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RESUMO

Leishmania amazonensis, L.braziliensis e L. infantum séo os principais agentes causadores das
leishmanioses no Brasil. As drogas utilizadas na terapéutica das leishmanioses induzem
diversos efeitos e ndo existe uma vacina efetiva. As lectinas sdo proteinas ligantes de
carboidratos que apresentam atividade imunomoduladora. O potencial uso das lectinas como
agente quimioterapico contra Leishmania spp. ainda é incipiente. Neste trabalho, investigamos
o0 potencial leishmancida e imunomodulador da lectina obtida da pegonha da serpente Bothrops
leucurus (BLL). Os resultados demonstraram que BLL inibiu o crescimento e viabilidade de
formas promastigotas de Leishmania spp., através de um mecanismo dependente de galactose
e calcio. A incubacdo de BLL com células infectadas diminuiu a sobrevivéncia e causou
alteracOes ultraestruturais das amastigotas sem aparentes danos as células hospedeiras. BLL
induziu um aumento na secrecdo das citocinas proinflamatdrias em macréfagos infectados.
Assim, 0 mecanismo de acdo desta lectina em ambas as espécies converge na producdo de NO
e morte do parasito. Em L. infantum, o tratamento com BLL levou a diminuicdo do crescimento
celular do parasita e dano mitocondrial. A anélise por sequenciamento de nova geracao destacou
o0 papel das Tryparedoxinas no mecanismo de resisténcia ao tratamento com BLL. Por outro
lado, sob condicbes especificas, lectinas podem formar agregados e/ou oligbmeros. O padrédo
de agregacdo de BLL em meio de cultivo foi investigado para avaliar o efeito sobre macréfagos.
Concluiu-se que fibras semelhantes a amiloides derivadas de BLL s&o eficientemente
fagocitados por macrofagos, com consequente liberacdo de citocinas proinflamatorias. Desta
forma, BLL e/ou seus agregados possuem acdo leishmanicida e imunomoduladora em
macrofagos infectados por Leishmania spp. em um mecanismo dependente da producéo de NO
e citocinas proinflamatorias.

Palavras-chave: Lectinas. Leishmania. Macréfagos. Fibras. Imunomodulacgéo
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ABSTRACT

Leishmania amazonensis, L. braziliensis and L. infantum are the main causative agents of
leishmaniasis in Brazil. Drugs used in the therapy of leishmaniasis induce several effects and
there is no effective vaccine. Lectins, are carbohydrate binding proteins that have
immunomodulatory activity. The potential use of lectins as a chemo-/ immunotherapeutic agent
against Leishmania spp. is still incipient. In this work, we have investigated the leishmanidal
and immunomodulatory potential of a lectin from Bothrops leucurus venom (BLL). The results
demonstrated that BLL inhibited the growth and viability of promastigote forms of Leishmania
spp., through a mechanism dependent on galactose and calcium. Incubation of BLL with
infected cells decreased the survival of amastigotes causing ultrastructural changes on this form
with no apparent damage to host cells. BLL induced an increase in the secretion of
proinflammatory cytokines in infected macrophages. The mechanism of action of this lectin in
both species converges to the production of NO, leading to the parasite death. In L. infantum,
BLL treatment led to decreased of parasite growth and mitochondrial damage. The new
generation sequencing analysis highlighted the role of tryparedoxins in the mechanism of
resistance to BLL treatment. On the other hand, under specific conditions, lectins form
aggregates and/or oligomers. We investigated the aggregation behavior of BLL in culture
medium and its effect on macrophage activity. BLL-derived amyloid-like fibers are efficiently
phagocytosed by macrophages, with the release of proinflammatory cytokines. Overall, BLL
and/or its aggregates have leishmanicidal and immunomodulatory action on macrophages
infected with Leishmania spp. in a mechanism dependent on NO production and
proinflammatory cytokines.

Keywords: Lectins. Leishmania. Macrophage. Fibrils. Inmunomodulation
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1 INTRODUCAO

1.1 Leishmania

1.1.1 Leishmanioses

As leishmanioses estdo presentes em 88 paises, com cerca de 12 milhGes de
pessoas infectadas e 350 milhdes de pessoas sob o risco de infeccdo. Causadas por
protozoérios do género Leishmania, constituem um grupo de doencas de grande impacto
na Salde Publica com incidéncia estimada em 700.000 a 1 milh&o de novos casos, com
20.000 a 30.000 casos fatais ocorrendo anualmente (ORGANIZACAO MUNDIAL DE
SAUDE, 2015) (Figura 1 e 2). Estes protozoarios caracterizam-se por serem parasitas
principalmente de macrofagos e células dendriticas, levando a manifestagdes clinicas que
dependem tanto da resposta imune do hospedeiro quanto da espécie infectante.
Consideradas doencas de importancia no contexto da saude publica, as leishmanioses
estdo incluidas pela Organizacdo Mundial de Saude (OMS) entre as seis doencas

endémicas de maior relevancia no mundo.

Figura 1 - Endemicidade da leishmaniose cutanea (LC) no mundo, 2015.

Numero de novos casos de
LC reportados, 2015.
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Fonte: Organizacdo Mundial de Salde, 2017.
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Figura 2 - Endemicidade da leishmaniose visceral (LV) no mundo, 2015.

Numero de novos casos de
LV reportados, 2015.
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Fonte: Organiza¢do Mundial de Sadde, 2017.

1.1.2 Formas Clinicas

A forma mais comum de leishmaniose é a leishmaniose cutanea (LC),
caracterizada por apresentar diferentes graus de severidade, de aparéncia clinica e de
tempo de cura (AKHOUNDI et al., 2016; REITHINGER et al., 2007). O aspecto
desfigurante que estas lesdes podem assumir ao longo do curso da doenca tem contribuido
para segregacdo social e econdmica dos individuos afetados (DAVID; CRAFT, 2009).
Em geral, as lesdes causadas pela leishmaniose cutanea apresentam aspectos variados e a
infecgdo secundéria bacteriana altera este aspecto tornando-as mais inflamadas, dolorosas
e purulentas (BRASIL, 2007). A LC pode ainda acontecer de diferentes formas:
leishmaniose cutanea localizada (LCL), leishmaniose cutanea difusa (LCD) e
leishmaniose mucocutanea (LMC). Na LMC, as lesdes inicialmente se apresentam na pele
e, posteriormente, se disseminam até a mucosa de nariz, boca e garganta.
Subsequentemente, as ulceragdes na mucosa podem causar a destruicdo do septo nasal,
labios e palato, levando a um quadro de intensa desfiguracdo facial (MURRAY et al.,
2005).

No Velho Mundo os principais agentes etioldgicos implicados na leishmaniose
cutanea sao L. major, L. tropica e L. aethiopica, enquanto L. mexicana, L. braziliensis e
L. amazonensis estdo relacionadas com a doenga no Novo Mundo (CASTELLUCCI et
al., 2012; EL-ON, 20009).
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A leishmaniose visceral (LV) é considerada a mais severa forma de leishmaniose,
levando a cerca de 95% de mortalidade nos casos néo tratados. Os principais sintomas da
LV incluem: febre irregular, perda de peso, hepatomegalia, esplenomegalia e, por vezes,
hepatoesplenomegalia (AKHOUNDI et al., 2016). A LV é essencialmente causada por L.
donovani (na Asia e Africa) e L. infantum (no sul da Europa, bem como na América do
Sul, onde é usualmente referida como L. chagasi).

Atualmente pode-se dizer que, no Brasil, a leishmaniose apresenta trés padrdes
epidemioldgicos caracteristicos: a) Silvestre - a transmissdo ocorre em area de vegetacao
priméaria sendo fundamentalmente uma zoonose de animais silvestres, que pode acometer
0 ser humano quando este entra em contato com o ambiente silvestre, onde esteja
ocorrendo enzootia; b) Ocupacional e lazer - a transmissdo esta associada a exploracao
desordenada da floresta por derrubada de matas para construcdo de estradas, usinas
hidrelétricas, instalacdo de povoados, extracdo de madeira, desenvolvimento de
atividades agropecuérias, de treinamentos militares e ecoturismo; ¢) Rural e periurbano
em areas de colonizacdo — este padrdo esta relacionado ao processo migratério, ocupacao
de encostas e aglomerados em centros urbanos associados a matas secundarias ou
residuais (BRASIL, 2007).

1.1.3 Agente Etioldgico

Durante o seu ciclo de vida, os parasitas do género Leishmania, apresentam dois
estagios morfologicamente distintos: a forma promastigota com motilidade flagelar
presente no trato digestivo dos flebotomineos, e a forma amastigota, ndo mdvel, que
reside no interior de macrofagos de hospedeiros vertebrados (Figura 2). As promastigotas
possuem forma alongada, com unico nucleo, flagelo livre e cinetoplasto (regido
especializada da mitocondria onde se localiza 0 DNA mitocondrial) anterior ao nucleo. O
tamanho das formas promastigotas € variavel, mesmo dentro de uma mesma especie,
podendo medir entre 16 — 40 x 1,5 — 3 um (comprimento x largura) incluindo o flagelo
gue € sempre maior que o corpo do parasito. Estas formas multiplicam-se por diviséo
binaria longitudinal dentro do tubo digestivo do inseto vetor. As amastigotas se
multiplicam no interior dos macréfagos possuindo morfologia ovalada, com ndcleo unico,
cinetoplasto e um flagelo que nunca excede os limites da bolsa flagelar. A forma
amastigota varia de tamanho dependendo da espécie, podendo medir entre 3-6,5x 1,5 —
3 um (comprimento x largura) (SANTOS et al., 2013).
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Figura 3 - Representacdo esquematica da forma amastigota e promastigota de Leishmania.

f‘N ‘ promastigota

= metaciclica

promastigota
prociclica

Fonte: Adaptado de Santos et al. (2013).

Legenda: Aspecto morfologico das formas evolutivas promastigotas (prociclica e metaciclica)
evidenciando a localizacdo do nucleo (n), flagelo (f) e cinetoplasto (c). Para formas promastigotas e
amastigotas, o cinetoplasto esta localizado na porcéo anterior ao nucleo. Todas as formas, possuem uma
Unica mitocdntria (m) ramificada na extensdo do corpo cellular até o inicio do cinetoplasto.

1.1.4 Ciclo de vida da Leishmania

O ciclo bioldgico desse protozoario ocorre em dois estagios: dentro do aparelho
digestivo e glandula salivar do inseto vetor, sob a forma promastigota, e no interior de
macrofagos e células dendriticas de hospedeiros vertebrados, a forma amastigota. Durante
0 repasto sanguineo, a fémea do flebotomineo (essencialmente pertencentes aos géneros
Phlebotomus e Lutzomyia) inocula a forma promastigota infectiva do parasita juntamente
com a saliva (forma metaciclica). Inicialmente, os parasitos sdo capturados por células do
sistema fagocitico mononuclear presentes no tecido epitelial, sendo os macrofagos os seus
principais alvos (SCOTT, 2011). Em adi¢do a fagocitose dos parasitos, macréfagos
também fagocitam neutréfilos infectados em processo de apoptose. No interior dos
macrofagos, as formas promastigotas estabelecem uma residéncia intracelular e se
transformam em amastigotas. Apds multiplicacdo, com o0 aumento no ndmero de
amastigotas no interior do vacuolo parasitoforo, os parasitos sdo liberados através de lise

celular, resultando na infecgdo de outras células. O ciclo de vida é completado quando
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outro hematofago ingere sangue infectado novamente durante o repasto sanguineo.
Dentro do vetor, formas amastigotas sdo convertidas em promastigotas prociclicas. Neste
ponto, os parasitos se proliferam, se diferenciam em formas promastigotas infectivas e
migram para as glandulas salivares do mosquito, perpetuando o ciclo de vida (KAYE;
SCOTT, 2011) (Figura 4).

Figura 4 - Ciclo de vida de Leishmania, o agente causador da leishmaniose.

[ Proliferagio |
P

Promastigom
Amastigotas @ prociclicas
Promastigotas
@ metaciclicas

o=

/ Fagocito

2 Fagolisossomo

Amastigota intracelular

Fonte: Adaptado de Kaye e Scott (2011)

Legenda: Formas promastigotas prociclicas de Leishmania se diferenciam em formas infectantes
metaciclicas no interior do flebotomineo. Durante o repasto sanguineo, o inseto regurgita os promastigotas
metaciclicos, juntamente com proteofosfoglicanos com fungdo imunomoduladora e varios components da
saliva do inseto. Os parasitos promastigotas metaciclicos sdo fagocitados, estabelecem uma residéncia
intracelular e se diferenciam em formas amastigotas. Apos replicacdo dos amastigotas e posterior ruptura
da célula hospedeira, ha a liberacdo de amastigotas que irdo infectar outras células. O ciclo de transmisséo
esta completo quando um outro febotomineo é contaminado durante o repasto sanguineo.

1.1.5. Imunologia da Leishmaniose

Vérios estudos tém demonstrado que a resposta do hospedeiro contra a
Leishmania pode ser modulada por varios fatores incluindo células do sistema

imunologico como neutrofilos, células Natural Killer (NK), macrofagos, linfocitos T
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CD4+ e citocinas como o interferon-y (IFN-y), a interleucina-12 (IL-12) e factor necrose
tumoral (TNF) (BIRNBAUM et al.,, 2011). Neste sentido, os macrofagos sao
considerados fundamentais para que a infeccdo se estabeleca, pois sdo as principais
células infectadas e o local de replicacdo dos amastigotas (JOHN; HUNTER, 2008;
NYLEN; GAUTAM, 2010). Estas células possuem potente funcéo antimicrobiana, agem
como células efetoras e juntamente com as células dendriticas, apresentam antigenos de
Leishmania, ativando os linfocitos T (BIRNBAUM et al., 2011). No entanto, capacidade
microbicida dos macréfagos pode ser superada pelos mecanismos de defesa do parasito,
gue consegue sobreviver e multiplicar-se num ambiente totalmente desfavoravel (KAYE;
SCOTT, 2011).

A incapacidade dos macréfagos em matar os parasitos e ativar outras celulas
efetoras do sistema imune é produto da capacidade persistente do parasito em alterar
varias vias de sinalizacdo chaves. Esta rapida mudanca nas vias de sinalizacdo serve a
pelo menos duas estratégias dos parasitos: a principio, a inibicdo dos mecanismos de
morte induzida pelos macrofagos que séo disparados apds a fagocitose de particulas
estranhas (i.e. a producgdo de espécies reativas de oxigénio e nitrogénio). Além disso, a
inibicdo da fungédo leishmanicida que pode ser disparada em resposta a ativacdo dos
macrofagos tanto por estimulos provenientes do parasito quanto da producdo de IFN-y,
0s quais levam a producéo de 6xido nitrico (SHIO et al., 2012).

Além dos mecanismos de evasdo do parasito, o estabelecimento ou ndo da
infeccdo por leishmania depende, na maioria dos casos, de duas subpopulacdes de células
T CD4+, Thl e Th2, e de suas citocinas associadas. (GIUDICE et al., 2012,
KEDZIERSKI, 2010; OLIVEIRA et al., 2014; REIS et al., 2006). Os linfdcitos T séo
fundamentais na resposta do hospedeiro as leishmanioses e decisivos para cura e geracao
de uma resposta imune protetora, a0 mesmo tempo em que sd0 responsaveis pela
persisténcia da doenca e a sua patologia (CHOI; KROPF, 2009). O padrdo de resposta
imune do tipo Thl com producdo de IFN-y, TNF-a e I1L-12, tem sido associado com o
controle da infeccdo através da ativacdo dos macrofagos e destruicdo parasitaria
(AMEEN, 2010; ROBERTS, 2006). A citocina IFN-y atua em sinergia com TNF-a
ativando o6xido nitrico sintase (iNOS ou NOS2) a produzir éxido nitrico (NO), resultando
na morte intracelular do parasito e controle da doenga (BOGDAN et al., 2001; NYLEEN
e GAUTAM, 2010). Por outro lado, citocinas como IL-4, IL-10 e TGF-B, consideradas
do tipo Th2, favorecem a multiplicacdo parasitaria, inibindo a producdo de NO por
macrofagos ativados por IFN-y (GOMES-SILVA et al., 2007). Essas citocinas também
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sdo capazes de inibir a diferenciacdo dos linfécitos T para um perfil Thl e consequente
producéo de IFN-y e TNF-o (BARATTA-MASINI et al., 2007).

Adicionalmente, a fagocitose de Leishmania também leva a producéo de espécies
reativas de oxigénio (ROS) na tentativa de eliminacdo do parasito, além de causar a
ativacdo do inflamassomo NLRP3. A pro-IL-1pB, forma inativa da citocina IL-1pB, é
processada pelo inflamassomo na pele da pessoa infectada. No entanto, o fator (ou
fatores) que induz (em) a producdo da IL-1p na pele permanecem desconhecidos. A
ativacdo de IL - 1P é essencialmente acompanhada da ativagdo de inflamassomo ¢ mediada
pela clivagem da Caspase-1 (Figura 5). Além disso, a ativacdo do inflamassomo pode
funcionar como sinalizador de resposta na infeccdo por L. braziliensis em humanos
(NOVAIS et al., 2015).

IL-1B ¢ essencial na expansdao de células Thl, pois promove o aumento na
producdo de IL-12. Além disso, IL-1p também ¢ capaz de induzir a ativacdo de NO,
participando diretamente na ativacdo dos macrofagos e, indiretamente, promovendo a
resposta do tipo Thl e aumento na producdo de IFNy. Entretanto, em contraste com o
efeito protetor, a resposta exacerbada de IL-1B e TNF-a pode levar a producéo de diversas
citocinas e quimiocinas que promovem o0 aumento na expressao de moléculas de adesdo
e levam a destruicdo tecidual e agravamento da doenca (SCOTT; NOVAIS, 2016).
Estudos prévios demonstraram que animais com deficiéncia em componentes do
inflamassomo foram mais susceptiveis a infeccdo (CHARMOY et al.,, 2016). Em
camundongos infectados com L. amazonensis, a ativacdo de IL-1p via inflamassomo
parece promover a producdo de NO mas o estimulo ndo seria suficiente para cura do
animal. Desta forma, o inflamassomo pode estar relacionado com a protegdo ou
exacerbacdo da patogénese da leishmaniose (LIMA-JUNIOR et al., 2013).

O papel do sistema imune do hospedeiro e o tipo de resposta elicitado podem
explicar o insucesso de tratamento e a geracdo de resisténcia e devem ser levados em

consideracgdo no desenvolvimento racional de novas drogas (BANERJEE et al., 2011).
1.1.6 Quimioterapia e Prospeccéo de Novos Alvos Terapéuticos contra Leishmaniose
Independente da espécie de Leishmania envolvida, a terapia para leishmanioses ainda

é baseada no uso de antimoniais pentavalentes, como drogas de primeira escolha. Porém

os efeitos adversos, a necessidade de uma administracdo parenteral, regimes de
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tratamento prolongados e aparecimento de resisténcia do parasita ao tratamento ainda se
impdem como principais obstaculos a erradicacdo da doenca, principalmente nos paises
subdesenvolvidos e/ou em desenvolvimento (CUNHA, 2015; GONZALEZ et al., 2008).
Neste panorama, a procura de alternativas para o tratamento destas doencas ainda se faz

necessaria.

Figura 5 - Papel da IL-1p e ativagdo de inflamassomo como protetor ou indutor de patogénese na
leishmaniose.

Indugdo de
ROS e NO

o
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NLRP3

Fonte: Adaptado de Scott e Novais (2016).

E consenso entre os pesquisadores que o desenvolvimento de novas drogas contra
tripanosomatideos, passa pelo conhecimento da biologia celular e de rotas metabdlicas
préprias do parasita, ndo encontradas nas células do hospedeiro, e que possam ser
utilizadas como alvo seletivo contra estes parasitos. Leishmania sp., como outros

tripanosomatideos, apresenta ciclo de vida complexo, envolvendo hospedeiros



25

vertebrados e invertebrados. Durante seu ciclo de vida, estes parasitos adaptam seu
metabolismo de acordo com a disponibilidade de alimentos, ou melhor, com os substratos
disponiveis (TIELENS; VAN HELLEMOND, 2009). O metabolismo energético de
tripanossomatideos apresenta caracteristicas peculiares, além de um sistema enzimatico
e organelas bastante especializadas que permitem ao parasita se adaptar as diferentes
condicGes do meio (FIDALGO; GILLE, 2011). Um exemplo disso est& no fato de que,
ao contrario da maior parte dos eucariotos onde a via glicolitica ocorre no citoplasma, nos
tripanossomatideos ela ocorre dentro de uma organela denominada glicossomo
(BRINGAUD et al., 2006), a qual é exclusiva destes protozoarios, constituindo assim um
alvo interessante para drogas. Por outro lado, o Ca?*, é um importante jon atuando como
segundo mensageiro essencial em eucariotos, incluindo os protozoarios. A quebra da
homeostase do Ca?* pode levar & morte celular por apoptose ou necrose. A regulacio das
concentragdes intracelulares de Ca?* nos tripanosomatideos é de extrema importancia,
pois estes parasitos possuem uma Unica mitocondria, que ocupa cerca de 12% do volume
total do parasito e que é capaz de acumular grandes quantidades de Ca?*. Além da
mitocondria, os acidocalcisomas, estdo diretamente envolvidos com a homeostase deste
ion em tripanosomatideos. Assim, farmacos que atuam diretamente na homeostase do
Ca?* intracelular ou indiretamente na mitocdndria, acidocalcisomas ou glicosomos vém
sendo amplamente investigados como estratégia promissora de novos alvos terapéuticos
(BENAIM; GARCIA, 2011).

1.2 Lectinas

As proteinas sdo as moléculas mais abundantes nos sistemas vivos. Desta forma,
um organismo Vvivo possui cerca de 15% do seu peso seco constituido por elas. Neste
contexto, as lectinas apresentam-se como um grupo de macromoléculas da classe das
proteinas com as mais variadas fungdes como: hormonal, enzimatica, defesa, nutricional,
receptor de sinais celulares, proteinas de transporte bem como fungbes estruturais
(SHARON, 2007; SHARON e LIS, 2004; 2001). O termo “lectina” (do latim lectus,
significa selecionado, escolhido) foi proposto por Boyd e Shapleigh em 1954 para
designar um grupo de proteinas que apresentava a caracteristica comum de seletividade
na interacdo com carboidratos. O termo aglutinina € usado como sinénimo para lectina,
em referéncia a habilidade de aglutinar células (PEUMANS; VAN DAMME, 1995).
Porém, a definicdo de lectina mais completa foi formulada por Kocourek e Horejsi (apud
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JAMES, 1985), de acordo com estes autores lectinas sdo proteinas ndo pertencentes ao
sistema imunoldgico. Porém, capazes de reconhecer sitios especificos em moléculas e
ligar-se reversivelmente a carboidratos, sem alterar a estrutura covalente das ligacGes
glicosidicas dos sitios (PEUMANS; VAN DAMME 1995, PEUMANS et al., 2001).

