2010).
However, several cases of resistance to artemisinin deriv-
atives have been observed, first at the Cambodia-Thailand
border (Dondorp etal. 2010) and now spread across South-
cast Asia (Ashley et al. 2014). Such a scenario compels the
discovery of novel antimalarial drugs. Several approaches
have been used in antimalarial drug discovery, including
the use of drugs that prevent transmission or new infec-
tion, stop relapse or can be used in cases of uncomplicated
and severe malaria (Aguiar et al. 2012a, Anthony et al.
2012). However, a rapid decrease in parasitaemia remains
the major goal for new drugs (Burrows et al. 2013).

The biological activities of hydroxyethylamine core
have been extensively studied. Hydroxyethylamines
have been described as human immunodeficiency virus
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(HIV) protease inhibitors (Ghosh et al. 2014) and, over
the last several years, this class have been studied for
their antimalarial activity (de Souza et al. 2012). The an-
timalarial mechanism of action of hydroxyethylamines
comprises the selective inhibition of plasmodium pro-
teases such as falcipain and plasmepsin without interfer-
ing with human proteases (Muthas et al. 2005, Rathi et
al. 2013). Indeed, the study of hydroxyethylamine deriva-
tives as a new class of antimalarial drugs could represent
a safe antimalarial drug. Recently, it was demonstrated
that the insertion of a ciclohexyl group in hydroxyeth-
ylamine core synthesised from alkylamines increase the
antimalarial of such molecule (de Souza et al. 2012).
Herein, it was tested newly synthesised nine differ-
ent hydroxyethylamine derived from ring-opening of the
(2S,3S)-Boc-phenylalanine epoxide with benzylamine in
refluxing isopropanol, according its antimalarial activity
using the mouse in vivo model of infection with green fluo-
rescent protein-expressing Plasmodium berghei (PbGFP).

MATERIALS AND METHODS

Ethics statement - This work was carried out in
strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. The protocol was ap-
proved by the Committee on Ethical Use of Laboratory
Animals of the Oswaldo Cruz Foundation (Fiocruz)
(Rio de Janeiro, Brazil) (permit LW52/12).

Mice and the model of infection - C57TBL/6 mice
(4-5 weeks old) were provided by the Fiocruz breed-
ing unit and caged with free access to food and fresh
water in a room at the Farmanguinhos experimental
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facility, with a temperature ranging from 22-24°C and
a 12 h light/dark cycle, until use.

For the nontransfected and PbGFP ANKA infection
[GFPcon 259cl2 was kindly provided by Dr L Carvalho
(Fiocruz) and is a donations from the Malaria Research
and Reference Reagent Resource Center - MR4, depos-
ited by CJ Janse and AP Waters (MRA-865)], the mice
were intraperitoneally (i.p.) inoculated with 5 x 10 P.
berghei-parasitised red blood cells withdrawn from a
previously infected mouse. Artesunate, chloroquine or
primaquine was orally administered to mice on the third
day of infection (100 mg/kg, diluted in 10% ethanol and
90% propylene glycol; Farmanguinhos). For the evalua-
tion of survival rate, lethality was registered every day
until day 14 post-infection. Mice were euthanised by an
i.p. injection with a mixture of ketamine (100 mg/kg) and
xylazine (10 mg/kg) prior to pentobarbital (150 mg/kg).

Parasitaemia evaluation - At the indicated time
points after infection, a thin blood smear was performed
for parasitaemia determination by Diff-Quick staining.
The determination of parasitaemia by microscopy was
performed by counting five fields of approximately 200
erythrocytes per field. To evaluate parasitaemia by flow
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cytometry, 4 puL of blood was resuspended in 500 pL of
phosphate buffered saline/0.1% azide and the cell sus-
pension was immediately submitted to flow cytometry
(FACSCalibur, BD Biosciences), as described (Franke-
Fayard et al. 2004). Forward scatter and side scatter were
set to gate the total erythrocytes and the percentage of
PbGFP-infected erythrocytes was determined by fluo-
rescence intensity. At least 10,000 events were acquired
in the gate. The data analyses were performed using Cell-
Quest software (BD Immunocytometry Systems, USA).