1.2.1 Particularidades de lectinas

Lectinas sdo proteinas que reconhecem e se ligam especificamente a carboidratos.
Deve ser enfatizado, no entanto, que a especificidade das lectinas é altamente variavel.
Algumas proteinas reconhecem e interagem com monossacarideos como manose, glicose,
galactose e fucose, porém algumas lectinas, especialmente as de plantas, se ligam a
oligossacarideos complexos N- ou O-ligados (GHAZARIAN et al., 2011). Além disso,
as lectinas diferem entre si quanto a sequéncia de aminoacidos, requerimentos de metais,
peso molecular e estrutura tridimensional.

As lectinas, por possuirem sitios especificos de ligacdo a carboidratos, sdo capazes
de interagir com diversas moléculas dos fluidos bioldgicos e receptores de superficie
celular, agindo como decodificadores das informac6es trocadas entre moléculas, células
e organismos (HUGHES, 2000). Desta forma, estas proteinas vém sendo utilizadas na
investigagdo cientifica como uma ferramenta Gtil na avaliacdo e no entendimento de
diversos sistemas bioldgicos. Dentre as diversas aplica¢fes biotecnoldgicas atribuidas as
lectinas, destacam-se a identificacdo de grupos sanguineos, a caracterizacdo de
microorganismos, a estimulagdo mitogénica de células imunes, a deteccdo e o isolamento
de carboidratos em solugdo nas macromoléculas ou em superficie celular (DANG; VAN
DAMME, 2015; RABINOVICH; CROCI, 2012; RABINOVICH, 1999; SHARON; LIS,
2001).

A seletividade das lectinas para seus alvos naturais da-se em funcdo de multiplos
sitios de ligacdo adicionais aqueles que determinam a especificidade. Os sitios
determinantes da especificidade sdo denominados sitios primarios. A multiplicidade de
ligacbes é proporcionada por subsitios de ligacdo (ou sitios extendidos) ou por
subunidades multivalentes. Em ligagdes que envolvem subsitios, um monosacarideo
(carboidrato especifico), usualmente terminal, esta intimamente ligado no sitio primario
da lectina juntamente com os monossacarideos posteriores da cadeia de oligossacarideo
(NAGAE; YAMAGUCHI, 2015; GABIUS, 2011).


http://www.ncbi.nlm.nih.gov/pubmed/?term=Gabius%20HJ%5BAuthor%5D&cauthor=true&cauthor_uid=21458998

27

Em relacdo as cadeias polipeptidicas, as lectinas sdo caracteristicamente ricas em
aminoacidos acidos hidroxilados, associados por interacGes hidrofdbicas, pontes de
hidrogénio e, em alguns casos, pontes dissulfetos (KENNEDY et al., 1995). As
especificidades e afinidades dos sitios sdo alcancadas principalmente por pontes de
hidrogénio, com o auxilio de forcas de van der Waals e interacdes hidrofobicas com
residuos de aminoacidos arométicos que estdo proximos as porcdes hidrofobicas de
monossacarideos, contribuindo para estabilidade dos complexos formados (SHARON;
LIS, 2001).

Os cétions divalentes, tais como os de Célcio, estdo envolvidos indiretamente no
mecanismo molecular de reconhecimento glicidico de algumas lectinas. As cadeias
laterais dos aminoéacidos, &cido aspartico e asparagina coordenam esses cations e fazem
a ligacdo de hidrogénio com o glicidio ligante. Portanto, além de servirem para
manutencdo da integridade das subunidades dessas lectinas, os ions metalicos ajustam os
residuos de aminoécidos envolvidos no sitio ligante glicidico, auxiliando-os na interacéo
com o carboidrato; no entanto néo interagem diretamente com o mesmo como ilustrado
na Figura 6 (CUMMINGS, 2014; FEINBERG et al., 2001).

1.2.2 Lectinas de animais

As lectinas sdo conhecidas ha mais de um século como constituintes de plantas
(CUMMINGS, 1997). Esta concepcdo esta fortemente associada ao conceito de que estas
proteinas seriam encontradas exclusivamente em plantas. Porém, as lectinas podem ser
encontradas em diferentes fontes, incluindo animais, fungos, bactérias e virus (RINI,
1995). O isolamento, em 1974, da primeira lectina de mamifero, a asialoglicoproteina
hepaética, ligante de galactose, foi um dos resultados da pequisa de Gilbert Ashwell no
NIH, juntamente com Anatol G. Morell na Escola de Medicina Albert Einstein (Nova
York). Ao mesmo tempo, Vivian Teichberg informou o isolamento do primeiro membro
da familia das lectinas b-galactose-especificas, designadas galectinas (TEICHBERG et
al.,, 1975; BARONDES et al.,, 1994). Desta maneira, nas Ultimas décadas tém-se
testemunhado a descoberta de diversas lectinas animais que foram agrupadas conforme

descrito no Quadro 1.
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Figura 6 - Representagdo esquematica da estrutura secundaria de uma lectina do tipo-C complexada com
seu carboidrato ligante especifico.
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'Nt <«— Carboidrato
-
sitode 7 ¥
ligagao ao
carboidrato N\, * Ca*

Lectina do tipo-C

Fonte: Modificado de Nagae e Yamaguchi (2015).
Legenda: As esferas amarelas representam os ions de Ca?".

Quadro 1 - Classificacéo das lectinas

Tipo

Exemplo de lectina

Ligante

B-sandwich (Jelly-
roll)

C-type

P-type

p-trefoil

Fibrinogen-like
domain

Hevein-like domain

Galectinas
Calnexina, calreticulina

Receptor de asialoglicoproteina
Selectinas, MBL

Receptor de Manose-6-fosfato (MR)
e proteinas com dominios homélogos
a MR

Fator de crescimento de fibroblastos
Receptores de manose com dominios
ricos em cisteina (macrofagos)
Lectina hemolitica

Ficolinas
Intelectinas
Tachylectina-5

Neurotoxina de aranha
(Selenocosmia huwena);
Cardiotoxina de veneno de cobra

B-galactosideos
GlciMangGIcNAC,

Fuc, Gal, GaINAC

Man-6-fosfato,
Mans sGICNAC:

GalNAC-4-sulfato
GalNAC
Gal

GIcNAC
Galf, pentoses
Acido sialico
GalNAC

Dissacarideos derivados
de heparina

Fonte: Adaptado de Gabius e Kayser (2014).
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1.2.3 Lectinas Tipo C

A dependéncia da ligacdo ao agucar na presenca de ions Célcio e a preservacao na
sequéncia comum de 14 aminodcidos na regido invariavel e 18 na constante sdo dois pre-
requisitos para a definicdo de uma lectina tipo C (DRICKAMER, 1992; DRICKAMER;
TAYLOR, 1993; NAGAE; YAMAGUCHI, 2015). As lectinas tipo-C do veneno de
serpentes sdo Calcio-dependentes constituindo-se exclusivamente como homodimeros ou
homooligbmeros (YAMAZAKI; MORITA, 2007) e tendo como carboidratos ligantes a
manose, galactose, fucose, N-acetilglicosamina, N-acetilgalactosamina e seus derivados.
Além disso, em sua origem, localizam-se principalmente na membrana celular e regido
extracelular. Possuem funcdes diversas como, por exemplo, participacdo na interacao

célula-célula, na imunidade inata e adquirida e montagem de rede da matriz extracelular.

Figura 7 - Estrutura secundaria da BiL, lectina da pegonha de Bothrops insularis.
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Fonte: Guimardes-Gomes et al. (2004).

Legenda: Ca?* representados pelas esferas cinzas ligadas a galactose. A ponte dissulfeto esta apresentada
em branco. Arranjos da estrutura secundaria em folhas-p estdo em verde e as formagdes a-hélice em
vermelho.

1.2.4 Lectina de Bothrops leucurus (BLL)

A lectina do tipo-C, isolada a partir da peconha da serpente Bothrops leucurus
(BLL, Bothrops leucurus lectin), foi purificada por um protocolo eficiente de
cromatografia de afinidade em gel de Guar. Assim como outras proteinas do tipo-C, a
atividade desta proteina depende de Célcio e € inibida por acUcares contendo
galactosideos (Figura 7). Estruturalmente é um dimero composto de duas subunidades de
15 kDa unidas por liga¢des dissulfeto. Além disso, o dicroismo circular revelou que, em
relacdo a sua estrutura secundaria, BLL pode ser classificada como uma proteina toda-f3
(NUNES et al., 2011).

Em relacdo a sua aplicacdo bioldgica, BLL apresentou atividade antibacteriana
contra bactérias Gram-positivas (Staphylococcus aureus, Enterococcus faecalis e
Bacillus subtilis) (NUNES et al., 2011). Além disso, BLL demonstrou ter atividade
citotoxica contra diversas linhagens de células tumorais, atuando essencialmente sobre a
bioenergética mitocondrial destas células, levando a morte celular (NUNES et al., 2012;
ARANDA-SOUZA et al., 2014). Entretando, quando BLL foi submetida a irradiacéo, a
citotoxicidade induzida por BLL foi abolida em todas as linhagens tumorais testadas. Tais
resultados confirmaram que a radiacdo gama de %°Co foi capaz de causar alteracdes
funcionais e estruturais em BLL (NUNES et al., 2012). A diminuicdo significativa da
viabilidade de células da linhagem B16-F10 de melanoma apds tratamento com BLL
também foi observada. A morte celular foi atribuida a aumentos prévios nas
concentracdes de célcio intracelular e de espécies reativas de oxigénio (EROs)

mitocondrial, efeito que provavelmente esta relacionado com a perda de potencial de



31

membrana e transi¢do de permeabilidade mitocondrial (TPM) (ARANDA-SOUZA et al.,
2014).

1.2.5 Tripanossomatideos e as lectinas

As lectinas tem se mostrado promissoras na prospeccdo de possiveis agentes
quimioterapicos contra diversas doencas. Estas proteinas reconhecem com alta
especificidade residuos de carboidratos presentes em proteoglicanas, glicoproteinas e
glicolipideos, os quais desempenham importantes funcdes tais como: interacdo parasito-
célula, comunicacdo célula-célula, fertilizacdo, desenvolvimento embrionério,
reconhecimento e comunicagdo celular, entre outros (SITOHY et al.,, 2007). Em
tripanossomatideos, lectinas também foram utilizadas para avaliar mudancas na
composicdo e distribuicdo de acucares na superficie celular durante o processo de
transformac&o de epimastigotas a tripomastigotas metaciclicos de T. cruzi, porém existem
poucos trabalhos sobre o potencial destas proteinas como agente quimioterapico.

Estudos prévios com a lectina Cramoll 1,4, mostrou que esta proteina causa
inibicdo do crescimento de formas epimastigotas de T. cruzi, induz a permeabilizacdo da
membrana seguida do influxo de célcio e acimulo de célcio mitocondrial, além de
aumentar a producdo de ROS mitocondrial e causar decréscimo no potencial de
membrana mitocondrial, promovendo a morte celular por necrose (FERNANDES et al.,
2010; FERNANDES et al., 2014). Diversos mediadores, organelas e processos celulares
tém sido implicados na morte celular, mas ainda ndo é claro como esses eventos interagem
uns com os outros. Entretanto, alteragdes mitocondriais, producdo de espécies reativas de
oxigénio e de nitrogénio, permeabilizacdo de membrana mitocondrial, alteracdes
lisossomais e aumento na concentracio de Ca?* citosdlico parecem estar envolvidos no

processo de morte celular induzida pelas lectinas (KROEMER et al., 2009).

1.2.6 As Lectinas e a Agregacdo Amildide

O processo de agregacdo de proteinas envolve diferentes estagios que
compreendem: mudancas na conformacéo nativa, formacéo de oligbmeros, nucleacdo e
geracdo de agregados que, por fim, podem originar fibras amiloides (BUELL, 2017;

UVERSKY et al., 2004). Os agregados amiloides sdo compostos por estruturas fibrilares
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formadas por protofilamentos, nos quais as estruturas em p-folhas sdo rearranjadas
perpendicularmente ao eixo de elongacdo. Tais protofilamentos podem se associar a
outros protofilamentos originando, desta forma, as fibras amiloides (BEMPORAD e
RAMAZZOTTI, 2017) (Figura 8).

O estado amiloide das proteinas foi descoberto incialmente no contexto de
doencgas neurodegenerativas como Alzheimer e mal de Parkinson (Hardy e Selkoe, 2002;
Dobson, 2003). No entanto, estudos recentes tém demonstrado que estruturas amiloides
podem também apresentar funcGes fisioldgicas benéficas. Estas estruturas, chamadas de
amiloides funcionais, sdo utilizadas por diversos organismos para desempenhar funcdes
bioldgicas como protecdo estrutural, regulacdo e controle da producdo e armazenamento
de proteinas, além de reconhecimento célula-célula (PHAM et al., 2014).

Figura 8 - Esquema simplificado do processo de agregacdo amiloide.
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Fonte: Modificado de Herzig et al. (2014).

Legenda: Em determinadas concentracdes e sob condi¢des especificas, a proteina na forma nativa pode
sofrer um desenovelamento da sua estrutura secundaria e se reorganizar em grupamentos sollveis
denominados oligbmeros. O complexo oligomérico ira se rearranjar em pré-fibrilas, formadas
essencialmente por estruturas em B-folhas (em vermelho), tipicas em agregados amiloides. A ligag&o cross-
S entre estas estruturas dara origem aos protofilamentos que, por fim, se organizardo em fibras maduras. A
curva sigmoide representada em laranja representa o sinal obtido no monitoramento tempo-dependente
guando utilizamos algumas das técnicas padrdo para reconhecimento de fibras amiloides (ThT binding
essay, Congo Red staining, Dynamic Light Scattering, FTIR, etc.). E possivel notar ainda, a baixa
sensibilidade desses métodos a estruturas formadas no inicio do processo de agregacéo, como os oligomeros
téxicos, por exemplo. Portanto, esta fase inicial da curva sigmoide € chamada de “lag-phase”.

As atividades bioldgicas atribuidas as lectinas, em geral, estdo diretamente

relacionadas & manutencdo conformacional do Dominio de Reconhecimento a
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Carboidratos destas proteinas. Neste sentido, Nunes e colaboradores (2012b)
demonstraram que BLL sofre perda da atividade de ligacdo a carboidratos apos ser
submetida a irradiacdo do tipo gama. Tal inibicdo estaria diretamente relacionada a
modificacdes na estrutura da proteina ou perda de sua capacidade de agregacéo, afetando
a interacdo do sitio de ligacdo da lectina com superficies celulares ou outros substratos
ligantes. Neste sentido, estudos anteriores também observaram que, sob condic¢Bes
experimentais expecificas, a lectina Concanavalina A poderia sofrer mudancas na sua
estrutura nativa desencadeando um processo de agregacdo amiloide que estaria
relacionado ao efeito sobre linhagens tumorais (VETRI et al., 2010; 2011). A formacéo
de agregados amiloides derivados da lectina Con A pdde ser detectada em pH levemente
béasico e foi caracterizada pela ligacdo com o marcador fluorescente especifico de fibras
amiloides Thioflavina T (ThT) e microscopia de forca atdmica, elucidando todo o
processo de agregacdo desta proteina até a condensacdo do agregado fibrilar (CARROTA
et al., 2012). No entanto, a relacdo intima existente entre a estrutura fibrilar amiloide e a
atividade das lectinas permanece ainda desconhecida e tem se tornado alvo de relevantes
questionamentos cientificos, que vao desde o estudo de farmacos e alvos terapéuticos até
a compreensdo do papel destes agregados em doencas relacionadas a deposicdo de
amiloides, bem como doencas neurodegenerativas relacionadas a deposicdo destas

estruturas.
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2 JUSTIFICATIVA

A lectina BLL, objeto de nosso estudo, é ligante de galactosideo, purificada a
partir do veneno da serpente Bothrops leucurus. VVarios estudos tem demonstrado que esta
lectina apresenta importante atividade contra bactérias Gram-positivas, além de
citotoxidade contra diversas linhagens tumorais. (NUNES et al., 2011; NUNES et al.,
2012; ARANDA-SOUZA, 2014). Apesar do potencial desta lectina como agente
microbicida e antitumoral, seu efeito citotoxico e leishmanicida, bem como seus
mecanismos de ac¢do ainda permanecem um campo a ser explorado. No presente trabalho
investigamos a atividade in vitro da lectina BLL sobre as diferentes formas evolutivas de
L. amazonensis e L. braziliensis, seu potencial citotdxico sobre células de mamifero, bem
como 0s mecanismos de acdo nas formas evolutivas do parasito, promastigota e
amastigota. Esta investigacdo se justifica pela possibilidade de esta lectina atuar
especificamente em rotas metabolicas do parasito, favorecendo a cura parasitologica sem
os severos efeitos colaterais observados no tratamento convencional. Esperamos com 0s
nossos resultados, contribuir para o desenvolvimento de novas alternativas terapéuticas
para o tratamento da leishmaniose, bem como para descoberta de novos e mais eficientes

alvos terapéuticos.
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3 OBJETIVOS

3.1 Objetivo Geral

Avaliar a atividade leishmanicida da lectina BLL, bem como seus possiveis

mecanismos de acdo sobre Leishmania spp. e células do hospedeiro.

3.2 Objetivos especificos

d)

f)

9)

Avaliar a atividade da lectina BLL sobre o crescimento e viabilidade de formas

promastigotas e amastigotas de Leishmania spp.;
Verificar os efeitos de BLL sobre a fungdo mitocondrial de Leishmania spp.;

Investigar o potencial citotoxico da lectina BLL sobre células de macréfagos

peritoneais;

Avaliar o papel de BLL na producdo de NO e citocinas por macrofagos infectados

com Leishmania spp.;.

Investigar a ultraestrutura de macrofagos infectados com Leishmania spp tratadas
com BLL,;

Verificar os genes envolvidos no processo de resisténcia ao tratamento de

Leishmania infantum com BLL;

Avaliar mudancas estruturais de BLL e mecanismo de acdo da proteina sobre

macrofagos peritoneais.
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4 MATERIAIS E METODOS

4.1 Isolamento, purificacdo e caracterizacao da lectina

A lectina BLL foi isolada a partir da pegonha de Bothrops leucurus, gentilmente
cedida pelo Laboratério de Animais Peconhentos (UFPE). O veneno bruto liofilizado de
Bothrops leucurus (60 mg) foi dissolvido em tampédo CTBS (Tris-HCI 10 mM, NaCl 150
mM e CaCl> 5 mM, pH 7,5), centrifugado para remocdo do material insoltvel e a lectina
isolada e purificada como estabelecido por Nunes et al. (2011). A concentracdo da

proteina foi determinada de acordo com Bradford (1976).

4.2 Cultura de Parasitos

Formas promastigotas das espécies L. amazonensis (IFLA/BR/1967/PH-8), L.
braziliensis (MHOM/BR/75/M2903) e L. infantum (MHOM/BR/1970/BH46 “BH46” ¢
(MHOM/MA/67/ITMAP-263 “263”) foram utilizadas no presente estudo. Os parasitas
foram mantidos em meio Schneider’s (Gibco, USA) suplementado com 10% de soro fetal
bovino a 26 °C com duas passagens semanais. Os parasitos da cepa 263 foram cultivados
em meio SDM-79 e foram transfectados por eletropora¢do como descrito anteriormente
por Papadopoulou et al. (1992). Para os experimentos foram utilizados parasitas na fase
log de crescimento (3 dias) e o crescimento foi monitorado por até 72 h. Formas
amastigotas foram obtidas a partir de infeccdo de macrofagos peritoneais isolados a partir

de camundongos Balb/c.

4.3 Avaliacdo do efeito de BLL sobre formas promastigotas e amastigotas de L.

amazonensis e L. braziliensis

4.3.1 Efeito in vitro sobre o crescimento e viabilidade de formas promastigotas

Formas promastigotas de L. amazonensis e L. braziliensis (1 x 108 cels/mL) foram
incubadas a 26 °C em meio Schneider’s na presenca ou auséncia de BLL em diferentes
concentragOes. A densidade celular da cultura foi determinada nos tempos de 24, 48 e 72h
utilizando o método de contagem em cdmara de Neubauer. A concentracdo capaz de inibir
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0 crescimento da cultura em 50 % (ICso) foi determinada por analise de regresséo linear
utilizando o software SPSS 8.0. Alternativamente, foram investigados os efeitos do
carboidrato inibidor da atividade aglutinante da lectina, galactose 200 mM (Gal), bem
como do quelante de célcio (ion essencial para manutencéo da capacidade de ligacédo da
lectina a carboidratos), éacido etileno glicol-bis(2-aminoethylether)-N,N,N’,N'-
tetraacetico 1 mM (EGTA), sobre a atividade leishmanicida de BLL. Desta forma, as
formas promastigotas foram submetidas aos seguintes tratamentos: 1) incubagdo com a
concentragédo de ICsp; 2) ICso de BLL + galactose 200 mM ou 3) ICso de BLL + EGTA 1
mM. Apds 48h de tratamento, a viabilidade celular foi determinada utilizando o kit
CellTiter-Glo® Luminescent cell viability assay, baseado na quantificagcdo da producgéo
de ATP pelas células viaveis. O sinal de luminescéncia foi mensurado utilizando o
lumindmetro GloMax® (Promega Corporation, USA). Todos os ensaios foram realizados

em trés experimentos independentes em triplicata.

4.3.2 Avaliacéo do efeito de BLL sobre o potencial de membrana mitocondrial (A'¥m)

Para a determinacdo do potencial de membrana mitocondrial, foi usada a sonda
JC-1, como descrito por Fonseca-Silva (2011). Formas promastigotas (5 x 10°
células/mL) foram cultivadas por 48 h na auséncia ou presenca de BLL. As células foram
colhidas e ressuspensas em tampao HBSS. O numero de células foi obtido através de
contagem em uma camara de Neubauer. Promastigotas (2 x 10° células/mL) foram
incubadas com JC-1 (100 pg/mL) por 10 minutos a 37 °C. Depois de lavar duas vezes
com HBSS, a fluorescéncia foi medida a 530 nm e 590 nm, utilizando um comprimento
de onda de excitacdo de 480 nm. A razdo entre os valores obtidos ap0s a leitura em 590

nm e 530 nm foi plotado como o A¥m relativo.