Antimalarial activity of hydroxyethylamine deriva-
tives - The target compounds S5a-i were obtained as
previously described (Facchinetti et al. 2014, Moreth et
al. 2014). To evaluate the in vivo antimalarial efficacy
of hydroxyethylamine derivatives, the PbGFP four-day
suppressive test was used (Fidock et al. 2004). Two
hours after infection with PbGFP, mice were randomly
assigned to 11 groups: nontreated (vehicle, 200 pL i.p.),
artesunate treated [10 mg/kg/day diluted in 5% dimethyl
sulfoxide (DMSO)] and a group for each hydroxyeth-
ylamine derivatives (5a-i; 10 mg/kg/day diluted in 5%
DMSO). Mice were treated daily up to day 4 after infec-
tion when parasitaemia determination was performed by
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Fig. 1A: survival rates for C57BL/6 mice infected with Plasmodium berghei (Pb) (solid line) or green fluorescent protein-expressing Pb (PbGFP)
(dashed line). The log-rank test revealed no differences in the survival curves when the Pb-infected (n = 10) and PbGFP-infected C57BL/6 mice
(n=10) were compared. Evolution of parasitaemia in Pb (black symbols) or PbGFP-infected (white symbols) mice measured by microscopy (B)
or cytometry (C). The results are expressed as the mean + standard deviation from at least six animals per group in two different experiments.
Gating strategy used to isolate total red blood cells (RBCs) based on forward scatter (FSC) and side scatter (SSC), and representative dot-plots
demonstrate the increase in fluorescence, as indicated by an increase in GFP expression in the RBCs is shown in C.
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flow cytometry. The results are expressed as drug ac-
tivity as described previously (Fidock et al. 2004). The
difference between the mean value of the control group
(taken as 100%) and that of the experimental groups was
calculated and expressed as percent reduction (= activ-
ity) using the following equation: activity = 100 - [(mean
parasitaemia treated/mean parasitaemia control) x 100].
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Fig. 2: correlation analyses of parasitaemia estimated by microscopy
and cytometry. A: correlation between parasitaemia in mice infected
with Plasmodium berghei (Pb) or green fluorescent protein-express-
ing Pb (PbGFP) evaluated by microscopy; B: correlation between
parasitaemia in PbGFP-infected mice evaluated by microscopy and
cytometry; C: Bland-Altman plot representing the bias (0.1%) and
95% limit of agreement (4.2%) for the parasitaemia evaluation.
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Statistical analysis - A log-rank (Mantel-Cox) test
was used to compare the percentages of survival and the
significance level was set at p < 0.05. The correlation
coefficient and Bland-Altman limit were calculated. Ad-
ditional statistical significance was assessed using ANO-
VA followed by the Newman-Keuls 7 test. The results are
expressed as the mean + standard error of the means and
the significance level in all cases was set at p < 0.05.

RESULTS

Comparison of recrudescence test using Pb and
PbGFP-infected mice - In view of the importance to ob-
serve the rapid decrease of parasitaemia after antima-
larial treatment, it was first compared two methodolo-
gies used to the test of new antimalarial drugs (Aguiar
et al. 2012b, de Souza et al. 2012). It was observed that
Pb and PbGFP-infected mice exhibited similar survival
curves (p = 1.00) (Fig. 1A). In addition, the parasitaemia
in the Pb and PbGFP groups, as counted by microscopy,
was not statistically different and increased up to day
6 post-infection (Fig. 1B). PbGFP-infected erythrocytes
were further counted by flow cytometry and it was ob-
served increased levels of parasitaemia up to day 6 post-
infection (Fig. 1C). A positive correlation was observed
between the parasitaemia counted by microscopy from
Pb and PbGFP-infected mice (Fig. 2A). In addition, the
evaluation of parasitaemia from PbGFP-infected mice
analysed by microscopy or by flow cytometry revealed
a significant positive linear correlation (p = 0.006) (Fig.
2B). To confirm that two different methodologies would
infer the same result, it was performed a Bland-Altman
analysis that also indicated that the evaluation of parasi-
taemia by cytometry and by microscopy are equivalent
(bias = 0.1%; 95% limit of agreement = 4.2%) (Fig. 2C).

Concerning recrudescence studies, up to 48 h after
treatment with chloroquine, no infected erythrocytes
were found in the blood smears obtained from treated
mice (Fig. 3A-C, respectively). However, using flow cy-
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Fig. 3: evaluation of recrudescence after treatment with antimalarial drugs. Mice were infected with green fluorescent protein-expressing
Plasmodium berghei (PbGFP) and treated with artesunate (A), chloroquine (B) or primaquine (C) at day 3 post-infection and parasitaemia
was evaluated up to 96 h after treatment. Parasitaemia was evaluated by microscopy (black bars) and cytometry (hatched bars). The results are
expressed as the mean + standard deviaton from at least six animals per group in two different experiments. Statistically significant differences
compared to the group evaluated by microscopy (p < 0.05) are indicated by an asterisk.
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least six animals per group in two different experiments.

tometry, an increase in the parasitaemia of treated mice
was observed, especially in mice treated with primaquine
or chloroquine. At 72 h and 96 h after treatment, infected
erythrocytes were observed in the blood smears at the
same extent observed by flow cytometry.

Antimalarial activity of hydroxyethylamine deriv-
atives - Because PbGFP is an effective model to study
antimalarial drugs, PbGFP-infected mice were treated

with nine hydroxyethylamine derivatives ((2S,3R)-2-
(amino)-[4-(N-benzylarenesulfonamido)-3-hydroxy-
I-phenylbutane). The preparation of the target com-
pounds 5a-i (Fig. 4) has been previously described
(Facchinetti et al. 2014, Moreth et al. 2014).

Of the nine tested compounds, 5a and 5e showed
antimalarial activity. Compound 5e was able to reduce
70% of the parasitaemia and was the most active sub-
stance of this series (Fig. 5).
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DISCUSSION

Herein, it was proposed the study of newly synthesised
hydroxyethylamine derivatives as antimalarial compounds
using PbGFP. Furthermore, it was observed that parasitae-
mia evaluation by flow cytometry reveal low parasitaemia
levels, which is not observed by microscopic analysis.

As described before, according the Medicine for Ma-
laria Venture, the “ideal” candidate profile of an antima-
larial drug is whom account for fast parasite clearance
over 48 h after treatment (Burrows et al. 2013). In such
way, it is important to use techniques for parasite evalua-
tion that lead to accurate results. The construction of PbG-
FP was performed by Franke-Fayard et al. (2004) and has
been used in a wide range of studies (Sultan et al. 1999,
Sanchez et al. 2004, Tewari et al. 2010, de Souza et al.
2012), including the screening of novel antimalarial drugs
(de Souza et al. 2012, Lam et al. 2013, Wang et al. 2014). It
is interesting to note the presence of infected erythrocytes
up to 48 h after treatment with chloroquine by flow cytom-
etry that was not detected by microscopic analysis. Flow
cytometry allows faster and accurate parasitaemia exami-
nation because this technique can identify small amounts
of parasites in the blood (Malleret et al. 2011). Although
flow cytometry is a costly and complex technology to ex-
amine parasitaemia for routine diagnosis purposes, the
required instrumentation and materials are widely avail-
able in research and development institutions for research
purpose (Shapiro et al. 2013). Parasitacmia evaluation by
microscopic examination, despite widely used as main
test for diagnosis purposes (WHO 2015), is labour and
time-consuming, as well as dependent on microscopist
training and ability (Payne 1988). Limitations for PbGFP
usage as a tool for the discovery of pyrimethamine-based
drugs should be addressed, since the construction of Pb-
GFP required the insertion of pyrimethamine-resistant
gene at the same vector where GFP gene is insert aiming
to select the successfully transfected parasites.

Hydroxyethylamine derivative has been used in dif-
ferent biological approaches, as HIV-1 protease inhibi-
tor (Ghosh et al. 2014) and inhibitor of B-secretase 1, an
enzyme associated with neurodegeneration (Nordeman
et al. 2014). As well, the hydroxyethylamine-based com-
pounds has been tested as antimalarial drugs since this

compounds are able to inhibit the activity of plasmepsin
(Muthas etal. 2005) and falcipain (Rathi etal. 2013), main
enzymes involved in parasite development (Blackman
2008). It was previously showed that hydroxyethylamine
derivatives (ciclohexyl group inserted in hydroxyeth-
ylamine core) synthesised from alkylamines presented
antimalarial activity (de Souza et al. 2012). Herein,
it was tested the in vivo activity of new nine different
((2S,3R)-2-(amino)-[4-(N-benzylarenesulfonamido)-3-
hydroxy-1-phenylbutane derivatives and observed that
the insertion of a methyl group at the para position of
the sulfonamide ring appears to be critical for the anti-
malarial activity of this class of compounds (Fig. 6). In-
terestingly, hydroxyethylamine exhibits no toxic effect
on erythrocytes and does not inhibit human proteases
(Muthas et al. 2005), suggesting that hydroxyethylamine
derivatives would be safe and effective novel antima-
larial drugs. In fact, its biological activity may be attrib-
uted to a secondary alcohol structural element, which
mimics the tetrahedral intermediate during metabolite
cleavage by proteases (Cunico et al. 2009). In addition,
Jaudzems et al. (2014) showed that the insertion of two
methyl group in hydroxyethylamine-based compounds
increased compound activity on Plasmodium faciparum
enzymes when compared to nonmethylated compound.

Together, our results suggest that PbGFP is a useful
tool to study the recrudescence of novel antimalarial
drugs through parasitaemia examination by flow cy-
tometry. Furthermore, it was demonstrated that the in-
sertion of a methyl group at the para position of the sul-
fonamide ring appears to be critical for the antimalarial
activity of this class of compounds.
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