4.3.3 Citotoxicidade em macrofagos peritoneais de camundongos BALB/C

Macrofagos peritoneais (10° cels/mL) isolados a partir de camundongos Balb/c
foram previamente aderidos em microplacas de 96 pocos, tratados ou ndo com diferentes
concentracdes de BLL por 48h e entdo foram submetidos a tecnica colorimétrica do MTT
(Sigma- Aldrich, St. Louis, MO, USA). A absorbancia foi medida a 540 nm no leitor de
multiplacas GloMax (Promega, USA) e a concentracdo 50% citotoxica (CCsp) para as

células de mamiferos foi determinada por regressao linear. O indice de seletividade (SI),
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que determina o quanto uma droga é citotoxica para o parasita em relacdo as células de
mamifero foi calculado através da razdo entre a CCso/ICso. Cada ensaio foi realizado em
triplicata de trés experimentos independentes.

4.3.4 Efeito in vitro sobre formas amastigotas intracelulares

Macrofagos peritoneais obtidos a partir de camundongos Balb/C foram
plagueados a 10° células/mL em placas de 24 pocos, contendo meio RPMI suplementado
com SFB 10%. Apds a adesdo (3 h, 37 °C, CO2 5%), foram infectados com L. amazonensis
e L. braziliensis narazdo de 1:20 e 1:10, respectivamente. Apds 14h de infeccdo, parasitos
ndo interiorizados foram removidos por lavagem com meio RPMI. As células infectadas
foram incubadas ent&o por 24h com os seguintes tratamentos: 1) BLL (0,8 e 1,6 uM); 2)
BLL + 200 mM galactose; 3) BLL + EGTA 1 mM; 4) Pentamidina 10 uM. Apds
tratamento, as células foram coradas com Giemsa (Sigma-Aldrich, EUA) e a porcentagem
de macréfagos infectados foi determinada pela contagem randémica de 100 células em
triplicata. O indice de Sobrevivéncia foi determinado pelo nimero de macréfagos

infectados x numero de amastigotas/ total de macréfagos contados.

4.3.5 Avaliacéo do papel imunomodulador de BLL

O perfil de citocinas em macréfagos tratados e controles, infectados ou ndo com
Leishmania foi determinado pela técnica do CBA (Cytometric Beads Array), usando o kit
CBA flex (BD Bioscience) para a avaliacdo simultanea dos niveis das citocinas IL-6, IL-
2, IL-4, 1L-10, IL-17, TNF-a e INF-y, de acordo com as recomendagdes do fabricante. Os
sobrenadantes foram analisados por citometria de fluxo através do software BD FACSuite
software v 3.0. Com o intuito de analisarmos o efeito dos diferentes tratamentos e/ou
infeccdes sobre a producdo de Oxido nitrico por macrofagos, sobrenadantes da cultura
foram submetidos ao teste colorimétrico de Griess. A absorbancia foi medida por
espectrofotometria a 490 nm. A concentragdo de nitrito foram determinada usando o

Nitrito de S6dio como padrao.

4.4 Efeito de BLL sobre diferentes cepas de L. infantum e identificacdo dos possiveis

mecanismo de resisténcia ao tratamento
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4.4.1 Efeito de BLL sobre o crescimento de L. infantum

Formas promastigotas de parasitos da cepa BH46 (1 x 10° cels/mL) foram
incubadas a 26 °C em meio Schneider’s na presenca ou auséncia de BLL em diferentes
concentragOes. A densidade celular da cultura foi determinada nos tempos de 24, 48 e 72h
utilizando o método de contagem em camara de Neubauer. Os parasitos da cepa 263
também foram submetidos a presenca e auséncia de diferentes concentracfes de BLL em
tempos de 24, 48, 72 e 96h, porém a densidade do cultivo foi mensurada através da leitura
da absorbancia a 600 nm. Para tal, 100 pL foram coletados diariamente e a leitura da
densidade Optica foi realizada em espectrofotdmetro com leitor de placas de 96 pocos.
Para ambas as metodologias, a concentracdo capaz de inibir o crescimento da cultura em
50 % (ICso) foi determinada por analise de regressdo linear utilizando o software SPSS
8.0.

4.4.2 Avaliacdo da producdo de espécies reativas de oxigénio no citoplasma apoés

tratamento com BLL

A producdo de peroxido de hidrogénio foi medida usando H.DCFA. As formas
promostigotas foram tratadas por 48h na auséncia ou presenca de BLL. As células foram
colhidas e resuspensas em tampdo HBSS. O numero de células foi obtido através de
contagem em uma cAmara de Neubauer. Promastigotas (108 células/mL) foram incubadas
com H2DCFDA (20 pM) por 20 minutos a 37 °C. A fluorescéncia foi monitorada em
comprimentos de onda de excitacdo e emissdo de 507 e 530 nm, respectivamente, em um

espectrofotbmetro.

4.4.3 Avaliagdo do efeito de BLL sobre o potencial de membrana mitocondrial (A¥m)

Para a determinacdo do potencial de membrana mitocondrial, foi usada a sonda
JC-1, como descrito por Fonseca-Silva (2011). Formas promastigotas (5 x 10°
células/mL) foram cultivadas por 48 h na auséncia ou presenca de BLL. As células foram
colhidas e ressuspensas em tampdo HBSS. O numero de células foi obtido atraves de
contagem em uma camara de Neubauer. Promastigotas (2 x 10° células/mL) foram

incubadas com JC-1 (100 pg/mL) por 10 minutos a 37 °C. Depois de lavar duas vezes
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com HBSS, a fluorescéncia foi medida a 530 nm e 590 nm, utilizando um comprimento
de onda de excitagdo de 480 nm. A razdo entre os valores obtidos apos a leitura em 590

nm e 530 nm foi plotado como o Aym relativo.

4.4.4 Anadlise do A¥Y'm por microscopia confocal

Para analise do efeito de BLL sobre a mitocéndria dos protozoarios foi utilizado
0 marcador Rodamina 123, para analise do potencial de membrana mitocondrial. Formas
promastigotas de L. infatum (1 x 10° células/ mL) foram tratadas com a BLL nas
concentragdes de ICsoe 2x 1Cso por 48 horas. Apds o tratamento, 0s parasitos tratados e
controles foram incubados com Rodamina 123 (10 pug/mL) por 15 min. Como controle
positivo, as células foram tratadas com Perdxido de Hidrogénio por 15 min. Células nédo
tratadas (controle negativo) também foram avaliadas. Ao final do tempo de incubacéo
com o marcador, as amostras foram colocadas em micro-placas (Mattek Co., USA) e,
posteriormente, analisadas por microscopia confocal a laser utilizando o microscopio

Leica SP2 AOBS. As imagens foram adquiridas usando o laser 543 nm.

4.4.5 Inducao de resisténcia ao tratamento com BLL em L. infatum da cepa 263

Duas replicatas bioldgicas foram utilizadas para selecdo de resisténcia ao
tratamento com BLL, bem como um controle sem tratamento. Neste ensaio, parasitos da
cepa 263 contendo cosmideos de resisténcia foram descongelados em 5 mL de meio
SDM-79 e incubados a 26 °C por 24h. Em seguida, a cultura foi diluida em 50 mL do
mesmo meio suplementado com Higromicina (600 pg/mL) e novamente incubado a 26
°C até que alcancassem a fase log de crescimento (em média 3 a 4 dias). Depois, 1 mL da
cultura foi diluido (1:50) em meio de cultivo suplementado com Higromicina e contendo
BLL (valor de 1Cs0) e novamente incubada a 26 °C. O crescimento foi monitorado
diariamente através da leitura de absorbancia até que ultrapassasse o efeito do tratamento
com BLL e atingissem novamente a fase log de crescimento. Desta forma, uma aliquota
de 1 mL foi novamente diluida em meio de cultivo contendo Higromicina, porém
acrescido de BLL na concentracdo de 2x ICso. Assim sendo, ap0s 0 crescimento, 0S
parasitos foram tratados com as concentracdes de 4x, 6X, 8x e 16x ICso, sendo esta tltima
impossivel de ser ultrapassada. Em cada etapa do tratamento, quando as células atingiam

a fase log de crescimento, 10 mL da cultura foram preparados para congelamento em -80
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°C, enquanto que todo o restante foi preparado para extracdo dos cosmideos para
sequenciamento (GANAZION et al., 2016).

4.4.6 Extracdo e Purificacdo dos cosmideos para sequenciamento

Cosmideos de parasitos da cepa 263 foram extraidos através de lise alcalina e
gradiente fenol-cloroférmio seguidos de tratamento com RNAse. Parasitos do género
Leishmania possuem uma Unica mitocéndria contendo um compacto DNA composto de
minicirculos e maxicirculos. Este DNA acaba sendo purificado juntamente com os
cosmideos, contaminando a amostra. Estes fragmentos contaminantes foram separados
do pool de cosmideos através de eletroforese em gel de agarose low-melting 1%. As
bandas com alto peso molecular contendo cosmideos (~ 50 kb) foram seccionadas e

purificadas.

4.4.7 Alinhamento e montagem das sequéncias

As leituras obtidas para cada amostra foram independentemente alinhadas com o
genoma de L. infantum JPCMD5 (tritrypdb.org/tritrypdb/) como descrito por ASLETT et
al. (2010), utilizando o software BWA (Durbin, 2009). Os dados foram processados com
SAMStat (LASSMANN et al., 2011) para garantir a qualidade da montagem. BEDTools

foram utilizados para converter o formato BAM para o formato BED.

4.4.8 Anélise da amplificacdo dos genes de resisténcia

Os genes amplificados por CosSeq foram detectados utilizando o software Trinity
(HAAS et al., 2013), o qual usa Bowtie e RSEM para realizar o alinhamento e computar
a abundancia do gene, respectivamente. Os clusters foram plotados utilizando scripts
indicados pelo Trinity package. Apenas genes com mudanca de mais de log. vezes (>4)

foram mantidos na andlise.

4.5 Avaliacdo do efeito de BLL sobre macrofagos peritoneais de camundongos
Balb/C

4.5.1 Citotoxicidade em macro6fagos peritoneais de camundongos BALB/C
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Macréfagos peritoneais (10° cels/mL) isolados a partir de camundongos Balb/c
foram previamente aderidos em microplacas de 96 pocos, tratados ou ndo com diferentes
concentracdes de BLL por 24h e submetidos a técnica colorimétrica do MTT (Sigma-
Aldrich, St. Louis, MO, USA). A absorbancia foi medida a 540 nm no leitor de multiplacas
GloMax (Promega, USA) e a concentracdo 50% citotdxica (CCso) para as células de
mamiferos foi determinada por regressdo linear. O indice de seletividade (SI), que
determina o quanto uma droga é citotoxica para o parasita em relacdo as células de
mamifero foi calculado através da razéo entre a CCso/ICs0. Cada ensaio foi realizado em

triplicata de trés experimentos independentes.

4.5.2 Ensaio de Cinética de Agregacao amiloide

Amostras de BLL (1 puM) e BLL 1 uM + galactose 200 mM foram submetidas a
diferentes tempos de incubacdo (0- 120 minutos) em meio de cultivo RPMI em estufa a
37 °C. O meio RPMI foi utilizado para mimetizar condicdes fisioldgicas do cultivo
celular. Apds a incubacéo, as amostras foram centrifugadas a 14000 r.p.m. por 20 minutos

e ressuspendidas em agua deionizada.

4.5.3 Marcacao com Thioflavina T e Vermelho do Congo

Foi utilizada espetroscopia de fluorescéncia, através da ligacdo do fluordforo
Tioflavina-T (ThT), e a espectroscopia de absorbancia, através da ligacdo ao Vermelho
do Congo (VC), para analisar a cinética de agregacdo da BLL. Para ThT, as amostras
foram preparadas como descrito no item anterior. Apds incubacdo, as amostras foram
centrifugadas a 14.000 rpm por 20 min, ressuspendidas em 10 pL de &gua deionizada e
incubadas com ThT (25 pM) em PBS. A fluorescéncia de ThT foi mensurada utilizando
um Fluorimetro GloMax® (Promega Corporation, USA) com excitacdo de 450 nm e
emissdo de 465-520 nm. Para VC, as amostras foram preparadas como descrito
anteriormente, e incubadas com VC 50 uM em PBS (pH 7,2). A absorbéancia do VC foi
medida entre 400 e 700 nm, o espectro do VC sem BLL ou BLL+galactose foi subtraido
do valor do espectro contendo BLL e uma diferenga méxima de 540 nm foi considerada
indicativa da presenca de agregados amiloide-like.

4.5.4 Contrastagdo negativa
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Para examinar a morfologia da proteina/agregados amiloides, BLL foi incubada
como descrito anteriormente a 37 °C em meio RPMI na presenca ou néo de galactose 200
mM. Apo6s lavagem com agua deionizada e centrifugacdo a 14.000 rpm, as solucGes foram
depositadas em grades revestidas de carbono previamente tratadas com Alcian-blue por
2 min e contrastadas negativamente com acetato de uranila 1% por 1 min. As grades
foram observadas em microscépio eletrénico de transmissdo Tecnai FEI spirit operado a
120 kV.

4.5.5 Marcacao de depositos amiloides intracelulares com Vermelho do Congo

Macrofagos primarios de Balb/C tratados ou ndo com BLL (1uM) ou BLL (1uM)
+ galactose (200 mM) foram marcadas com Vermelho do Congo como descrito
previamente por Okada et al. (2007) com modificacOes. Brevemente, as células foram
cultivadas em laminulas de vidro e tratadas ou ndo com BLL 1 pM ou BLL 1 pM +
galactose 200 mM , apos 24h, foram lavadas 2x com PBS e fixadas com parafolmaldeido
4% em tampdo fosfato 0,1 M, por 2h a 25 °C. Apos fixacdo, as células foram lavadas
novamente com PBS e permeabilizadas com Triton-X 1% por 10 min e, em seguida,
lavadas 2x com PBS. Posteriormente, as laminulas foram incubadas em solu¢éo de etanol
80% contendo NaCl 0,5M e NaOH 1% (preparados na hora do uso). Em seguida, foram
incubadas com Vermelho do Congo 2,5 mM por 1h e lavadas exaustivamente com agua
Milli-Q. As imagens foram adquiridas utilizando o microscépio Leica DMI14000 B (Leica
Microsystems, Wetzlar, Germany) acoplado com lente polarizadora.

4.5.6 Marcacao de depdsitos amiloides intracelulares com Thioflavina S

Macrofagos primarios de Balb/C foram cultivados, tratados, fixados e
permeabilizados como descrito no item anterior. Além do tratamento convencional com
BLL, as células foram ainda submetidas, 30 minutos antes do tratamento, & incubacao
com o inibidor de autofagossomos 3-metiladenina (3-MA) e ao inibidor de fagocitose
citocalasina B (CitB). Posteriormente, as laminulas foram incubadas por 1h em PBS
contendo ThS 0,1 % (preparada no momento do uso e filtrada em filtro de seringa 0,22
um). Apo6s lavagem com etanol 70% por 3x, foi realizada incubacdo com solugédo

contendo o marcador de material nuclear Hoechst 33258, de acordo com as instrucées do
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fabricante e as laminulas foram montadas com Prolong. As imagens de microscopia
confocal foram obtidas utilizando o microscépio confocal SP1I AOBS, laser 488 nm para
ThS e UV para Hoechst 33258.

4.5.7 Imunocitoquimica para microscopia eletrénica de transmissao

Cortes ultrafinos (90 — 100 nm) de material incluido em resina Epoxy, conforme
descrito no item 4.4.2 foram coletados em grades de cobre e submetidas a tratamento com
peroxido de hidrogénio (H202 0,1%) por 10 min. e em seguida, expostas a solugdo de
cloreto de amonio 50 mM. Em seguida, as grades foram incubadas em solugédo PSB/BSA
3% e 1% por 15 min cada e 20 min em Tween-20. Neste ponto, as grades foram
submetidas a incubacdo com anticorpo anti fibras amiloides LOC (Merk) (diluicao 1:50)
por 48h a 4 °C. Em seguida, as grades contendo cortes ultrafinos marcados com LOC
foram incubadas por 2h com anticorpo secundario 1gG anti-coelho conjugado a
nanoparticulas de ouro 10 mm (BB international, UK). Apds lavagem com &gua
deionizada as amostras foram observadas em microscopio eletrénico de transmissdo
Tecnai FEI spirit operado a 120 kV.

4.5.8 Avaliacdo do efeito imunomodulador de BLL sobre macrofagos peritoneais

O perfil de citocinas em macréfagos tratados e controles, infectados ou ndo com
Leishmania sp. foi determinado pela técnica do CBA (cytometric Beads Array), usando
o kit CBA flex (BD Bioscience) para a avaliagdo simultanea dos niveis das citocinas, de
acordo com as recomendacBes do fabricante. Os sobrenadantes foram analisados por
citometria de fluxo através do software BD FACSuite software v 3.0. Com o intuito de
analisarmos os efeitos dos diferentes tratamentos e/ou infec¢Ges sobre a producdo de
oxido nitrico por macrofagos, sobrenadantes da cultura serdo submetido ao teste
colorimétrico de Griess. A absorbancia sera medida por espectrofotometria a 490 nm. A

concentracdo de nitrito foi determinada usando o Nitrito de S6dio como padré&o.

4.5 Estudo ultraestrutural

A analise da ultraestrutura através de microscopia eletronica de transmisséo foi

realizada em macrofagos peritoneais infectados ou ndo com L. amazonensis e L.
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braziliensis; formas promastigotas de parasitos L. infantum da cepa BH46; foram lavados
e fixados com uma solugéo de 2,5% Glutaraldeido, 4% Paraformaldeido em cacodilato
de sodio 0,1 M, pH 7.2 durante 60 min a 4 °C. Ap0s lavadas as amostras foram pos-
fixadas com 1% de tetroxido de ésmio, no escuro por uma hora e entdo foram removidas
com auxilio do cell scraper (para macrdéfagos infectados o ndo), centrifugadas,
desidratadas em baterias crescentes de acetona e incluidas em resina Epoxy. Cortes
ultrafinos obtidos foram contrastados e examinados ao microscépio eletrbnico de

transmissdo Tecnai FEI spirit operado a 120 kV.

4.6 Analise Estatistica

Os dados experimentais foram expressos como sendo a média dos valores + erro
padrdo da media (média £ e. p. m.), submetidos a analise de variancia (ANOVA), seguida
pelo pos teste de Bonferroni para comparaces multiplas ou teste t de student quando
apenas um parametro for comparado entre dois grupos sendo adotado um nivel de
significancia de p < 0,05. As analises estatisticas foram realizadas utilizando o software
GraphPad Prisma 5.0 (San Diego, USA).

4.7 Comité de ética em pesquisa

O presente projeto é parte da linha de pesquisa “Prospeccdo de novas drogas
contra leishmaniose: estudo da atividade de lectinas sobre Leishmania sp.” (CEUA
n° 77/2014). Esta de acordo com os principios éticos na experimentacdo animal adotado
pelo Conselho Nacional de Controle de Experimentacdo Animal (CONCEA) e pela

comissdo de ética no uso de animais (CEUA) apresentado no ANEXO A.
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5 RESULTADOS

5.1 Avaliacdo do efeito de BLL sobre formas promastigotas e amastigotas de L.
amazonensis e L. braziliensis

5.1.1 O tratamento com BLL foi mais seletiva para formas promastigotas do que para
celulas do hospedeiro

A incubacdo com BLL inibiu significativamente o crescimento de formas
promastigotas de L. amazonensis e L. braziliensis de maneira dose dependente, quando
comparadas com as células controle sem tratamento (Figura 9). Comparados ao controle
sem tratamento, ndo foram observadas diferencas significativas na menor concentragéo
testada (0,03 uM) nos tempos de incubacéo testados em L. amazonensis. Por outro lado,
na mesma concentracdo pode ser obervada diminuicéo significativa no crescimento de L.

braziliensis ap6s 48h de exposicao a lectina.

Figura 9- Efeito de BLL sobre o crescimento de formas promastigotas de L. amazonensis e L. braziliensis.
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Fonte: A autora.
Legenda: Os valores representam a media + desvio padrao de trés experimentos independentes realizados
em triplicata. *p<0,05, significativo em relacéo ao controle ndo tratado.

A diferenca existente entre os perfis de crescimento apresentados por cada espécie
¢ ainda mais pronunciada no tempo de 72h apés incubacdo com BLL. Apesar de L.
braziliensis ter demonstrado ser mais susceptivel a BLL do que L. amazonensis, 0s
valores de 1Cso calculados ap6s 48h de tratamento, foram muito similares correspondendo
alb=+0,17 e 1,3 £ 0,06 uM para L. amazonensis e L. braziliensis, respectivamente
(Tabela 1). Com o objetivo de analisar o potencial citotoxico de BLL sobre células do

hospedeiro mamifero, macrdéfagos peritoneais tratados ou ndo com BLL foram
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submetidos a técnica de MTT. Nossos resultados demonstraram que a concentracdo de
BLL capaz de inibir a viabilidade celular em 50% foi de 37,57 + 3,84 uM ap06s 48h de
tratamento. Desta forma, o tratamento com BLL demonstrou ser 25 e 28,9 vezes mais
seletivo para as formas promastigotas de L. amazonensis e L. braziliensis,
respectivamente, do que para 0os macrofagos peritoneais, como demonstrado através do

calculo do indice de seletividade (IS) (Tabela 2).

Tabela 1. Avaliacdo do efeito antileishmania e citotdxico da lectina de Bothrops leucurus.
Fonte: A autora. i
Legenda: ICso, concentracéo inibitoria de 50%; CCso, concentragéo citotoxica de 50%; IS, Indice de

Promastigota Amastigota
M I |
CCso (uM) ICso (uM) ICso (uM) S prO S ama
Macrdéfagos peritoneais 37,57 + 3,84 - - -
L. amazonensis - 15+0,17 0,88 +0,24 25 42,6
L. braziliensis - 1,3+0,06 0,86 + 0,07 28,9 43,6

seletividade; PRO, promastigota; AMA, amastigota.

5.1.2 A atividade de BLL sobre formas promastigotas de L. amazonensis e L. braziliensis

é depedendente de galactose e ions de calcio

Para investigar se a capacidade de se ligar a carboidratos, caracteristica das
lectinas, seria importante para o efeito da BLL sobre Leishmania, os parasitos foram
tratados concomitantemente com BLL e galactose. Além disso, para avaliar o papel do
Ca?" (essencial para manutencio da ligacdo lectina-carboidrato) sobre a atividade
leishmanicida, os parasitos foram tratados também com EGTA. Nossos resultados
mostram que tanto a galactose, quanto o EGTA sdo capazes de inibir significativamente

o efeito de BLL sobre a producdo de ATP em ambas as espécies testadas (Figura 10A).
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Figura 10- Efeito de Galactose e EGTA sobre a atividade leishmanicida e sobre o potencial de membrana
mitocondrial ap6s tratamento com BLL.
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Fonte: A autora.

Legenda: (A) Crescimento celular esta representado como (m) e a producdo de ATP esta apresentada em
colunas. (B) Alteragcdes no valor relativo ao A¥Ym estdo expressos como a razdo das fluorescéncias
mensuradas em 590 nm (para J-agregados) versus 530 nm (para J-mondmeros). Os valores representam a
media £ desvio padréo de trés experimentos independentes realizados em triplicata. *p<0,05, significativo
em relacéo ao controle néo tratado, as amostras foram submetidas a anélise de varidncia ANOVA, seguida
de pos teste de Bonferroni para comparagdes maltiplas.

5.1.3 BLL promove diminuicdo do potencial de membrana mitocondrial (4%m) em

formas promastigotas de L. amazonensis e L.braziliensis

A funcdo mitocondrial dos parasitos foi avaliada utilizando a sonda JC-1. Os
dados obtidos atraves de leitura fluorimétrica indicam diminuicdo de 31,5 + 2,7 % e 43,6
+ 2,2 % (p<0.004) no A¥Ym para L. amazonensis e L. braziliensis tratadas com BLL,

respectivamente (Fig. 10 B).

5.1.4 BLL afetou a sobrevivéncia de amastigotas intracelulares

Tendo em vista o efeito promissor de BLL sobre as formas promastigotas,
seguimos para avaliac¢ao do efeito da lectina sobre a sobrevivéncia de formas amastigotas
intracelulares do parasito. O tratamento de macrofagos infectados com BLL diminuiu
drasticamente a sobrevivéncia das amastigotas intracelulares em aproximadamente 28,51
% e 36,95 % para a concentracdo de 2 X ICso (BLL 1,6 uM) para as duas espécies (contra
73,33 £ 3,07% e 75,5 + 4,76% em macrofagos controle infectados e ndo tratados). O
tratamento com BLL também dimunuiu a porcentagem de macréfagos infectados (Figura
11 B). O efeito de BLL na maior concentracdo testada foi similar ao efeito observado no

tratamento com a droga de referéncia Pentamidina. Esta, por sua vez, causou inibicao de
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79,33 % e 78,17 % sobre a porcentagem de macrdfagos infectados com L. amazonensis e
L. braziliensis, respectivamente, quando comparados com o controle sem tratamento (Fig.
11A). N&o foram observadas diferencas significativas entre os tratamentos BLL (1,6 uM)
e Pentamidina (10 uM). A porcentagem de infec¢do dos grupos tratados com BLL (1,6
uM) foi de 28,5 £ 7,91% e 35 + 8,83% para L. amazonensis e L. braziliensis,

respectivamente (Figura 11B).

Figura 11 - Efeito de BLL sobre amastigotas intracelulares.
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Fonte: A autora.

Legenda: (A) indice de Sobrevivéncia de amastigotas em macrofagos infectados com L. amazonensis e L.
braziliensis, e tratadas com BLL ou Pentamidina (PMD); (B) Efeito de BLL ou Pentamidina sobre a
porcentagem de macréfagos infectados com L. amazonensis e L. braziliensis. (C) Microscopia dptica de
macrdfagos peritoneais infectados com Leishmania e tratados ou ndo com BLL. Os valores representam a
media £ desvio padréo de trés experimentos independentes realizados em triplicata. *p<0,05, significativo
em relacdo ao controle ndo tratado.

A microscopia de campo claro corroborou com os resultados de inibicdo da

sobrevivéncia de parasitos dentro dos macréfagos, bem como diminuigdo no nimero de
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macrofagos infectados. Além disso, nas células tratadas com a maior concentracdo da
BLL (1,6 uM), houve uma diminuicdo no quantitativo e no volume dos vacuolos
parasitoforos (Figura 11C, setas). Foram ainda estabelecidos valores de I1Cso de 0,88 +
0,24 uM e 0,86 £ 0,07 uM para L. amazonensis e L. braziliensis, respectivamente. Desta
forma, BLL demonstrou ter acdo 42,6 e 43,6 vezes mais seletiva para L. amazonensis e
L. braziliensis respectivamente, quando em comparacdo com o valor de CCsp para

macrofagos peritoneais (Tabela 2).

5.1.5 Macrofagos infectados com L. amazonensis e L. braziliensis respondem
diferentemente a presenca de galactose e EGTA durante o tratamento com BLL

Afim de verificar se o efeito de BLL sobre amastigotas intracelulares teria relacéo
com a capacidade de BLL em reconhecer galactose, as células foram simultaneamente
incubadas com BLL + galactose ou BLL + EGTA. Nossos resultados demonstraram que
galactose e EGTA afetaram de formas diferentes o efeito de BLL sobre L. amazonensis e
L.braziliensis. Para as duas espécies, o tratamento com BLL (ICs0) reduziu
significativamente a viabilidade de amastigotas intracelulares, bem como a porcentagem
de macrofagos infectados pelos parasitos. Para infecgdo com L. amazonensis, a presenca
de galactose ou EGTA no meio de incubacdo com BLL ndo mostrou qualquer influéncia
significativa no efeito da lectina. No entanto, a presenca de galactose ou EGTA inibiu
significativamente o efeito de BLL sobre formas amastigotas intracelulares de L.
braziliensis. Nao foi encontrada, inclusive, diferenca significativa entre o indice de
sobrevivéncia de amastigotas controle sem tratamento e tratadas com BLL+EGTA nestes

parasitos (Figura 12).
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Figura 12 - Efeito do Célcio e Galactose sobre a atividade de BLL contra formas amastigotas intracelulares
de L. amazonensis e L. braziliensis.
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Fonte: A autora.

Legenda: (A) indice de Sobrevivéncia de amastigotas intracelulares tratadas ou ndo com BLL, BLL+Gal
ou BLL+EGTA; (B) Efeito da associagdo de BLL com Gal ou EGTA sobre a porcentagem de macréfagos
infectados. Os valores representam a media + desvio padréo de trés experimentos independentes realizados
em triplicata. *p<0,05, significativo em relagéo ao controle ndo tratado.

5.1.6 Efeito de BLL sobre a ultraestrutura de amastigotas intracelulares

Macrdéfagos infectados com L. amazonensis (Figuras 13 A e B) e L. braziliensis
(Figuras 13 C-E) controles sem tratamento, apresentaram amastigotas intracelulares bem
preservados livres ou em estreita associacdo com a membrana interna de volumosos
vacuolos parasitoforos contendo pouco ou nenhum debri celular no seu lumen (Figuras
13 A-D). Também foi possivel observar uma intensa atividade exocitica a partir da
membrana plasmatica e regido flagelar de ambas as espécies testadas (Figuras 13 B e E).
O tratamento de macrofagos infectados com BLL induziu alteracdes similares nas duas
espécies. Danos severos a ultraestrutura dos parasitos intracelulares apds 24 h de
tratamento foram observados mesmo na menor concentragdo testada (Figura 13 F). As
imagens mostraram uma aparente reducdo no quantitativo e no volume dos vactolos
parasitéforos, bem como no nimero de amastigotas viaveis (Figuras 13 G e I). As
alteraces na morfologia induzidas pelo tratamento com BLL incluem ainda a retragéo
e/ou perda do conteudo citoplasmatico indicando lise celular (Figura 13 G). Desta forma,
ruptura da membrana plasmaética foi uma alteragdo comumente encontrada em ambas as
espécies de amastigotas que sofreram tratamento com BLL (Figura 13 F). No Iimen dos
vacuolos parasitoforos, em grupos tratados, foi possivel observar numerosos debris
celulares, materiais floculados e figuras mielinicas (Figura 13 H). Além disso, também se

visualiza a presenca de amastigotas parcialmente
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Figura 13 - Efeito de BLL sobre a ultraestrutura de amastigotas intracelulares observadas por microscopia
eletrbnica de transmissao.

Fonte: A autora

Legenda: (A e B) macréfago infectado com L. amazonensis sem tratamento; (A) baixo aumento, mostrando
a presenca de parasitos na forma amastigota intracelular bem preservados no interior de vacutolos
parasitdforos (VP) (*). (B) amastigotas de L. amazonensis apresentando alta atividade exocitica na
membrana celular (setas). (C) baixo aumento de macrofagos infectados com L. braziliensis, apresentando
amastigotas no interior de um VP mais compacto. (D) Detalhe em maior aumento do amastigota de L.
braziliensis, apresentando ndcleo bem preservado (N) e numerosas inclusdes lipidicas (L) dispersas no
citoplasma. (E) Detalhe da regido da bolsa flagellar do amastigota de L. braziliensis controle sem
tratamento, mostrando numerosas vesiculas sendo exocitadas da membrana na regido flagelar. (F) Detalhe
do macro6fago infectado com L. amazonensis e tratado com BLL, apresentando organelas destruidas e
ruptura de membrana (setas). Note a presencga de material floculado no lumen do VP (*). (G) Baixo aumento
de macrofagos infectados com L. amazonensis e tratadas com BLL, presenga de debris celulares e
amastigotas com morfologia danificada, além de retracdo do citoplasma (seta). (H) Detalhe do VP de
macrdfagos infectados com L. braziliensis e tratados com BLL, contendo amastigotas parcialmente
degradados, presenca de vesiculas e figuras mielinicas no interior do VP. (1) macrofagos infectados com L.
braziliensis mostrando VP contendo material degradado e amastigotas com danos celulares severos. Note
em (J), o detalhe da amastigota apresentando espaco eletronluscente entre a membrana plasmatica e o
citoplasma.
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ou completamente degradadas (Figuras 13 G e I). Por fim, também nota-se que, em
amastigotas tratados com BLL, ndo ha presenca de atividade exocitica observada nos
grupos controle sem tratamento (Figuras 13 F e J).

5.1.7 O tratamento com BLL modula diferencialmente a secrecéo de citocinas e producao

de NO em macrdéfagos infectados com L. amazonensis e L. braziliensis

Para investigar a habilidade de BLL em modular a resposta imune da célula
hospedeira, o perfil de citocinas e a producdo de NO foram analisados em sobrenadantes
de macrofagos peritoneais infectados com L. amazonensis e L. braziliensis. Quando
comparados com o controle ndo infectado, a infeccdo com ambas as espécies testadas
induziu um aumento significativo de TNF-a, IL-6 e IL-1p. O nivel de IL-10 demonstrou
estar aumentado somente em sobrenadantes de macréfagos infectados com L.
amazonensis (Figura 14 A), enquanto que a liberagdo de INF- y ndo aumentou em relagéo
ao controle ndo infectado (Figura 14 B). O tratamento de macrofagos infectados com BLL
também induziu um aumento significativo das citocinas proinflamatorias TNF-a e IL-6,
qguando comparadas com o controle infectado sem tratamento (Figura 14 C e D). No
entanto, a magnitude destas respostas variou consideravelmente entre as espécies
testadas. A secrecédo de IL-6, por exemplo, foi 10x maior em macréfagos infectados com
L. amazonensis tratados com BLL em comparacédo ao grupo infectado com L. braziliensis
submetido ao mesmo tratamento. Por outro lado, os niveis de secre¢do de IL-1f foram
significativamente reduzidos em macréfagos infectados com L. amazonensis tratados
com BLL (Figura 14 E). A producéo de nitrito foi semelhante em células infectadas com
ambas as espécies testadas e posteriormente submetidas a tratamento com BLL. A
incubacdo com a lectina induziu um aumento de 4x nos niveis de nitrito nos grupos

infectados e tratados em comparagéo ao néo tratado (Figura 14 F).
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Figura 14 - Efeito de BLL na produc&o de citocinas proinflamatérias e regulatdrias.
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Fonte: A autora.

Legenda: (A-E) Representam a producdo de citocinas no controle ndo infectado e infectado, além de
macrdfagos infectados e tratados com BLL. (F) Producéo de Nitrito sob as mesmas condices. (*) Diferenca
significativa quando comparado ao controle ndo infectado e (**) Diferenca significativa quando comparado
ao controle infectado.
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5.2 Efeito de BLL sobre diferentes cepas de L. infantum e identificacdo do

mecanismo de resisténcia ao tratamento

5.2.1 BLL inibe o crescimento de formas promastigotas de L. infantum wild type e ndo é

citotoxica as células da linhagem Vero

O efeito de BLL sobre L. infantum também foi avaliado por contagem direta em
camara de Neubauer. O nimero de células viaveis contadas apos tratamentos com BLL
(0,5—4 uM) diminuiu quando comparado com o controle sem tratamento. A concentragdo
necessaria para inibicdo de 50% do crescimento (ICso) estimada em 48h foi de 2,1 pM.
Um critério importante na descoberta de novas drogas com acdo leishmanicida é a baixa
toxicidade as células de mamiferos e, portanto o potencial citotoxico da BLL também foi
observado sobre células Vero através do método do MTT. De acordo com os dados
expostos na Figura 10, quando testado contra células Vero, BLL demonstrou baixa
citotoxicidade, apresentando CCsp de 37,44 uM. O valor das CCso das células Vero foi
comparado com a ICso de L. infantum, permitindo a determinacdo do indice de
seletividade (ISe), que informa quanto a droga é seletiva para o parasita em relagdo as
células de mamifero (Tabela 3). Com base no 1Se, podemos dizer que BLL foi cerca de

18x mais seletiva para L. infantum que para células da linhagem Vero.

Tabela 2- Avaliagdo do efeito antileishmania e citotoxico da lectina de Bothrops leucurus.

Promastigota

) Células VERO Indice de seletividade
L. infantum CCso (UM) (1)
50 (U
I1Cs0 (LM)
2,1+0,59 37,44 +£1,62 17,82

Fonte: A autora.
Legenda: Os valores representam a média + desvio padrao de trés experimentos independentes realizados
em triplicata.
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5.2.2 BLL promove aumento da producéo de Espécies Reativas de Oxigénio e diminuicéo
do potencial de membrana mitocondrial (A¥m) em formas promastigotas wild type de L.

infantum

A producéo de perdxido de hidrogénio (H202) ap6s 48 h de tratamento com BLL
(ICs0 e 2xICxp) foi analisada para entender os mecanismos envolvidos na morte de L.
infantum. Os dados demonstram que a incubacdo dos parasitos na presenca de BLL
(2x1Csp) foi capaz de promover um aumento de cerca de trés vezes na producdo de ROS
citosélico (Figura 15 A). E interessante notar que o aumento dos niveis de ROS foi
acompanhado pela perda de potencial de membrana mitocondrial (Aym) em L. infantum
tratadas com BLL também em 48h (Fig. 15 B). O ensaio com o marcador fluorescente
JC-1 foi capaz de demonstrar que mesmo na concentracdo de 1Csp, na qual ndo houve

aumento significativo de ROS, foi possivel observar diminui¢io de 42,7% no Aym.

Figura 15 - Efeito de BLL sobre a producéo de espécies reativas de oxigénio citosdlicas (A) e potencial de
membrana mitocondrial (B) em formas promastigotas de L. infantum.
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Fonte: A autora.
Legenda: Os valores representam a media + desvio padrao de trés experimentos independentes realizados
em triplicata. *p<0,05, significativo em relacéo ao controle n&o tratado.

5.2.3 A incubacé@o com BLL esté relacionada a alteracéo no potencial de membrana da

mitocdndria em promastigotas de L. infantum

Afim de elucidar o efeito de BLL sobre a fungdo mitocondrial de formas
promastigotas de L. infantum, os parasitos tratados ou ndo com BLL foram submetidos a
marcacdo com rodamina 123 e analisados por microscopia confocal para detectar
possiveis alteracdes no potencial da membrana mitocondrial (Aym). Em nossas imagens,

é possivel observar uma diminuicdo na intensidade de fluorescéncia da Rodamina 123
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nos parasitos submetidos ao tratamento com BLL, em especial na concentracao de 2x ICso
(Figura 16 C e D). As imagens de microscopia confocal corroboram os dados encontrados
com o marcador JC-1, indicando uma intensa atividade da lectina sobre a bioenergética
mitocondrial destes parasitos, causando a aparente perda do potencial de membrana

mitocondrial observada.
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Figura 16 - Efeito de BLL sobre o potencial de membrana mitochondrial de formas promastigotas de L.
infantum.

DIC + Rho 123
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Fonte: A autora.
Legenda: Os valores representam a media + desvio padréo de trés experimentos independentes realizados

em triplicata.
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5.2.4 Efeito de BLL sobre a ultraestrutura de promastigotas de L. infantum

Para identificar provaveis alvos intracelulares de BLL, foi realizada uma anélise
da ultraestrutura de promastigotas de L. infantum submetidos ou ndo ao tratamento com
BLL.

Figura 17 - Efeito de BLL sobre a ultraestrutura de L. infantum.

F

Fonte: A autora.

Legenda: A) célula controle sem tratamento; B) aspecto da cultura de promastigotas tratadas com a ICsg
de BLL mostrando intenso dano celular com perda de material citoplasmatico (asterisco); C) Detalhe de
uma promastigota tratada com BLL mostrando o inchago mitocondrial e com desestruturagdo das cristas
mitocondriais (m). Também pode-se observar a presenga de multiplos axonemas flagelares (asterisco); D)
Detalhe da mesma célula vista em C evidenciando a presenca de maltiplos flagelos em uma tnica célula .
N, nacleo; k, cinetoplasto, f, flagelo.
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Como observado através de microscopia eletrénica de transmissdo, parasitos
controles ndo tratados apresentaram morfologia alongada, nucleo com cromatina
associada a membrana interna do envoltdrio nuclear, e citoplasma granular homogéneo
(Figura 17 A). Uma Gnica mitocondria ramificada e cinetoplasto preservado também
podem ser observados (Figura 17 A). Alteracdes na morfologia ja puderam ser observadas
em células tratadas com a ICso de BLL. A maior parte das células apresentaram intensa
perda de material citoplasmatica, dando a aparéncia de “ghost cells” (células fantasmas)
onde apenas os limites impostos pela membrana plasmatica e remanescentes de estruturas
citoplasmaticas podem ser observadas (Figuras 17 B). Um aspecto interessante foi o
aparecimento, nas células menos afetadas, de multiplos axonemas, indicando que a BLL
poderia estar afetando o processo de diviséo celular do parasito. Por fim, observamos a
destruicdo das cristas mitocondriais, bem como inchago e alteracdo na morfologia do

cinetoplasto associado (Figura 17 C-D).

5.2.5 Inducéo de resisténcia ao tratamento com BLL em parasitos L. infantum da cepa
263

Para selecdo dos clones resistentes ao tratamento com BLL, parasitos da WT L.
infantum contendo cosmideos de resisténcia, foram descongelados e cultivados em meio
na presenca de higromicina B. Apds crescimento, realizamos o tratamento com
concentracdes crescentes de BLL, iniciando com a concentracdo de ICso e dobrando a
concentragdo a cada passagem consecultiva. A medida que os parasitos contendo
cosmideos conseguiam sobreviver a cada exposi¢do de BLL, obtivemos a expansdo de
subpopulacBes especificas que seriam resistentes a cada concentracdo utilizada. Os
cosmideos foram, desta forma, extraidos dos parasitos assim que atingiam a fase
estacionaria de crescimento. Cosmideos purificados (50 ng) foram obtidos para
preparacéo das bibliotecas utizando o kit Nextera DNA Sample Preparation (Illumina) de
acordo com as instrucdes do fabricante. Por fim, sequenciados utilizando um Illumina

HiSeq system na concentracéo final de 8 pM.

5.2.6 Determinacéo dos genes de resisténcia ao tratamento com BLL

O screening realizado em parasitos resistentes a 5 diferentes (e crescentes)

concentracdes de BLL revelou a amplificacao na expressdo de diversos cosmideos, porém
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a maioria deles associado a baixos niveis de resisténcia. A selecdo de cosmideos

resistentes a BLL para analise por sequenciamento (BLL Cos-Seq selection) detectou 60

loci amplificados, no entanto, como observado na Figura 18, apenas 4 desses loci

apresentaram amplificacdo significativa conferida pelos cosmideos Ld03 (Proteina

transportadora de fosfato), Ld29a (Proteina ribossomal), Ld29b e Ld29c (Proteinas

Tryparedoxinas) (Tabela 3).

Tabela 3 - Analise por Cos-Seq dos loci genomicos enriquecidos.

Locus do Gene Gene Posicdo gendbmica  Incremento Gene de Produto do
cosmideo start stop (x) resisténcia gene
Ld03 (3) 0470 0490 172492 - 189243 7,368 LdBPK_030480  Transportador
de fosfato
Ld29a (2) 1160 1200 430353 - 442812 12,635 LdBPK_291160 Proteina
ribossomal
Ld29b (3) 1210 1230 449255 - 462041 260,698 LdBPK_291220 Proteina
Triparedoxina-
like
Ld29c¢ (4) 1240 1270 466375 - 481093 272,077 LdBPK 291250  Triparedoxina

Fonte: A Autora.
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Figura 18 - Identificagcdo por Cos-Seq dos loci relacionados com a resisténcia ao tratamento com BLL.
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Fonte: A autora.

Legenda: (A) Plots representativos dos quatro clusters de genes enriquecidos encontrados na analise do
Cos-Seg. Linhas em cinza representam genes individuais e as linhas em azul representam a média para cada
cluster. A abundancia de cada gene esta expressa no eixo y como valor da mediana de FPKM (fragments
per kilobase per million mapped reads) representado em logaritmo binario. As amostras foram ordenadas
no eixo x como ndo tratado como NT, tratados com 1xIC50 como P1, sele¢do gradual por incremento da
concentracdo para 4xIC50, 6xIC50, 8xIC50 e 16xIC50 como P3, P4, P5 e P6, respectivamente. (B)
Enriquecimento dos 4 cosmideos representativos para cada incremento na concentragdo de BLL,
normalizado com o controle sem tratamento.
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5.3 Avaliacéao do efeito de BLL sobre macrofagos peritoneais de camundongos BALB/c

5.3.1 Alterac0es ultraestruturais em macrofagos peritoneais tratados com BLL

A analise ultraestrutural demonstrou que quando comparados as células controle
cultivadas em meio de cultivo na auséncia de BLL (Figura 19 E), macréfagos tratados
com BLL apresentaram numerosas estruturas, no interior de vesiculas no citoplasma,
contendo material eletrondenso com caracteristicas de agregados fibrilares (Figura 19 A,
C e D). Estas estruturas apresentaram aparéncia similar a fagossomos (com matriz
eletronluscente) ou fagolisossomos (com matriz eletrondensa). Contrariamente, quando
as células foram incubadas com BLL na presenca de galactose, foram observados
vesiculas que ndo continham nenhum tipo de material em seu interior (Figura 19 B). Outra
caracteristica observada em macréfagos tratados com BLL foi a preservacdo da estrutura
celular semelhante ao controle néo tratatado, apresentando nucleo com morfologia tipica
contendo heterocromatina associada a membrana nuclear e numerosas mitocondrias em
todas as condicdes testadas, indicando preservacéo da viabilidade celular e corroborando

os dados encontrados no ensaio de MTT (Figura 19 F).
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Figura 19 - Andlise da ultraestrutura de macrofagos tratados com BLL.
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Fonte: A autora.

Legenda: (A) Representa macrofagos tratados com BLL 1 pM por 24 h. Note a presenga de numerosas
vesiculas contend material fibrilar; (B) macrofagos tratados com BLL 1 uM na presencga de galactose 200
mM, ndo sdo observadas estruturas fibrilares no interior dos vactolos; (C and D) detalhe da estrutura fibrilar
no interior dos compartimentos intracelulares; (E) controle sem tratamento e (F) efeito de BLL sobre a
viabilidade de macrdfagos, as colunas representam a porcentagem de células viaveis quando comparadas
ao controle sem tratamento. Os valores representam a média + desvio padrdo de trés experimentos
independentes realizados em triplicata.
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5.3.2 Formacao de agregados amiloide-like a partir da incubacéo de BLL em condic6es

de cultivo celular

A partir da observacdo de estruturas amiloide-like no interior de macréfagos
cultivados em meio RPMI e tratados com BLL, investigamos se a BLL estaria sofrendo
um processo de agregacdo fibrilar. A formagdo de fibras derivadas de BLL foi
caracterizada sempre em incubacdo em meio RPMI a 37 °C, mimetizando, desta forma,
as condicdes utilizadas no cultivo de macrofagos peritoneais. A presenca de estruturas
fibrilares foi monitorada utilizando Tioflavina T (ThT) e Vermelho do Congo (VC),
corantes que possuem alta especificidade para agregados amiloides por se ligarem a
estrutura secundaria em B-folha caracteristica destas formagdes (CHITI; DOBSON,

2017).

Figura 20 - Caracterizacdo Bioquimica e Morfoldgica das fibras amiloide-like derivadas de BLL.
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Fonte: Autora.

Legenda: . (A) Medida de fluorescéncia de ThT e (B) Curva de absorbéancia da marca¢do com Vermelho
do Congo para BLL, BLL+Galactose and meio RPMI a 37 °C, pH 7.2. Linhas continuas representam a
média de trés replicatas para cada tempo. (C) Contrastacdo negativa de agregados derivados de BLL apds
15 min de incubagdo com RPMI visualizados por Microscopia Eletrénica de Transmissdo. Barra (C)

representando 500 nm.
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Nossos resultados demonstraram um aumento tempo-dependente na emissao de
fluorescéncia da ThT para BLL em RPMI, quando comparados com a fluorescéncia de
RPMI sem BLL. Tal aumento na emissao atingiu um platdé em aproximadamente 60 min
apos o inicio da incubacao a 37 °C (Figura 20 A). Estes dados sugerem fortemente que
apos incubacdo em meio RPMI a 37 °C, BLL passa por um processo de agregacao,
originando estruturas amiloide-like. A analise espectrofotométrica da marcagcdo com o
VC corroborou este achado, reforcando a ideia de que ocorre formacéo de tais estruturas
nestas condigdes ditas “fisiologicas” (Figura 20 B). No entanto, para marcacao com VC,
o platd foi atingido em cerca de 40 min apds incubacdo com de BLL em RPMI a 37 °C.
Para investigamos se haveria influéncia da presenca do acucar ligante no processo de
formacdo dos agregados amiloide-like, a lectina BLL (1pM) foi concomitantemente
incubada na presenca de galactose 200 mM, em meio RPMI e acompanhada
simultaneamente através das analises descritas acima. Para as duas marcacgoes testadas, o
sinal de fluorescéncia, para a Tioflavina T, e de absorbancia, para o Vermelho do Congo,
demonstraram ser significativamente mais baixos quando comparado com o sinal das
amostras de BLL em RPMI. Este dado sugere que o dominio de reconhecimento a
carboidrato tem relevancia no processo de agregacao e formacao das fibras amiloide-like.

Em adicdo as marcagdes com ThT e VC, procedemos a preparacao da amostra de
BLL incubada nas mesmas condi¢des (RPMI, 37 °C) por 15 minutos, para microscopia
eletrbnica de transmissdo em contrastacdo negativa. A observacdo em MET corrobora
nossos achados confirmando a natureza fibrilar dos agregados derivados de BLL (Figura
20 C). Vale ainda salientar que, neste tempo de incubagdo, ja ndo observamos mais
estruturas oligoméricas, fase esta que antecederia a formacdo da fibra amiloide

propriamente dita.

5.3.3 Fibras amiloide-like derivadas de BLL se acumulam no interior de macréfagos

Para investigar se os agregados fibrilares de BLL formados em meio RPMI e
internalizados por macréfagos peritoneais realmente correspondiam a fibras amiloides, as
células foram incubadas com BLL em meio RPMI (37 °C) por 24h e, em seguida,
marcadas com vermelho do Congo, montadas e observadas em microscopio de luz
polarizada. A presenga de birrefringéncia de cor verde macd, indicativa de fibras
amiloides, pode ser observada principalmente na regido da membrana plasmatica das

células incubadas com BLL (Figura 21). Tais dados sugerem de que a membrana celular
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dos macrdfagos seria o sitio de ligacdo e acumulo das fibras derivadas de BLL. No
entanto, também foi observada marcacdo em algumas estruturas intracelulares de
macrofagos incubados com BLL e nenhuma marcacdo pode ser observada nas células

controle sem tratamento ou mesmo nas células mantidas na presenca de BLL+galactose.

Control BLL + Gal

Figura 21- Presenca de fibras amiloide-like no interior de macréfagos.
Fonte: A autora.

Legenda: Macréfagos foram incubados com BLL em meio RPMI na presenca ou auséncia de galactose
(200 mM). A birrefringéncia do Vermelho do Congo indicativa da marcagdo de fibras amiloides (verde
magc&) foi observada na membrana e no interior dos macrofagos.

Afim de compreender o mecanismo de entrada destas estruturas amiloide-like
derivadas de BLL no interior de macréfagos peritoneais, as células foram
concomitantemente tratadas com BLL e BLL+galactose; ou ainda pré tratadas por 30 min.
com o 3-MA (conhecido inibidor de formacéo de vesiculas autofagicas) ou Citocalasina
B (inibidor de fagocitose) e posteriormente incubadas por 24h com BLL em meio RPMI,
37 °C. Ao final dos tratamentos mencionados, as células foram marcadas com Tioflavina
S, montadas e analisadas por microscopia confocal.

Como esperado, na figura 22 demonstramos que nenhuma marcacao significativa
pode ser observada nas células controle sem nenhum tratamento ou BLL+galactose. No
entanto, o tratamento prévio com citocalasina B, visivelmente levou a inibi¢cdo da entrada
dos agregados fibrilares para o citosol dos macrofagos. Tal resultado sugere que
provavelmente a entrada das fibras amiloide-like derivadas de BLL no interior de
macrofagos se da através do processo de fagocitose.

Para verificarmos se o processo de agregacdo amiloide estaria acontecendo no
interior dos macrofagos apds a fagocitose da BLL foi realizado um ensaio de
imunocitoquimica utilizando um anticorpo anti-fibras amiloides revelado por um

anticorpo secundario conjugado a nanoparticula de ouro coloidal.
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Figura 22 - Fibras amiloide-like derivadas de BLL séo internalizadas por fagocitose.

Fonte: A autora.

Legenda: Macréfagos foram incubados com BLL em meio RPMI na presenca ou auséncia de galactose, 3-
MA ou CytB. As marca¢fes com ThS (verde) e Hoechst 33342 (azul) demonstram a localizacdo dos
depdsitosde estruturas amiloide-like intracelulares e nucleo, respectivamente.

Nossos resultados demonstaram a presenca de marcagdo positiva tanto para
material fibrilar extracelular, quanto encontrado em compartimentos intracelulares
(Figura 23). Além disso, também € possivel observar nas imagens, projecdes na
membrana plasmatica dos macréfagos tipicamente relacionadas ao processo de fagocitose
(Figura 23 B e C). Estes dados corroboram os achados na condigéo de inibi¢do da
fagocitose com citocalasina B, indicando que a fibras amiloide-like derivadas de BLL sao
eficientemente fagocitadas pelos macréfagos e se acumulam em vesiculas no interior

destas células.

5.3.4 Fagocitose de estruturas amiloide-like derivados de BLL e a modulacéo da resposta

imune em macréfagos

Como vimos anteriormente nos topicos 5.1 e 5.2, BLL apresentou efetiva
atividade leishmanicida contra formas promastigotas de L. amazonensis, L. braziliensis e
L. infantum. Além disso, nossos dados demonstraram que BLL foi capaz de inibir a
infeccdo e sobrevivéncia de formas amastigotas intracelulares de L. amazonensis e L.
braziliensis. Tal atividade estd fortemente relacionada a capacidade de modulagéo
diferencial da resposta imune de macrofagos infectados com as espécies supracitadas.
Portanto, a ciéncia da natureza fibrilar amiloide-like que é assumida por BLL quando
incubada em meio RPMI (mesma condicdo de tratamento das formas amastigotas)

embasou nossa hipotese de que as fibras amiloide-like, e ndo a lectina per si, estaria
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levando a modulacdo da resposta imune dos macrofagos e poderia, desta forma, ser
indiretamente responsaveis pela atividade sobre amastigotas intracelulares descrita no

item 5.1 deste capitulo.

Figura 23- Imunocitoquimica de estruturas amiloide-like derivadas BLL em macrdfagos peritoenais.

Fonte: A autora.

Legenda: Micrografias representativasde macrofagos tratados com BLL e imunomarcados com anticorpo
primario anti-fibras amiloides LOC e anticorpo secundério conjugado a nanoparticula de ouro (10 nm). (A-
B) Detalhe para a marcagdo de estruturas fibrilares extracelulares (setas) e pseudopodes (*). Note em (C) a
presenca de marcagdo positiva para estruturas fibrilares na superficie celular. (D) Presenga de marcacdo
positive no interior de vacuolos intracelulares contendo material fibrilar.

Para avaliarmos se as fibras amiloide-like, e ndo somente a lectina em sua
conformacdo nativa, estariam levando @ modulacéo da resposta imune dos macrofagos foi
realizada a andlise do perfil de citocinas no sobrenadante de macréfagos incubados com
BLL em meio RPMI a 37 °C. Nossos resultados demonstraram que houve um aumento
significativo na secrecdo das citocinas proinflamatdrias IL-1p, TNF-a, IL-6 e INF-y
guando comparamos com a secrecdo das células controle ndo tratadas (Figura 24). Dentre
as citocinas regulatorias testadas, somente a IL-10 apresentou aumento significativo
(Figura 24 E). Por fim, a modulacdo da resposta imunolégica de macréfagos também foi
avaliada com a incubacdo com BLL na presenca de galactose e nas mesmas condicdes
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descritas anteriormente. Como era esperado, na presenca de galactose (portanto, auséncia
de formacdo fibrilar amiloide-like derivada de BLL) houve uma reducéo significativa na
modulac@o da resposta imune destas células, com valores aproximados aos encontrados

nos sobrenadantes das células controle sem tratamento.

Figura 24 - Efeito das fibras amiloide-like derivadas de BLL sobre a secrecéo de citocinas em macrofagos.
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Fonte: A autora.
Legenda: Os valores sdo representativos de media + desvio padréo de trés experimentos independentes.
(*) Diferenca significativa em relacdo ao controle ndo tratado.

6 DISCUSSAO

A interacdo entre lectinas e carboidratos especificos esta relacionada a diversos

processos biologicos como o de reconhecimento, interagdo célula hospedeira-patogeno,
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diferenciacéo celular e resposta imune. Neste sentido, a compreensao da natureza destas
interacOes é essencial para elucidagdo das funcdes bioldgicas desencadeadas a partir deste
reconhecimento, trazendo novas e mais abrangentes perpectivas na pesquisa nas areas de
imunologia, desenvolvimento de drogas e diagndstico.

Neste trabalho nés investigamos a atividade bioldgica da lectina BLL sobre
diferentes espécies de Leishmania, bem como sobre a interagdo de destes parasitos em
modelo in vitro de infeccdo de macréfagos peritoneais de BALB/c e, por fim, o efeito
direto da lectina sobre as células hospedeiras nao infectadas. Para tal, primeiramente foi
avaliado o potencial leishmanicida sobre as formas promastigotas de L. amazonensis e L.
braziliensis, agentes etiologicos da leishmaniose cutnea no Brasil. Nossos resultados
demonstraram que BLL levou & inibicdo do crescimento e viabilidade de fomas
promastigotas nas duas espécies, se deu de maneira dose e tempo dependente. Outros
trabalhos demonstraram que lectinas podem ser capazes de inibir o crescimento de
patdgenos levando a morte celular por mecanismos ndo completamente elucidados
(FERNANDES et al., 2010; BELO et al. 2017). Por outro lado, modelos celulares que
ndo expressem determinados carboidratos aparentemente poderiam ser refratarios ao
efeito citotoxico desencadeado pelo tratamento com lectinas (FERNANDES et al., 2014).
Naderer e colaboradores (2004) demonstaram que o glicocélix de formas promastigotas
de Leishmania é rico em glicoconjugados contendo residuos de galactosideos. Sendo a
BLL uma lectina com alta afinidade para galactose, o efeito leishmanicida da lectina
poderia estar intimamente relacionado ao reconhecimento deste glicideo na membrana do
parasito. Neste sentido, demonstramos que o efeito leishmanicida foi completamente
abolido quando formas promastigotas de L. amazonensis e L. braziliensis foram
submetidas a incubacdo com BLL na presenca de galactose. Levando-se em consideracao
que a BLL é uma proteina do tipo-C que requer a presenca de ions de calcio para a
interacdo lectina-carboidrato nos verificamos que o EGTA, conhecido quelante de célcio,
também reverteu o efeito deletério da BLL sobre estes parasitas. Apesar da membrana do
parasito ser o primeiro alvo de ligagdo das lectinas, a possibilidade de interagdo de BLL
com componentes intracelulares ndo pode ser descartada. Fernandes e colaboradores
(2014) demonstraram que a lectina Cramolll,4, ap6s se ligar a membrana de
Trypanosoma cruzi, foi internalizada e aparentemente acumulada na mitocondria deste
parasito, afetando a fungédo desta organela e desencadeando o processo de morte celular
por necrose. Nossos resultados demonstraram que tanto o potencial de membrana

mitocondrial, bem como a producdo de ATP foram inibidos em formas promastigotas de
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Leishmania tratadas com BLL. Como era esperado, tal efeito deletério a bioenergética
mitocondrial do parasito ndo foi observado quando a incubagdo com BLL se deu na
presenca de galactose.

Os ensaios para avaliacdo da citotoxicidade evidenciaram que BLL néo
apresentou efeito significativo sobre macréfagos, principais alvos celulares de
Leishmania spp. Corroborando nossos dados, outros estudos demonstraram que as
lectinas podem exercer efeito leishmanicida sem apresentar qualquer efeito danoso as
células do hospedeiro (ALCOLEA et al., 2014; CASTANHEIRA et al., 2013; JEBALI et
al., 2014). A baixa citotoxicidade sobre macr6fagos somada a alta seletividade sobre as
formas promastigotas foi a base para prosseguirmos na investigacdo do efeito de BLL
sobre a forma intracelular amastigota, de grande relevancia por ser responsavel pelas
manifestacdes clinicas no hospedeiro vertebrado (KIMA, 2014). Os resultados obtidos
mostram uma diminuicdo significativa da sobrevivéncia destes parasitos intracelulares
apo6s a incubacdo com BLL. Além disso, o tratamento com BLL também levou a
diminuicéo significativa na porcentagem de macrofagos infectados com L. amazonensis
e L. braziliensis. No entanto, as duas espécies responderam diferencialmente ao
tratamento com BLL na presenca de galactose ou EGTA. Enquanto, o efeito inibitdrio de
BLL sobre L. amazonensis foi mantido mesmo na presenca do carboidrato ligante ou do
quelante de ions de calcio, a sobrevivéncia de L. amazonensis apresentou niveis
semelhantes aos do controle sem tratamento. Estes dados sugerem que o efeito de L.
amazonensis é dependente da interacdo da lectina com carboidratos de membrana da
celula hospedeira ou mesmo da membrana do parasito intracelular.

A anélise através de microscopia eletrdnica de transmissdo corroborou nossos
resultados, evidenciando os efeitos deletérios de BLL sobre as formas amastigotas
intracelulares de L. amazonensis e L. braziliensis, bem como a manutencéo da viabilidade
das celulas hospedeiras. Além disso, podemos observar que a incuba¢do com BLL
desencadeou uma inibicdo na exocitose de vesiculas a partir dos amastigotas
intracelulares de ambas as espécies testadas. Vesiculas extracelulares (VES) em parasitos
do género Leishmania apresentam um papel essencial na troca de informagdes entre o
patdgeno e a célula infectada, atuando como mediadores capazes de suprimir o poder de
resposta da celula hospedeira, facilitando a infec¢do e manipulacdo da resposta imune do
hospedeiro (BELO et al., 2017). Outros estudos observaram que a secre¢do de exossomos
ou outros tipos de VEs em L. donovani e L. mexicana tem funcdo essencial no mecanismo

de imunomodulagédo e desenvolvimento da infec¢do intracelular (ESCALONA-
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MONTANO et al., 2016; SILVERMAN; REINER, 2011). Além disso, outros autores
relataram que VEs podem estar intimamente relacionadas ao favorecimento de uma
resposta proinflamatoria na célula hospedeira. Silverman e Reiner (2011) demonstraram
ainda que, nos estagios iniciais da infeccdo com L. donovani, o estimulo na liberagéo de
VESs e/ou exossomos por estes parasitos estaria diretamente relacionado ao aumento na
secrecdo de citocinas por células imunocompetentes. Portanto, a inibicdo da secrecéo de
VEs por amastigotas intracelulares tratados com BLL nos abriu a possibilidade de que o
efeito da lectina poderia estar associado a modificacdes na resposta imune da célula
hospedeira infectada.

Os macrofagos, principal alvo da infecgdo por Leishmania, sdo células fagociticas
capazes de reconhecer padrdes moleculares associados a patégenos (pathogen-associated
molecular patterns “PAMP”) através do reconhecimento de receptores especificos, cComo
por exemplo receptores do tipo Toll ou NOD, levando a liberagdo de mediadores da
inflamacdo como espécies reativas de oxigénio (reactive oxygen species “ROS”) e de
nitrogénio (i.e. NO), bem como citocinas proinflamatdrias (IBRAHIM et al., 2013, LU e
HUANG, 2017). Tais mediadores sdo responsaveis pelo clearence da infeccéo parasitaria
e pelo desenvolvimento da resposta adaptativa no hospedeiro infectado. Paradoxalmente,
as respostas inata e adaptativa geradas com intuito de combater a infec¢do parasitaria
podem acabar ocasionando algumas das caracteristicas da patogénese da leishmaniose,
tais como destruicdo tecidual, agravando ainda mais a condi¢do do hospedeiro infectado
(ROSSI; FASEL, 2017). A dicotomia existente entre a resisténcia e a susceptibilidade a
infeccdo tem encorajado a investigacdo de novas alternativas terapéuticas que atuem
debelando o microorganismo infectante a0 mesmo tempo em que exercam atividade
imunomodulatéria sobre o hospedeiro. Desta forma, o efeito podera ser direcionando a
resposta imune para o controle da infeccdo sem que passe pelos efeitos deletérios sobre o
tecido afetado (ALVES et al., 2017).

Apesar do reconhecido potencial imunomodulador das lectinas, poucos estudos se
aprofundaram a respeito da capacidade destas proteinas em estimular a resposta de células
imunocompetentes no combate a infeccdo por Leishmania. Neste sentido, seguimos com
a investigacdo do efeito de BLL sobre a producéo de NO e citocinas por células infectadas
com Leishmania. Nossos dados demonstraram que a incubagdo com BLL induziu
mudancgas significativas no pefil de citocinas secretadas, bem como na producéo de NO
em macrofagos submetidos a infecgdo com L. amazonensis e L. braziliensis. Salvo as

particularidades no perfil de resposta imune encontrado para cada espécie testada, de
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maneira geral, o tratamento com BLL induziu nos macréfagos infectados uma resposta
essencialmente proinflamatdria. Tal resposta caracterizou-se pelo incremento na
secrecgdo de NO, IL-6 e TNF-a. O fator de necrose tumoral (TNF-a) é frequentemente
associado a resisténcia da celula hospedeira a varios microorganismos patogénicos,
estimulando a liberacdo de NO (principal molécula microbicida produzida pelos
macrofagos para combate a microorganismos patogénicos intracelulares) (FONSECA et
al., 2003). Em adicdo, sabe-se que a secrecdo do TNF-a pode ser consequéncia da
ativacdo do receptor do tipo Toll 2 (Toll-like receptor 2 “TLR2”), desencadeando a
sinalizacdo para expressao de NFxB, que culmina no aumento de citocinas
proinflamatdrias e atua como mecanismo de defesa contra a infeccdo contra L.
braziliensis (IBRAIM et al., 2013; ASSIS et al., 2012). Em consonancia com nossos
dados, outras lectinas como a ArtinM, obtida a partir de sementes de Artocarpus
heterophyllus, demonstrou capacidade de se ligar a TLR2 atuando como agonista na
modulacgéo da resposta imune celular (RICCI-AZEVEDO et al, 2016).

Apesar das semelhancas, a resposta de macrofagos a infecgdo com L. amazonensis
e L. braziliensis apresentou grandes diferencas no que concerne a producdo das
interleucinas IL-1p e IL-10. Em macréfagos infectados com L. amazonensis e submetidos
a incubacdo com BLL, observou-se uma inibicdo significativa nos niveis na secrecao de
IL-1p com aumento na producéo de I1L-10. Por outro lado, os niveis da citocina regulatéria
IL-10 permaneceram inalterados nos sobrenadantes de macrofagos infectados com L.
braziliensis e posteriormente tratados com BLL. Nestas células, no entanto, houve um
aumento acentuado na producédo de IL-1p nestas condi¢des. A forma bioativa da IL-1p é
um produto da clivagem enzimética da forma inativa pro-IL-1p pelo complexo
multiproteico denominado inflamassomo NLPR3, o qual € descrito como peca essencial
no combate a L. donovani, L. amazonensis e L. braziliensis via inducdo de estresse
oxidativo (DIXIT, 2014; LIMA-JUNIOR et al, 2017). A producdo acentuada desta
citocina pode ter contrubuido para o decréscimo no indice de sobrevivéncia e
porcentagem de macrdfagos infectados com L. braziliensis posteriormente expostos a
BLL. Nossos dados corroboram os encontrados por Ricci-Azevedo e colaboradores
(2017) os quais demonstraram que o tratamento de neutréfilos com a lectina ArtinM
promove a inibicdo de formas patogénicas de L. major através de um mecanismo que
inclui o incremento na secre¢éo de IL-1p e outras citocinas proinflamatorias.

Contrariamente ao observado em L. braziliensis, os niveis de IL-1B nos

sobrenadantes de células infectadas com L. amazonensis submetidas a tratamento com
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BLL foram significativamente inferiores aos valores encontrados para o controle
infectado sem tratamento. Porém, tal supressdo ndo teve influéncia sobre o aumento na
producéo de NO que, por sua vez, pode ser explicado pela presenca de outras citocinas
proinflamatdrias nestes sobrenadantes como IL-6 e TNF-a. Os niveis elevados da
interleucina regulatéria 1L-10 poderiam ser responsaveis pelo decréscimo na secrecao de
IL-1B, mitigando uma possivel exacerbacdo da resposta proinflamatéria e ampliando a
possibilidade de protecdo contra eventuais efeitos deletérios deste tipo de resposta nas

células hospedeiras (Figura 25).

Figura 25 - Modelo esquematico do mecanismo de acdo de BLL sobre macréfagos infectados com L.
amazonensis e L. braziliensis.
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Como o tratamento com BLL desencadeou uma resposta majoritariamente
proinflamatdria em macréfagos infectados por ambas as especies testadas inicialmente e
de IL-1pB para L. braziliensis, nossos resultados sugerem fortemente que receptores do
tipo Toll ou NOD podem estar envolvidos no reconhecimento de BLL pela célula
hospedeira. Os mecanismos de atuagdo de BLL sobre células infectadas pelas duas

espécies causadoras da leishmaniose tegumentar parecem convergir para producéo de NO

.....



76

compreender qual seria o efeito direto de BLL sobre L. amazonensis e L. braziliensis e
mesmo se esse efeito se estenderia a outras espécies do género Leishmania.

Afim de avaliar se o potencial leishmanicida de BLL também se estenderia a
outras especies de Leishmania, conduzimos a avalia¢do do potencial leishmanicida em L.
infantum, agente da lesihmaniose visceral. Da mesma forma que em L. brasiliensis e L.
amazonensis, a BLL induziu uma diminui¢cdo tempo e dose dependente da formas
promastigotas de L. infantum. Ainda corroborando nossos dados, a atividade sobre o
parasito demonstrou estar associada ao aumento de espécies reativas de oxigénio
citosélico e diminuicdo do potencial de membrana mitocondiral. Dentro desta tematica,
diversos trabalhos, envolvendo o estudo do mecanismo de acdo de lectinas sobre diversos
modelos celulares tem demonstrado que, ap6s a ligacao a receptores de membrana, estas
proteinas podem ser internalizadas por endocitose e posteriormente se acumular
preferencialmente na mitocondria destas células (LEI; CHANG, 2007; LI et al., 2011).
Outro estudo envolvendo tratamento de T. cruzi com lectinas demonstrou a localizagéo
de Cramoll1,4 na mitocéndria do tripanossomatideo, sendo a desregulacdo na homeostase
da producdo de ATP e a perda no potencial de membrana mitocondrial apontadas como
via classica de morte celular nestes parasitos (FERNANDES et al., 2014).

A eficiéncia das poucas drogas utilizadas atualmente na terapéutica da
leishmaniose € limitada principalmente pela alta toxicidade, custos e resisténcia ao
tratamento. Novas abordagens se tornam cada vez mais urgentes, no entanto, também é
necessario que se alcance niveis mais profundos no conhecimento dos alvos de acdo
celulares e moleculares destas terapias emergentes. Neste sentido, prosseguimos nossos
estudos induzindo a resisténcia ao tratamento com BLL em uma linhagem de
promastigotas de L. infantum transfectada com cosmideos que promovem resisténcia aos
farmacos mais utilizados na terapia da leishmaniose, como Antimoniais e Anfotericina B.
Neste estudo, utilizamos a técnica de Cosmid Sequencing (Cos-Seq) para avaliar a
amplificagdo dos cosmideos de resisténcia, identificar potenciais alvos da agéo
leishmanicida e genes responsaveis pela resisténcia induzida ao tratamento com BLL. No
entanto, a maior limitagdo desta técnica é a incapacidade de detectar alvos ndo proteicos
ou mesmo de identificar regides completas onde ocorre a overexpression de genes ligados
a toxicidade (GANAZION et al., 2016). A baixa quantidade de genes relacionados a
resisténcia ao tratamento explica a grande dificuldade em desenvolver estas culturas
resistentes e corroboram nossos resultados que demonstram a eficiéncia do efeito de BLL

sobre formas promastigotas nas 3 linhagens testadas. Aparentemente haveria poucos
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alvos de inducdo de resisténcia ao tratamento com BLL em Leishmania, o que explicaria
a dificuldade em identificar genes de resisténcia por Cos-Seq. Contudo, em meio a
escassez de genes encontrados, foram identificados quatro alvos de acdo leishmanicida
reconhecida.

Modificagcbes em proteinas presentes na membrana do parasito, como as
Tryparedoxinas (TXNPX) poderiam estar associadas a resisténcia ao tratamento com
BLL. Nossos resultados indicam um maior enriquecimento de cosmideos de resisténcia
relacionados a TXNPX, provavelmente em resposta ao estresse oxidativo mitocondrial.
Neste sentido, Das e colaboradores (2017) demonstraram que o tratamento com
Miltefosina levou a superexpressdo de TXNPx em Leishmania donovani, atenuando a
protecdo contra o estresse exogeno e estimulando a superexpressdao da TXNPX
mitocondrial. Além disso, diversos estudos observaram que outros mecanismos,
incluindo o aumento de tiois e a superexpressao de enzimas envolvidas no metabolismo
tiol, como ornitina descarboxilase, tripanotiono redutase, triparedoxina mitocondrial e
triparedoxina peroxidase, podem contribuir para a resisténcia como mecanismos de
desintoxicacdo de drogas (ALCOLEA et al., 2016; SINGH et al., 2017). Por outro lado,
sabe-se ainda que certas proteinas envolvidas na resisténcia ao estresse oxidativo e
nitrosativo sdo mais abundantes nos ultimos estagios de crescimento e diferenciacdo em
formas promastigotas de L. amazonensis. O aumento na expressdo de proteinas como a
arginase, uma variante leve da triparedoxina peroxidase, a superoxido de ferro dismutase,
a subunidade reguladora da proteina quinase A e uma variante leve da HSP70, sdo
tipicamente relacionadas a fase pré-adaptativa de preparacdo para o estagio de amastigota,
por conseguinte, relacionadas com a infectividade do parasito (GOMEZ-PEREZ et al.,
2016; SARAVANAN e DAS, 2018). Além disso, os dados encontrados em nossas
analises claramente podem ser apontados como responsaveis pelo desenvolvimento da
resisténcia do parasito ao tratamento com BLL, justamente por estarem
concomitantemente relacionados a processos de morte celular (GANAZION et al., 2016).

A relevancia dos nossos achados na atividade leishmanicida para as espécies
testadas neste trabalho nos encaminhou para a investigacdo do efeito direto de BLL sobre
a célula hospedeira do parasito. Macréfagos sdo células imunocompetentes do sistema
imunofagocitico que podem ter a sua funcdo de defesa estimulada por organismos
potencialmente patogénicos ou mesmo outros estimulos ndo bioldgicos. A observagédo

por MET de macréfagos peritoneais submetidos ao tratamento com BLL, apesar de ndo
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demonstrar efeito citotoxico, revelou a presenca de numerosas vesiculas contendo
material eletrondenso com aspecto fibrilar.

Estudos anteriores demonstraram que, quando incubada em meio de cultivo
celular a 37°C, a lectina Concanavalin A (ConA) perde sua estrutura nativa dando inicio
a um processo de agregacdo amiloide (VETRI et al., 2010; VETRI et al., 2011). Além
disso, Nunes e colaboradores (2011) demonstraram que BLL é uma proteina com
estrutura secundaria composta essencialmente por -folhas, a qual é favoravel a formacéo
de agregados do tipo amiloide (NOWICK, 2008). Neste sentido, também ja foi descrito
que, apos irradiacao do tipo gama, a estrutura da lectina BLL ndo pode ser convertida em
agregados, perdendo a capacidade de aglutinar eritrocitos (NUNES et. al., 2012). No
entanto, a natureza destes agregados, bem como o estado conformacional e atividades
bioldgicas de BLL neste estado, permanecem desconhecidos.

Para investigar se haveria formacdo de agregados amiloides, a lectina BLL foi
incubada em meio de cultivo RPMI, a 37°C, CO2 5% (mesmas condicdes utilizadas no
cultivo de macrofagos). A presenca de fibras amiloides foi monitorada através da medida
de fluorescéncia de thioflavina T e de absorbancia do vermelho do Congo, ambos corantes
comumente utilizados na deteccdo de agregados amiloides com alto grau de afinidade
pelas estruturas em B-folhas, tipicas destas conformacdes proteicas (CHITI; DOBSON,
2017). Nossos resultados sugerem fortemente que BLL é capaz de originar a formacéo de
agregados amiloide-like quando incubada em meio RPMI sob “condigdes fisiologicas”.
No entanto, a formacdo destes agregados foi abolida quando a lectina foi incubada em
meio sob as mesmas condigdes, mas na presenca do carboidrato ligante, galactose. Estes
achados sugerem que talvez a conservacdo do sitio de ligacdo da proteina tenha relevancia
sobre o desencadeamento do processo de agregacao de BLL.

Diversos estudos demonstraram que a fagocitose de fibras amiloides AP ¢
sensivelmente afetada em pacientes diagnosticados com Mal de Alzheimer, tal
descréscimo leva ao acimulo destes agregados no tecido cerebral, ocasionando uma piora
no quadro clinico destes individuos (GUILLOT-SESTIER et al., 2016; JONES et al.,
2014; MIZWICKI et al., 2012). Os agregados amiloides derivados da lectina ConA
também apresentaram efeito deletério a viabilidade celular, exercendo atividade
citotoxica sobre células de neuroblastoma (VETRI et al.,, 2010). No entanto, a
citotoxicidade de ConA foi associada a presencga significativa de oligbmeros, fase
precursora da agregacdo amiloide e conhecidamente tdxica as células eucaridticas.

Nossos achados, no entanto, demonstraram n&o haver presenga significativa de
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oligdbmeros derivados de BLL mesmo em tempos curtos de incubacdo em condicbes
fisioldgicas, como podemos observar através da MET.

Com a finalidade de compreender como se daria 0 mecanismo de agdo das
estruturas amiloide-like derivados de BLL sobre macrdéfagos peritoneais primarios,
prosseguimos com a investigacdo sobre o processo de internalizacdo desses agregados.
Neste sentido, Takahashi e colaboradores (1989) observaram que fibras amiloides
poderiam ser formadas no interior de macréfagos ou mesmo fagocitadas por estas células.
Nossos dados demonstraram que a inibicdo da formacdo de autofagossomos nao
intereferiu na presenca de estruturas amiloide-like no interior de macréfagos incubados
com BLL. No entanto, o inibidor de fagocitose inibiu fortemente a presenca destes
agregados no citosol dos macrofagos. Tais achados embasaram a hipétese de que
provavelmente as estruturas amiloide-like, visualizadas no interior dos macrofagos apds
24 h de incubacdo em meio RPMI a 37°C, teriam sido internalizadas ja sobre a forma de
agregados amiloides, por meio de um processo de fagocitose. O estudo ultraestrutural
utilizando a técnica de imunocitoquimica corroborou nossos dados, mostrando marcagao
positiva para proteina amil6ide no meio extracelular, bem como a formacao de projecdes
da superficie celular semelhantes a pseudopodos, caracterizando a fagocitose como via
de entrada das estruturas amiloide-like derivados de BLL em macrdfagos peritoneais.

Em relacdo ao papel da fagocitose na eliminacéo de estruturas amiloides, estudos
anteriores demonstraram que efeitos deletérios a macréfagos e microglia (células capazes
de desempenhar as mesmas funcbes que os macrofagos, incluindo fagocitose e secrecdo
de citocinas) podem ter influéncia direta na progressdo da doenca de Alzheimer
(AARON; MCLAURIN, 2012). Para esclarecer se a fagocitose de estruturas amiloide-
like derivadas de BLL teria efeito sobre a funcdo imunoldgica destas células, analisamos
o perfil de citocinas produzidas nas condi¢des descritas antiormente. Desta forma,
observamos um aumento significativo na secre¢édo das citocinas proinflamatorias TNF-a,
IL-6 e INF-y, quando comparamos com o quantitativo produzido no controle sem
tratamento.

Estudos anteriores demonstaram que modificagdes estruturais na bothropstoxin-1
(componente da pegonha de Bothrops jararacussu) podem originar agregados proteicos
e oligbmeros relacionados com o estimulo da resposta proinflamatoria em macréfagos
(CAPRONI et a., 2009). Além disso, outros autores ainda sugerem que a expressdo
aumentada de IL-6 em modelos de camundongos teve acdo efetiva na prevengdo da

deposicdo de placas amiloides. Este efeito foi associado a regulagdo positiva de
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marcadores de fagocitose in vivo, bem como aumento da fagocitose de agregados
amiloides in vitro (CHAKRABARTY et al., 2010; VERBEECK et al., 2017). A presenca
de agregados amiloides-like também esta relacionada ao aumento na producéo de TNF-
a, promovendo a migracdo de populacdes de células relacionadas a resposta
proinflamatoria e diretamente envolvidas na eliminacéo destes agregados.

Em processos patoldgicos associados & deposicao de agregados amiloides, como
o mal de Alzheimer, hd um aumento na secrecdo da interleucina 1-B na regido cerebral
(HALLE et al., 2008; OLESZYCKA et al., 2016). A IL-1B pode ser produzida pelas
células da microglia, podendo ser superexpressa em casos de deposicdo de placas de
agregados AP, especialmente nos pacientes acometidos pelo Mal de Alzheimer (HALLE
et al., 2008). Esta citocina é produzida no citosol, em sua forma inativa pro-IL-1, ap6s
ativacdo celular que pode se dar por diversos estimulos, inclusive a presenca de agregados
amiloides. A clivagem enzimética da pro-IL-1p, gerando a forma ativa de IL-1B, é
dependente do recrutamento da caspase-1, originando um complexo multiproteico
denominado inflamassomo. Desta forma, a familia de complexos citosolicos proteicos
denominados nucleotide-binding oligomerization domain-like receptor (NLR) esta
associada a regulacdo do processo de ativacdo de IL-1p. Um dos inflamassomos mais
estudados é o NLRP3, que pode ser ativado por estimulos microbicidas ou nao
microbicidas (LAMKANFI et al., 2014). O aumento na secrecdo de IL-1p em
macrofagos tratados com BLL sugere que os agregados amiloide-like derivados da lectina
podem estimular a ativacdo do inflamassomo NLRP3 via reconhecimento de receptor do
tipo Toll (OLESZYCKA et al., 2016). Neste sentido, sabemos ainda que amiloides de
origem bacteriana podem promover a ativagdo do inflamassomo NLRP3, via ativagdo do
heterocomplexo TLR2/TLR1, levando ao aumento na fagocitose dos agregados, ativacdo
de NF-xB e, por fim, expressdo de citocinas proinflamatorias como IL-1p e IL-6
(RAPSINSKI et al., 2015). O aumento na producéo de IL-1 observado em nosso estudo
sugere que BLL poderia ativar o inflamassoma NLRP3 via reconhecimento de receptor
do tipo Toll. Além disso, estudos prévios demonstraram que outras lectinas como a cMoL
(lectina coagulante de Moringa oleifera) e WSMoL (lectina de Moringa oleifera soltvel
em agua), ambas purificadas a partir da semente de Moringa oleifera, apresentaram
diferentes vias de modulagéo sobre a producdo de IL-1p (ARAUIJO et al., 2013).

Na incubagdo simultdnea com BLL e galactose ndo foi observado aumento
significativo de citocinas quando comparados ao controle sem tratamento. Como

demonstrado, a presenca da galactose inibe a formagdo de agregados amiloide-like
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derivados de BLL. Tais resultados sugerem que o estado de agregacdo da lectina é
relevante para o reconhecimento e internalizacdo destas estruturas pelos macréfagos e,
consequentemente, levam a producéo de resposta proinflamatoria.

Nossos resultados apresentam um importante “insight” a respeito das estruturas
amiloide-like derivadas de BLL sobre a resposta imune de macrofagos, inclusive nas
condicdes de infecgdo com Leishmania. O entendimento do processo de formagéo dos
agregados amiloide-like derivados de BLL podera servir de modelo ndo somente para a
resposta imune induzida por amiloides, mas tambeém para a compreenséo de mecanismos
de fagocitose de estruturas amiloides e de combate a infec¢do parasitaria. Vale ainda
salientar que BLL é uma biomolécula ativa com diversas fungdes atribuidas a ela em
testes realizados sob condig¢Ges similares as utilizadas no presente estudo (ARANDA-
SOUZA et al., 2014; NUNES et al. 2012).

Como foi demonstrado, nas condicdes testadas, BLL sofre processo de agregacéo
originando fibras amiloide-like que possivelmente participam do reconhecimento de
receptores do tipo Toll ou outros receptores de membrana celular, sendo eficientemente
fagocitadas por macréfagos peritoneais. Uma vez interiorizadas, a lectina (agora na forma
de agregado amiloide) pode levar a ativacao de inflamassomo, induzindo a geracdo de
resposta de proinflamatdria. O estado conformacional amiloide de BLL pode também
estar relacionado com a atividade antimicrobiana, antitumoral (NUNES et al., 2011;
NUNES et al, 2012a; NUNES et al 2012b; ARANDA-SOUZA et al., 2014), descritos em
trabalhos do nosso grupo de pesquisa, e antileishmania (ARANDA-SOUZA et al., 2018),
apresentado nesta tese. Além disso, a intensificacdo do processo de fagocitose, bem como
0 estimulo da secrecdo de citocinas proinflamatérias em macréfagos, abre novas
perspectivas a respeito do mecanismo de acdo de lectinas, bem como seus provaveis
derivados amiloides, como modelo terapéutico no tramento e atenuacao da leishmaniose
tegumentar e visceral e, por fim, na prevencdo de doencas relacionadas ao acimulo de

agregados amiloides.
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7 CONCLUSOES1

a) A lectina BLL possui atividade sobre o crescimento e viabilidade em
formas promastigotas de L.amazonensis, L. braziliensis e L.infantum, através de
mecanismos que afetam a morfologia e fisiologia mitocondrial;

b) A reversdo dos efeitos deletérios da BLL sobre forma promastigotas de
L.brasiliensis e L. amazonensis pela incubacdo simultanea com EGTA e galactose,
demonstra que a atividade desta proteina sobre esta forma evolutiva é dependente
tanto ligacdo ao acucar especifico para lectina e de Célcio.

C) A baixa citotoxidade da BLL em células de mamifero e a alta atividade
desta proteina contra os parasitas, culminou em altos indices de seletividade,
mostrando que a BLL é mais seletiva para Leishmania spp. do que para célula do
hospedeiro.

d) As severas alteragfes ultraestruturais induzidas por BLL corroboram o
efeito deletério desta lectina sobre a viabilidade, proliferacdo de formas
promastigotas e amastigotas e aponta a mitocondria como uma das organelas alvos
de acdo da BLL em Leishmania spp.

e) O baixo enriquecimento de cosmideos relacionados a resisténcia ao
tratamento com BLL em promastigotas de L. infantum pode indicar a alta
seletividade da lectina sobre alvos diretamente ligados a processos de morte celular
e relacionados a alteracbes de membrana plasmaética e estresse oxidativo
mitocondrial;

f) A incubagdo simultanea de BLL e Galactose afeta diferentemente a
viabilidade de formas amastigota e a infeccdo em macr6fagos peritoneais,
sugerindo que pelo menos para L. amazonensis o efeito inibitorio da BLL néo
depende da ligacdo da lectina a residuos de galactose presentes na superficie da
amastigota ou da célula hospedeira.

9) Tendo em vista que vesiculas exossomais sdo importantes fatores de
patogenicidade em Leishmania spp., A inibicdo da secrecdo destas estruturas em
amastigotas intracelulares de L. braziliensis e L. amazonensis tratadas com BLL
pode estar associada com as modificagdes na resposta imune observadas neste
estudo.

h) Nossos resultados mostraram que o tratamento de BLL em células néo
infectadas e infectadas por L. braziliensis e L. amazonensis leva a um aumento na
producdo de citocinas proinflamatdrias e de NO em macrofagos ndo infectados,
evidenciando o papel imunomodulador desta lectina, sendo esta resposta
estritamente modulada na presencga da infecgéo;
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) A BLL é capaz de formar estruturas semelhantes a agregados amiloides
em meio de cultivo como demonstrado pela marcagdo com thioflavina, vermelho
do congo e analises ultraestruturais.

), A formacao de agregados semelhantes a amiloides em BLL e a fagocitose
destas estruturas é afetada pela presenca da galactose;

K) O tratamento de macr6fagos com 3-MA e CytB inibidores de vesiculas
autofagicas e da fagocitose, respectivamente indicam que estruturas semelhantes a
agregados amiloides séo formados extracelularmente e eficientemente fagocitados
por macrofagos peritoneais de camundongo, sem afetar a viabilidade celular;

) O aumento na secrecdo de IL-1 em macrdfagos tratados com BLL sugere
que os agregados semelhantes a amiloides derivados da lectina podem estimular a
ativacdo do inflamassoma NLRP3 via reconhecimento de receptor do tipo Toll;

m) Em conjunto, nossos resultados mostraram que a lectina do tipo-C BLL
apresenta atividade leishmanicida e imunimoduladora sobre macréfagos infectados
com diferentes espécies de Leishmania e é capaz de formar estruturas semelhantes
a amiloides em meio de cultivo. O conhecimento a respeito das diferencas do efeito
de BLL sobre cada espécie de Leishmania, bem como sobre as células hospedeiras,
podera trazer contribui¢bes importantes para a descoberta de alvos terapéuticos
inéditos contra Leishmania spp. Além do mais, a compreensdo da natureza
estrutural da BLL pode ser um modelo til no estudo da resposta celular e imune
de macrofagos em doencas relacionadas a deposicdo anormal de proteinas
amiloides.
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1. Introduction

Leishmaniasis, a parasitic infection caused by protozoa species of the
Leishmania genus, is a neglected tropical disease with 1.5 million new
cases annually, 12-15 million people affected worldwide and 350 mil-
lion people at risk of infection [1]. The clinical manifestation of the dis-
ease depends on both the parasite species and the immune status of
the host ranging from self-healing cutaneous lesions to lethal visceral
forms of the disease [2]. American Tegumentary Leishmaniasis (ATL)
is characterised by lesions of the skin and oral or nasopharyngeal mu-
cosa with different levels of complications and morbidity. In Brazil,
where ATL is endemic, Leishmania amazonensis and Leishmania
braziliensis are considered the main causative agents of the disease,
leading to different clinical forms. Both L. amazonensis and L. braziliensis
can cause localised cutaneous leishmaniasis (LCL), whereas in the most
severe cases, L. amazonensis can lead to diffuse cutaneous (DCL) and L.
braziliensis mucocutaneus lesions (ML) [2].

Regardless of the clinical form of leishmaniasis, the available chemo-
therapy relies on a few chemotherapeutic agents, which induce serious
side effects, require a prolonged treatment time and present
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widespread parasite resistance [3]. Furthermore, an effective prophylac-
tic vaccine or immunotherapies for human leishmaniasis are still lack-
ing [4].

In the search for new chemotherapeutic agents for leishmaniasis
treatment, knowledge about their mode of action and the relationship
among parasites, host cells and drugs are important issues to be consid-
ered. The cell surface of Leishmania spp. displays an abundance of sugar-
rich glycoconjugates involved in the recognition by the host cell and in
the virulence of the parasite [5]. On the other hand, host cells express a
wide variety of pathogen-associated, molecular-pattern receptors, in-
cluding numerous C-type lectin receptors, which play important roles
in innate immune/adaptive responses by recognizing and binding to
specific carbohydrates on the surface of pathogens [6-7]. Furthermore,
as it is caused by an obligate intracellular parasite, residing mainly
within macrophages, the course of Leishmania infection is strictly de-
pendent on the host's immune response. This can lead to parasite clear-
ance or contribute to pathogenesis, increasing the complexity of disease
management. In this regard, immunotherapy could be promissory for
the development of a new treatment or to improve the efficacy of the
currently existing drugs [8].

Previous works carried out by our research group have demon-
strated the anticancer and activities of a galactose-binding C-type lectin
isolated and purified from the snake venom of Bothrops leucurus (BLL)
[9-10]. BLL is a 30-kDa protein composed of two 15 kDa subunits that
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present effective antibacterial activity against the Gram-positive bacte-
ria Staphylococcus aureus, Enterococcus faecalis and Bacillus subtilis [11].
C-type lectins (CTLs), such as BLL, are Ca’*-dependent glycan-
binding proteins that share primary and secondary structural homology
in their carbohydrate-recognition domains (CRDs), increasing their af-
finity for multivalent ligands [12].

Several studies have demonstrated the interaction of CTLs with both
trypanosomatids and host cells leading to relevant cell responses. Con-
canavalin A, P. odoratum, P. cyrtonema and mulberry leaf lectins, for ex-
ample, have been shown to promote cell death through mechanisms
involving their interaction with membrane receptors [13-17]. In the
trypanosomatid protozoan Trypanosoma cruzi, an analogue of Conca-
navalin A, the Cramoll 1,4 lectin, caused plasma membrane perme-
abilization, induced an increase in reactive oxygen species production
and the impairment of parasite mitochondrion function, leading to cell
death [18-19].

Despite the ability of lectins to recognise carbohydrates, eliciting dif-
ferent biological activities in both parasites and mammalian cells, the
potential of lectins as chemotherapeutic agents against Leishmania re-
mains scantily explored. In this work, we investigated the
leishmanicidal and immunomodulatory potential of BLL during macro-
phage infection with L. amazonensis and L. braziliensis, the main etiolog-
ical agents of ATL in Brazil.

2. Materials and methods
2.1. Lectin preparation

B. leucurus venom was kindly supplied by Dra. Miriam Camargo
Guarnieri, Universidade Federal de Pernambuco, Brazil. The lectin was
purified according to the protocol previously described by Nunes et al.
[11]. Briefly, lyophilised crude venom of B. leucurus (30 mg) was dis-
solved in 1 mL of CTBS buffer (20 mM Tris-HCl, 150 mM NacCl and
5mM CaCly, pH 7.5) and centrifuged (2000g, 5 min, 25 °C) to remove in-
soluble material. The resulting supernatant was applied to a column of
guar gel previously equilibrated with CTBS at a flow rate of 10 mL/h.
BLL waseluted from the column with 200 mM galactose in CTBS. Protein
concentration was determined according to Bradford [20] using bovine
serum albumin as the standard.

2.2. Parasites

Promastigote forms of L. amazonensis (LTBO016) and L. braziliensis
(LTB2903) were maintained in Schneider's medium supplemented
with 10% bovine fetal serum and 100 IU/mL penicillin, at 26 °C and har-
vested during the exponential phase of growth. Amastigote forms were
obtained from BALB/c peritoneal macrophages infected with the
promastigote forms of the parasite.

2.3. In vitro effects of BLL on promastigote growth and viability

L. amazonensis and L. braziliensis promastigote forms (1 x 10° cells/
mL) were incubated at 26 °C in Schneider's medium in the presence
or absence of BLL (0.01-3.3 uM) The culture density was determined
daily using a Neubauer chamber. The BLL concentration that inhibited
culture growth by 50% (1Csq) was estimated after 48 h of lectin incuba-
tion by regression analysis using the SPSS 8.0 software package. Addi-
tionally, we investigated the effect of galactose (Gal) and a calcium-
chelating agent, ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-
tetraacetic acid (EGTA) on the leishmanicidal activity of BLL. For this,
promastigote forms were subjected to the following treatments:
1) IC50 BLL; 2) IC50 BLL + 200 mM galactose or 3) IC59 BLL + 1 mM
EGTA. After 48 h of incubation, cell viability was determined using a
CellTiter-Glo® Luminescent cell viability assay, based on quantification
of ATP production by viable cells. The luminescent signal was measured

using a GloMax® Luminometer (Promega Corporation, USA). All exper-
iments were performed in triplicate in three independent experiments.

2.4. Determination of mitochondrial membrane potential (AW,,)

The cationic probe JC-1 was used to determine the mitochondrial
membrane potential (AW,,) according to Fonseca-Silva [21].
Promastigotes (1 x 10° cells/mL) were cultured for 48 h in the absence
or presence of 1) ICsq BLL or 2) IC5 BLL + 200 mM galactose. Cells were
harvested and re-suspended in Hank's Balanced Salt Solution (HBSS).
Cell number was obtained by cell counting in a Neubauer chamber.
Promastigotes (1 x 107 cells/mL) were incubated with JC-1 (10
yg/mL) for 10 min at 37 °C. After washing twice with HBSS, fluorescence
was measured spectrofluorometrically at 530 nm and 590 nm, using an
excitation wavelength of 480 nm. The ratio of values obtained at 590 nm
and 530 nm was plotted as relative AW,,. The mitochondrial uncoupling
agent carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP; 20
1M ) was used as a positive control.

2.5. Isolation of macrophages from Balb/c mice

After euthanasia, RPMI medium was injected to peritoneal cavity of
mice and the macrophages were obtained from this medium. Cells were
thoroughly washed and suspended in RPMI medium supplemented
with 10% FBS and antibiotics. Further, macrophages were plated in
well culture plates and incubated at 37 °C in 5% CO,. After 3 h of incuba-
tion, the non-adherent cells were removed and fresh medium was
added to each wells.

2.6. Cytotoxicity assay

Peritoneal macrophages from Balb/c mice were plated at 10° cells/
well in 96-well plates containing 100 pL of RPMI medium. The adhered
macrophages were incubated for 48 h in RPMI in the absence or presence
of different concentrations of BLL (0.3-3.3 uM). The cells were washed
and incubated in fresh RPMI culture medium without phenol red, con-
taining 5 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium
bromide (MTT) (Sigma-Aldrich, St. Louis, MO, USA), for an additional
3 h at 37 °C. After incubation, the cells were solubilised in DMSO (100
yL/well) and the formazan precipitate derived from MTT reduction was
determined spectrophotometrically at 540 nm. The 50% cytotoxic concen-
tration (CCso) was determined by regression analysis using the software
package SPSS 8.0. The selectivity index (SI) was determined as the ratio
of CCsg to the macrophage to ICsq for the protozoa. Each assay was carried
out in triplicate in three independent experiments.

2.7. In vitro effects of BLL on intracellular amastigotes

Macrophages from Balb/C mice were harvested and plated at
10° cells/mL in a 24-well plate, containing RPMI medium supplemented
with 10% FBS. Then, the macrophages were infected with promastigotes
of L. amazonensis and L. braziliensis at a ratio of 1:20 and 1:10, respec-
tively. Non-internalised parasites were removed by washing. The cells
were incubated at 37 °C for 14 h and subjected to the following treat-
ments: 1) BLL (0.8 and 1.6 pM), 2) BLL + 200 mM galactose, 3) BLL
+1 mM EGTA, 4) 10 uM Pentamidine for 24 h. After treatment the
cells were stained with Giemsa (Sigma-Aldrich, USA) and the percent-
age of infected macrophages was determined by counting 100 ran-
domly chosen cells in triplicate. The Survival Index was determined as
the number of infected macrophages x number of amastigotes / total
number of macrophages. The images were acquired using a Leica
DMI4000 B microscope (Leica Microsystems, Wetzlar, Germany).
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2.8. Nitric oxide production

In order to analyse the effect of lectin treatment on the NO produc-
tion by macrophages, the cells were infected with L. amazonensis and
L. braziliensis and treated with BLL. After treatment, 50 L of supernatant
of macrophage cultures were incubated with 50 L of Griess reagent
(Fluka, Sigma-Aldrich). Absorbance was measured at 540 nm with a
Benchmark Plus (Bio-Rad Laboratories, Philadelphia, PA, USA) spectro-
photometer. The concentration of nitrite was determined using a stan-
dard curve of sodium nitrite.

2.9. Cytokine determination in culture supernatants

In order to analyse the cytokines the supernatants of cultures were
submitted to BD™ CBA Mouse Th1/Th2/Th17 Cytokine Kit. In addition,
for evaluate the IL-1f> release was determined using the BD™ CBA
Mouse IL-1p> Flex Set. The macrophages were treated or not as described
above (In vitro effects of BLL on intracellular amastigotes), supernatants of
cultures were stained with capture beads containing antibodies specific
for IL-6, IFN-y, TNF-o, IL-1f% and IL-10 cytokines for 2 h. After the label-
ling procedure, the suspensions were washed twice with BD Wash
Buffer and centrifuged at 200g for 5 min. Beads were then suspended
with 300 pL of BD Wash Buffer. Data acquisition and analysis were per-
formed using the BD CellQuest™ Pro and FCAP Array v.3 software pack-
ages (Becton Dickinson Immunocytometry Systems, USA), respectively
after collecting a minimum of 2100 events/sample.

2.10. Ultrastructural assay

Macrophages infected with promastigote forms of L. amazonensis
and L. braziliensis, treated or not with BLL (IC5q and %2 ICsq concentra-
tion) were washed with PBS and fixed for 1 h at 25 °C in a solution con-
taining 2.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M
phosphate buffer, pH 7.2. After washing in the same buffer, the cells
were post-fixed for 1 h with 1% osmium tetroxide/0.8% potassium ferri-
cyanide/5 mM CaCl in 0.1 M cacodylate buffer, pH 7.2. The cells were
scraped and harvested by centrifugation at 3000 rpm for 5 min and
dehydrated in a graded acetone series. After dehydration the samples
were embedded for 72 h at 60 °C in Epoxy Embedding medium kit
(Sigma Aldrich, USA). Ultrathin sections were stained with 5% uranyl
acetate and lead citrate and observed in a Tecnai FEI spirit operating at
120 kV transmission electron microscope (TEM).

2.11. Ethical considerations

The present study was carried out in accordance with the ethical
principles adopted by Brazilian law 11.794/2008 and approved by the
Ethical Committee for Animal Research of the Instituto Aggeu
Magalhdes/Fundag¢dao Oswaldo Cruz (N° 77/2014).
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2.12. Statistical analysis

Differences among groups were assessed by one-way ANOVA and
the Student's t-test and Bonferroni Post-test. The significance level
was set at p < 0.05. All tests were performed using the GraphPrisma
software package (GraphPad Software, 5.03). Data are presented as
means 4+ standard deviation (SD).

3. Results
3.1. BLL inhibited promastigote growth

The incubation of promastigotes with BLL inhibited both L.
amazonensis and L. braziliensis growth in a dose-dependent manner as
compared to cells without treatment (control) (Fig. 1). Our results
showed that the effect of BLL on culture density was slightly different
for each species of parasite. Compared to the untreated cells, no
difference in promastigote growth could be observed in L. amazonensis
promastigotes treated with the lower concentration of BLL (0.03 uM)
at any time during cultivation. On the other hand, at the same
concentration we already observed a decrease in cell growth in L.
braziliensis, after 48 h of cultivation. The difference existing between
the growth patterns of the two species of Leishmania was more pro-
nounced at 72 h of cultivation (Fig. 1). Although L. braziliensis appears
to be more susceptible to BLL treatment than L. amazonensis, the values
of [Cs for both species were very similar, corresponding to 1.5 4+ 0.17
and 1.3 4 0.06 pM for L. amazonensis and L. braziliensis, respectively
(Table 1).

3.2. The activity of BLL on promastigotes is dependent on galactose and Ca™*

To investigate whether the carbohydrate-binding activity of the lec-
tin was related to its effect on promastigotes, the parasites were treated
concomitantly with BLL and galactose, the specific BLL-binding sugar. To
analyse the putative role of Ca** on the leishmanicidal activity of BLL,
we also treated the parasites with BLL and EGTA, a calcium-chelating
agent. Our results showed that both EGTA and galactose are able to sig-
nificantly revert the inhibitory effect of BLL on cell viability and recover
cell growth to levels similar to the control cells for both Leishmania spe-
cies (Fig. 2a).

3.3. BLL promotes a decrease in mitochondrial transmembrane potential
(A¥m) on promastigote forms

Parasite mitochondrial function was evaluated using JC-1, a cationic
mitochondrial vital dye. The spectrofluorometric data presented in
Fig. 2b indicate a decrease of 31.5 & 2.7% and 43.6 + 2.2% (p < 0.004)
on AWm for L. amazonensis and L. braziliensis treated with BLL, respec-
tively. These results indicate membrane potential depolarization in
cells upon treatment with BLL. However, when the cells were incubated
with BLL + Gal, no decrease could be observed in AWm. As expected,
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Fig. 1. Effect of BLL on the growth of L. amazonensis and L. braziliensis promastigotes. The values are presented as mean + S.D. from three independent experiments realised in triplicate.
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Table 1
Evaluation of leishmanicidal and cytotoxic effects of Bothrops leucurus lectin.
CCsp (UM)  Promastigote Amastigote Sl SI
G50 ICso PRO  AMA
(uM) (uM)
Peritoneal 3757 + - - -
macrophage 384
L. amazonensis - 1.5+ 0.17 0.88 + 0.24 25 426
L. braziliensis - 13 4+ 0.06 0.86 + 0.07 289 436

decreased relative fluorescence intensity values were also observed fol-
lowing treatment with 20 pM FCCP (51% and 59.3% reduction for L.
amazonensis and L. braziliensis, respectively).

3.4. BLL was more selective against the parasite than host cells

In order to analyse the cytotoxic potential of BLL on host cells, peri-
toneal macrophages were assayed by the MTT technique. Our results
showed that the concentration of BLL was able to reduce host-cell via-
bility by 50%, and was 37.57 4- 3.84 uM after 48 h of cultivation. The lec-
tin proved to be 25 and 28.9 times more selective against the
promastigote forms of L. amazonensis and L. braziliensis, respectively,
than peritoneal macrophage, as demonstrated by the Selectivity Index
(SI) (Table 1).

3.5. BLL affected amastigote survival inside macrophages

In view of our promising results on promastigote forms, we further
evaluated the effects of lectin treatment on the intracellular amastigote
forms of the parasites. The treatment of infected cells, for 24 h, with BLL
drastically decreased the survival of intracellular amastigotes by ap-
proximately 28.51% and 36.95% at the concentration corresponding to
2 5 1Csq (1.6 uM BLL) for both species (versus 73.33 4+ 3.07% and 75.5
=+ 4.76% for infected-untreated macrophages). Lectin treatment also de-
creased the percentage of infected cells in a dose-dependent manner
(Fig. 3A and B). The effect of BLL at higher concentrations was similar
to those found for the reference drug Pentamidine, which causes an in-
hibition of 79.33% and 78.17% on the percentage of infected macrophage
for L. amazonensis and L. braziliensis, respectively, when compared to the
infected-untreated control (Fig. 3A). No statistically significant differ-
ence could be observed between the BLL (1.6 pM) and Pentamidine
treatments. The percentage of infection in BLL-treated cells (1.6 uM),
was 28.5 4+ 7.91% and 35 + 8.83% for L. amazonensis and L. braziliensis,
respectively (Fig. 3B). Light microscopy analysis corroborated the inhib-
itory effect of BLL on both the number of infected cells and the survival
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of intracellular amastigotes inside macrophages. Furthermore, in the
cells treated with the higher concentration at the same incubation
time, there was a decrease in the number and volume of
parasitophorous vacuoles (Fig. 3C, arrow). For the BLL-treated
amastigote form, the estimated 1Csq values were 0.88 + 0.24 uM and
0.86 & 0.07 uM for L. amazonensis and L. braziliensis, respectively. There-
fore, BLL was shown to be 42.6 and 43.6 times more selective for L.
amazonensis and L. braziliensis, respectively comparing to the host cell
(Table 1).

3.6. L. amazonensis- and L. braziliensis-infected cells respond differently to
BLL in the presence of galactose and EGTA

To verify if the effect of BLL against infected cells was dependent on
the carbohydrate recognition by the lectin, the cells were simulta-
neously incubated with BLL and Gal or EGTA. Our results demonstrated
that Gal or EGTA (Fig. 4) differently affected the activity of BLL on L.
amazonensis and L. braziliensis. In both species, treatment with BLL
alone, significantly reduced the viability of intracellular amastigotes
and the percentage of infected macrophages. In L. amazonensis, the ad-
dition of Gal or EGTA to the BLL incubation medium did not significantly
alter the inhibitory effect of BLL on the parasites. The association of BLL
with Gal or EGTA significantly increased the survival of L. braziliensis
amastigotes and the percentage of infected macrophages comparing
to treatment with BLL alone. No statistically significant difference in
the survival index was found between the control and BLL+ EGTA-
treated cells.

3.7. BLL causes ultrastructural alterations in intracellular amastigotes

Control cells infected with L. amazonensis (Fig. 5A and B) and L.
braziliensis (Fig. 5C-E) presented well-preserved intracellular
amastigote forms free or in close association with the internal mem-
brane of large parasitophorous vacuoles containing little or no cellular
debris in its lumen (Fig. 5A-D). Intense exocytic activity across the
plasma and flagellar membranes could be observed in both species
(Fig. 5B and E). The treatment of infected cells with the lectin induced
similar alterations in both species and severely damaged amastigotes
could be observed even at a low concentration of BLL (¥ ICsq)
(Fig. 5F). Infected macrophages treated with BLL for 24 h exhibited an
apparent reduction in the number of parasitophorous vacuoles as well
as intracellular amastigotes (Fig. 5G and 1). The morphological changes
induced by BLL treatment included retraction and loss of cytoplasmic
content compatible with a lytic event (Fig. 5G) and cell vacuolization.
Actually, ruptured plasma membrane was commonly found in treated
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Fig. 2. Effect of Gal and EGTA on leishmanicidal activity and on mitochondrial membrane potential upon treatment with BLL. (A) Promastigote growth is depicted as (W) and ATP
production is expressed in columns. (B) Alterations in relative AWm values are expressed as the ratio of the fluorescence measurements at 590 nm (for J-aggregate) versus 530 nm
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cells of both species (Fig. 5F). The lumen of parasitophorous vacuoles partially degraded amastigote cells (Fig. 5G-I). Interestingly, no exocytic
was usually enriched with cell debris, flocculated material and myelin activity was observed in intracellular amastigote forms treated with BLL
figures (Fig. 5H). Some of them were also found empty or containing (Fig. 5F-]).
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3.8. BLL differentially modulated the secretion of cytokines and NO produc-
tion during the course of macrophage infection with L. braziliensis and L.
amazonensis

To investigate the ability of BLL to modulate the host's immune re-
sponse, cytokine-profile and NO-production assays were performed in
peritoneal macrophages subjected to L. braziliensis and L. amazonensis

infection. A significant increase in the release of IL-10, INF-T, TNF-c,
IL-6 and IL-1p3, as well as in NO production was observed in non-
infected macrophages treated with BLL at 0.8 uM as compared with
non-treated cells (Fig. 6). Comparing to non-infected and untreated
cells, infection with both species of Leishmania induced a significant in-
crease of TNF-q, IL-6 and IL-1(. The level of IL-10 increased only in L.
amazonensis-infected macrophages (Fig. 6A), whereas INF-y release in
infected-macrophages was not shown to be statistically significant
when compared to the uninfected control (Fig. 6B). The level of IL-10 in-
creased only in L. amazonensis-infected macrophages (Fig. 6A), whereas
INF-y release in infected-macrophages was not shown to be statistically
significant when compared to the uninfected control (Fig. 6B). Treat-
ment of infected peritoneal macrophages with BLL also induced a signif-
icant increase in the release of the proinflammatory cytokines TNF-a
and IL-6 in comparison to the infected-untreated control (Fig. 6C and
D). However, the response of infected-cells to BLL treatment varied be-
tween the parasite species. The IL-6 release, for example, was tenfold
higher in BLL-treated L. amazonensis-infected cells than in those in-
fected by L. braziliensis. As compared to uninfected cells, the infection
with both species per se, induced a significant increase in the secretion
of IL-1p3. On the other hand, the treatment with BLL, caused a significant
decrease in this cytokine release in L. amazonensis-infected cells,
whereas in macrophages infected with L. braziliensis there was a signif-
icant increase in the level of this cytokine, compared to untreated-
infected cells (Fig. 6E). Nitrite production was found to be similar in
both L. braziliensis- and L. amazonensis-infected cells subjected to BLL
treatment. Treatment with the lectin induced a 4-fold increase in nitrite
compared to the infected-untreated control (Fig. 6F).

4. Discussion

The interaction of lectins with specific carbohydrates plays a role in a
number of biological processes, such as host-pathogen recognition, cell
differentiation and immune response. Thus, understanding of the na-
ture of these interactions is not only useful for the elucidation of their bi-
ological function but can also be applied to different research areas such
as immunology, drug development and delivery and diagnostics [22].

In this work we investigated the biological activity of the lectin BLL
on the interaction of L. braziliensis and L. amazonensis with macro-
phages. For this, we first evaluated if the lectin has any leishmanicidal
activity on promastigote forms of both parasite species. Our results
showed that BLL inhibited the growth and viability of promastigote
forms of L. amazonensis and L. braziliensis in a time- and dose-
dependent manner. It has been demonstrated that the binding of lectins
to specific oligosaccharides on the cell membrane is able to inhibit the
growth of pathogens and trigger cell death by mechanisms that are
not completely understood [18,23]. On the other hand, cells that do

Fig. 5. Effects of BLL on intracellular amastigote ultrastructure as observed by transmission
electron microscopy. (A and B) macrophage infected with L. amazonensis and untreated;
(A) Low magnification of control peritoneal macrophage infected with L. amazonensis,
showing the presence of well-preserved amastigotes inside PV vacuoles (*). (B) L.
amazonensis amastigote presenting high exocytic activity at the plasma membrane
(arrow). (C) Low magnification of L. braziliensis-infected cells showing the presence of
amastigotes in either tight-fitting or loose PV (arrow). (D) Detail at high magnification
of an L. braziliensis amastigote in a tight-fitting PV, presenting a well-preserved nucleus
(N) and a number of lipid drops (L) dispersed throughout the cytoplasm. (E) Detail of fla-
gellar pocket region of control L. braziliensis amastigote showing a number of vesicles bud-
ding from flagellar membrane. (F) Detail of macrophage infected with L. amazonensis
amastigotes and treated with ICsg BLL, presenting destroyed organelles and ruptured the
membrane (arrow). Note the presence of flocculated material in the lumen of PV (*).
(G) Low magnification of L. amazonensis-infected cells treated with ICso BLL, showing
one PV containing only cell debris and another containing a damaged amastigote which
shows a retracted cytoplasm (arrow). (H) Highly magnified detail of a PV from L.
braziliensis-infected cells, treated with BLL, containing a partially degraded amastigote,
vesicles and myelinic figures inside; (1) Low magnification of a macrophage infected
with L. braziliensis, showing PV containing either degraded material or adamaged intracel-
lular amastigote. Note in (J) the detail of the same amastigote presenting an electron-
luscent space between the plasma membrane and cytoplasm.
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not possess these carbohydrates are protected against the cytotoxic ef-
fects of these proteins [19]. Naderer and colleagues [24] demonstrated
that the complex glycocalyx surface of Leishmania promastigotes are
rich in glycoconjugates containing galactose (the BLL-binding carbohy-
drate) and mannose residues. In this regard, the leishmanicidal effect of
BLL on these forms could be due to the recognition of galactose on the
parasite's plasma membrane. Consistently, we demonstrated that
the simultaneous incubation of promastigotes with BLL and galac-
tose was able to restore cell growth and viability to levels found in
the control cells. Besides the specificity of lectin towards galactose,
we have demonstrated that the activity of BLL is also dependent on
the presence of Ca* ™, as the addition of a calcium-chelating agent
to BLL medium strongly inhibited the leishmanicidal effect of this
lectin. Nunes et al. [11] have also shown that the hemagglutination
activity of BLL was abolished in the presence of chelating agents, in-
dicating that Ca* ™ is essential for the carbohydrate recognition by
BLL. Although the plasma membrane is the primary target of lectin

interactions, the possibility that these proteins act on other intracel-
lular components cannot be ruled out. Fernandes et al. [19] have
demonstrated that, after binding to glycoproteins on the cell mem-
brane of the protozoa Trypanosoma cruzi, a lectin isolated from
seeds of Cratylia mollis was subsequently internalised. The lectin
colocalised with parasite mitochondrion, where itimpaired the func-
tioning of the organelle and lead to cell death by necrosis. Corrobo-
rating this idea, we showed that the mitochondrial membrane
potential was inhibited by BLL treatment on promastigote forms.
Again, the addition of Gal to BLL was able to inhibit the deleterious
effects of the lectin on parasite mitochondrion.

The cytotoxicity assays showed that BLL, at the same concentrations
used in treated-infected cells was not significantly toxic to macro-
phages, the main target of parasite infection. Corroborating our data,
various studies have demonstrated that lectins could exert a
leishmanicidal effect without presenting cytotoxic effects towards
host cells [25-27].
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The low cytotoxicity to macrophages and the high selectivity of BLL
towards promastigotes prompted us to investigate the effects of BLL on
the relevant intracellular amastigotes, which are responsible for the
clinical manifestations of leishmaniasis. Our results showed that BLL
alone caused significant reductions in intracellular amastigote survival
as well as the percentage of macrophages infected with L. amazonensis
or L. braziliensis, in a similar way. However, depending on the species
of leishmania involved, the infected macrophages responded differently
to simultaneous treatment with BLL and EGTA or galactose. Whereas
Ca™ " and galactose is not required for the inhibitory activity of BLL on
intracellular L. amazonensis amastigotes, significant differences in the
survival index and percentage of infected cell were observed in L.
braziliensis-infected macrophages, as compared to BLL alone. However,
neither galactose nor EGTA were able to restore the survival index and
the percentage of infected cell to levels found in the control cells.
These data suggest that, at least for L. amazonensis, the inhibitory effect
of BLL on amastigotes could not depend on the binding of galactose res-
idues on the host and/or amastigote surfaces.

The TEM analysis corroborated the deleterious effect of BLL on intra-
cellular amastigotes of both species of Leishmania, without causing any
observable damage to macrophages. An interesting finding was the ab-
sence of amastigote-derived extracellular vesicles in infected cells
treated with BLL. Extracellular vesicles (EV) in Leishmania are important
players in the horizontal transfer of information between cells, acting as
messengers capable of priming host cells, facilitating the infection and
the manipulation of the host-cell immune response [28]. Several studies
have described the secretion of exosomes and other related EVs in L.
donovani and L. mexicana as a mechanism of the immunomodulation
and development of inter-cellular infection [29-31]. Furthermore, it
has been shown that EVs favour a proinflammatory response. In fact,
Silverman and Reiner [31] demonstrated that the increase in secretion
of EVs or exosomes in the early stages of L. donovani infection was di-
rectly related to the cytokine production by immunocompetent cells.
In this regard, the blocking of parasite EVs by BLL could ameliorate the
deleterious effects associated with excessive stimulation of the immune
response; reducing parasite burden and disease severity [32]. Although
the inhibition of EV production in intracellular amastigote could be due
to a direct action of BLL on these forms, we cannot rule out the possibil-
ity that this effect might also be associated with modifications of host
cell immune response during BLL treatment.

It is well known that macrophages are able to recognise pathogen-
associated molecular patterns (PAMPs) by pattern-recognition recep-
tors (PRRs), such as Toll-like and NOD-like receptors, leading the cell
to release inflammatory mediators such as reactive oxygen species
(ROS) and reactive nitrogen species (e.g. NO), as well as pro-
inflammatory cytokines [33-34]. These mediators are responsible for
parasite clearance and the development of an adaptive response. Para-
doxically, the innate and adaptive response against the parasite could
lead to the pathogenesis of leishmaniasis, causing tissue destruction
and inducing disease relapse [8]. The dichotomy existing between resis-
tance and susceptibility has led to investigations of new therapeutic al-
ternatives which act on the pathogenic microorganism and also have
immunomodulatory activity, driving the immune response to control
infection without causing tissue damage [35]. Despite the immunomod-
ulatory potential of lectins, few studies have focused on their capacity to
stimulate immune effector cells to combat leishmania infection. In this
regard, we investigated the effect of BLL on NO and cytokine production
by Leishmania-infected cells. Our results showed that the presence of
BLL per se lead to a significant increase in all cytokines analysed as
well as an enhancement in the production of NO by non-infected mac-
rophages, suggesting an immunomodulatory role of BLL in these cells.
This response to BLL treatment is strictly modulated by the presence
of parasite infection with both species of Leishmania. In addition, the
data showed that BLL treatment induced significant changes in the cyto-
kine profile and NO production in macrophages infected with both spe-
cies of Leishmania. Although some differences between macrophages

infected with L. amazonensis and L. braziliensis were observed, treat-
ment with BLL induced a proinflammatory profile in macrophages
with significantly increased production of NO, IL-6 and TNF-c, but not
of INF-y. TNF-ct has been associated with host resistance against several
microorganisms by inducing NO production, the main microbicidal
molecules produced by macrophages to combat intracellular pathogens
[36]. Furthermore, it has been reported that the release of TNF-q, in-
duced by activation of Toll-like receptor 2 (TRL2), led to signalling for
NFKB expression, acting as a defence mechanism against L. braziliensis
infection [37-38]. Accordingly, some lectins, such as ArtinM from the
seeds of Artocarpus heterophyllus, have been shown to bind to TLR2-N-
glycans, acting as a TLR2 agonist that exerts an immunomodulatory
function [39-40].

The most noteworthy difference between L. amazonensis- and L.
braziliensis-infected macrophages in the presence of BLL concerns the
IL-1p and IL-10 response. In L. amazonensis-infected cells, a significant
decrease of IL-1p> with an increased production of IL-10 in the presence
of BLL was observed. On the other hand, an increase in [L-1f with unal-
tered production of IL-10, compared to infected-untreated cells, was
seen in L. braziliensis-infected macrophages. The bioactive form of IL-
1P is released as a product of the enzymatic cleavage of pro-1L-1p by
NALP3 inflammasome, which is a multimolecular platform that has
been shown to play a pivotal role in hampering L. donovani, L.
amazonensis and L. braziliensis infection via induction of oxidative stress
[41]. The higher production of this cytokine in L. braziliensis-infected
cells could have contributed to a decrease in the survival index and per-
centage of L. braziliensis-infected cells observed in our study. Accord-
ingly, Ricci-Azevedo et al. [40] demonstrated that the treatment of
neutrophils with ArtinM lectin enhances the clearance of the intracellu-
lar pathogen L. major through a mechanism that includes production of
IL-1p and other proinflammatory cytokines.

Contrarily to what was observed in L. braziliensis, the treatment of L.
amazonensis-infected cells with BLL was shown to supress the IL-1[> re-
sponses without affecting NO production. The increased levels of the
regulatory cytokine IL-10 could be responsible for the decrease of IL-
1> production, mitigating an exacerbate proinflammatory activation
and preventing further damage to the host cells. In this case the produc-
tion of NO could be sustained by the TNF-o and [L-6 stimulation. As BLL
treatment led to the production of proinflammatory cytokines in mac-
rophages infected by both species and IL-1f> for L. braziliensis, our results
strongly suggest that Toll-like and/or NOD-like receptors are involved in
the recognition of BLL. Consistently, in a previous study we have dem-
onstrated that BLL under physiological conditions is able to form amy-
loid aggregates, which are efficiently phagocytised by macrophages,
inducing a proinflammatory response (unpublished data). Usually the
recognition of amyloid structures by immune cells is associated with
Toll 2 receptors and the activation of inflammasome with release of
IL-1p [42]. The intracellular fate of BLL as well as the identification of tar-
get organelles and/or molecules in Leishmania is currently under
investigation.

5. Conclusions

Taken together our results showed that the C-type lectin BLL has
leishmanicidal and immunomodulatory effects on macrophages in-
fected with L. braziliensis and L. amazonensis. The knowledge about the
specie-specific differences may be the key point for identifying viru-
lence factors and to understand the differential mechanisms used by
each leishmania specie to infect macrophages, contributing for the dis-
covery of new drug targets in Leishmania spp.
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Abstract

Lectins are carbohydrate-binding proteins that play important role in immune system.
Under specific conditions, lectins can form amyloids, proteinaceous aggregates rich in
cross B-strand structures. A Ca*™-dependent lectin, isolated from Bothrops leucurus
snake venom (BLL) has been demonstrating relevant biological activities as antibacterial
and antitumor activity. In this work, we aimed to study the interaction of BLL with
macrophages. The formation of amyloid structures by BLL in cell culture medium, the
effects of the lectin on the macrophage morphology and cytokines production were
investigated. BLL amyloid-like fibrils in RMPI medium, pH 7.2, at 37°C was confirmed
by binding of Congo Red, Thioflavin T and electron microscopy. Neither binding of
amyloid markers nor fibrillar structures were found when the lectin was incubated in
RPMI plus galactose, the specific BLL binding carbohydrate. Several phagocytic
compartments containing fibrillar structures were observed in BLL-treated macrophages
in RPMI medium for 24h; these compartments showed an apple-green birefringence after
Congo Red staining and were positive for thioflavin S and anti-amyloid antibody,
indicating the presence of amyloid-like fibrils. No fibrillar material and no labeling were
observed when the macrophages were treated with BLL plus galactose or cytocalasin B,
an inhibitor of phagocytosis. BLL did not affect the viability of the cells. A significant
release of proinflammatory (TNF-a, IL-6, INF-Y and IL-1pB) and regulatory (IL-10)
cytokines was observed in BLL-treated macrophages. Taken together our results
shedding light on the structural organization of BLL improving the knowledge about
the interaction of lectin with macrophages. The phagocytosis of amyloid-like aggregates
together with the proinflammatory response induced by BLL may open new
perspectives for the use of this lectin as an interesting model to study cytokines and
others mediators production and understand the mechanisms occurring in human immune

cells during amyloid protein deposition.

Keywords: lectin, aggregation, amyloid-like fibrils, macrophage, immunomodulation
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1 Introduction

C-type lectins (CTLs) are the largest and most diverse carbohydrate-binding
proteins found in animals, playing relevant role in cell signaling, innate immunity,
differentiation and cell adhesion. In the human immune system, CTLs induce secretion
of innate cytokines and other immune mediators modulating inflammation and immunity
(van den Berg et a., 2012; Chiffoleau, 2018; Patin et al., 2017). These lectins are Ca**-
dependent glycan-binding proteins that share primary and secondary structural homology
in their carbohydrate recognition domains. One of most interesting features of lectins
Is its ability to form oligomers, increasing their affinity for multivalent ligands
(Cummings and McEver, 2009).

Snake venoms are complex combination of bioactive proteins and
polypeptides, including CTLs, that act on specific biochemical and physiological targets
being considered for research and biotechnological development (Boldrini-Franga et al.,
2017; Fry et al., 2008 proteins Doley et al., 2009). In this context, the galactoside-
binding CTL purified from Bothrops leucurus (BLL) snake venom is a B-class protein of
30 kDa composed of two subunits of 15 kDa. Previous studies have demonstrated that
BLL has biological activity against Gram-positive bacteria (Nunes et al., 2011), tumor
cell lines (Aranda-Souza et al., 2014; Nunes et al., 2012a) and protists parasites from
genus Leishmania (unpublished data). The varied and relevant biological activities
of BLL make this protein an excellent model of study on different research fields, such
as cell signaling, cell differentiation, production of cytokines and other mediators.
However, the effects of BLL on cells from immune system, such as macrophage are
unknown.

The activity of proteins, including CTLs, is intrinsically related to their
conformational and structural organization (Drickamer and Taylor, 2015). The intimate
relationship existing between the structure and activity of lectin proteins remains unclear
and subject of interest in several research fields, from food science to biotechnology.
Additionally, previous studies have demonstrated that under some environmental
conditions, lectins, as Concanavalin A (ConA), can undergo unfolding and/or
aggregation processes and form amyloid fibrils (Khan et al., 2018; Vetri et al., 2011;
Carrotta et al., 2012; Khan et al., 2018). Amyloids are highly ordered fibrillar
protein aggregates with a cross B-sheet structure and an ability to self-assemble

from their monomeric counterparts in a nucleation-dependent process (Buell, 2017;
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Uversky and Fink, 2004; Bemporad and Ramazzotti, 2017). Amyloid fibrils have long
been linked with devastating human neurodegenerative disorders and numerous
other diseases, including Alzheimer’s and Parkinson’s disease (Dobson, 2003; Hardy
and Selkoe, 2002). However, amyloid structures also contribute to many biologically
relevant functions in bacteria, fungi, insects and humans, so-called functional amyloids
(Phan et al., 2014).

Given the role of CTLs on the cells from immune system and the
biological activity of BLL, the aim of this work was to study the interaction of
BLL with macrophages. Because lectins can form amyloid fibrils in vitro, we
first investigated the aggregation behavior of BLL under cell culture medium
condition and next analyzed the effects of the lectin on the macrophage morphology and

cytokines production.

2 Material and Methods

2.1 Lectin preparation

B. leucurus venom was kindly supplied by Dra. Miriam Camargo Guarnieri,
Universidade Federal de Pernambuco, Brazil. The lectin was purified according to the
protocol previously described by Nunes et al. (2011). Briefly, lyophilized crude venom
of B. leucurus (30 mg) was dissolved in 1 mL of CTBS buffer (20 mM Tris-HCI, 150
mM NaCl and 5 mM CaCl2, pH 7.5) and centrifuged (2000 g, 5 min, 25 °C) to
remove insoluble material. The resulting supernatant was applied to a column (10 x 1.0
cm) of guar gel previously equilibrated with CTBS at a flow rate of 10 mL/h. BLL was
eluted from the column with 200 mM galactose in CTBS. Protein concentration was
determined according to Bradford (1976) using bovine serum albumin as a standard.

2.2 Congo Red and thioflavin T binding assays

Fibril formation was assessed using Thioflavin-T (ThT) and Congo Red
(CR) binding assays. For both assays, 1 uM BLL was incubated in RPMI medium, pH
7.2, at 37 °C with 5% CO., for different times (0 — 120 minutes). After each time,
aliquots were taken and incubated with 25 uM ThT and 50 uM CR according
Sulatskaya et al. (2018). The ThT fluorescence was measured using a GloMax®

Fluorimeter (Promega Corporation, USA) with excitation at 450 nm and emission at
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465-520 nm (LeVine, 1993). For CR, BLL was prepared as described above. The CR
absorbance was read between 400 and 700 nm, the CR spectrum was mathematically
subtracted from the BLL CR spectrum and a maximal spectral difference at 540 nm was

considered indicative of amyloid-like fibrils.

2.3 Negative staining of BLL

To examine the morphology of the protein/peptide amyloid-like fibrils, BLL
was incubated in RPMI medium as described in the section 2.2. After each incubation
time, samples were centrifuged at 14000 rpm for 20 min and the pellet was resuspended
in 10 pL of PBS to avoid the precipitation of culture medium components. Next, 5 pL of
the sample was applied to Alcian blue-treated carbon coated grid for 2 min and
negatively stained with 1% uranyl acetate for 1 min. The grids were then air-dried and

observed with a Tecnai FEI spirit transmission electron microscope, operating at 120kV.

2.4 Cell culture

Peritoneal macrophages, obtained from Balb/c mice, were plated at 5 x 10°
cells/well in RPMI medium supplemented with 10% bovine fetal serum and 100 IU/mL
penicillin, at 37 °C with 5% CO>. For detection of amyloid-like fibrils in macrophage
cultures treated or not with BLL, the cells were seeded at 5 x 10° cells/well in 24-well
culture plates containing a glass coverslips in the bottom and submitted to ThT and CR

staining as described in the sub item 2.7 and 2.8.

2.5 Cytotoxicity Assay

Macrophages from Balb/c mice were plated at 5 x 10° cells/well in 96-well
plate containing 100 uL. of RPMI medium, supplemented with 10% FBS, and maintained
for 3 h at 37 °C in 5% CO,. Next, the adhered macrophages were incubated in the
presence or absence of several concentrations of BLL (0.25 — 4 uM) in RPMI for 24
h. The cells were washed with RPMI without phenol red and incubated in the same
medium containing 5 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium
bromide (MTT, Sigma-Aldrich, St. Louis, MO, USA), for an additional 3 h at 37 °C.
Afterwards, the medium was discarded and 100 puL/of DMSO was added to each well
to solubilize the colored formazan product formed. Absorbance was read at 540 nm on

a GloMax® Spectrophotometer (Promega Corporation, USA). Each assay was carried
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out in triplicate in three independent experiments.

2.6 Ultrastructural analyses of macrophages

Macrophages seeded in 6-well culture plates at 5 x 10° cells/well were treated or not with
1 pM BLL or BLL plus 200mM galactose in RPMI medium at 37 °C in 5% CO2for
24h. Then, the cells were washed in PBS, pH 7.2, and fixed in 2.5% glutaraldehyde
plus 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2,for 1 h at 25 °C. The
cells were then post-fixed in 1% OO4 for 1h. Subsequently, the cells were scraped,
harvested by centrifugation at 3000 rpm for 5 min, dehydrated in graded acetone series
and embedded in Epon (Polybed 812.) Ultrathin sections were stained with 5% uranyl
acetate and 1% lead citrate and observed in Tecnai FEI spirit transmission electron

microscope, operating at 120kV.

2.7 Congo Red staining in macrophages

Macrophages were stained with Congo Red as described by Okada et al.
(2007) with modifications. Briefly, macrophages treated or not with 1 uM BLL were
washed twice with PBS and fixed in 4 % paraformaldehyde in 0.1 M phosphate buffer,
pH 7.2, for 2h at 25 °C . Next, cells were washed twice with PBS and permeabilized with
1% Triton for 10 min. The samples were incubated in a solution containing 0.5 M
NaCl (diluted in 80% ethanol) and 1% NaOH (freshly prepared) for 2 h, stained with
2.8 mM Congo Red for 1 h and washed twice with distilled water. The images were
acquired using a Leica DMI4000 B microscope (Leica Microsystems, Wetzlar,
Germany).

2.8 Thioflavin S (ThS) staining in macrophages

BLL-treated and untreated macrophages were washed twice with PBS and fixed in 4 %
paraformaldehyde in 0.1 M phosphate buffer, pH 7.2, for 2H at 25 °C. The cells were
washed twice with PBS, permeabilized with 1% Triton for 10 min, and stained with 0.1
% ThS (freshly diluted in PBS and filtered in 0.22 um sterile syringe filters) for 1 h.
Next, the cells were washed with 70% ethanol and counter-stained with Hoechst 33258
solution according to the manufacturer’s instructions. The images were acquired in SPII

AOBS confocal microscope using 488 nm laser for ThS and UV for Hoechst 33258.
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Alternatively, the cells were pre-treated with 1 mM 3-methyladenine (autophagy
inhibitor) and 2.5 UM Cytochalasin B (CytB, phagocytosis inhibitor) 30 min before BLL
treatment and then submitted to ThS staining.

2.9 Immunogold electron microscopy

BLL treated and untreated macrophages were processed for transmission
electron microscopy, as described above. For immunolabelling, thin sections were
etched with 0.1% hydrogen peroxide for 10 min and quenched in 50 mM ammonium
chloride, 3% and 1% PBS/BSA, and 0.2% Tween-20. Next, the samples were incubated
with the anti-amyloid fibrils LOC antibody (Merck) (dilution: 1:50) for 48h at 4°C.
After several washes, the thin sections were incubated with 10 nm gold-labelled goat
anti-rabbit 1gG (BB International, UK) for 2 h at room temperature in the dark, washed
in distilled water and observed using a Tecnai FEI spirit transmission electron
microscope, operating at 120kV. In some assays, the primary antibodies were omitted,
and the samples were incubated only with the gold-labelled goat anti-rabbit antibody. No
labelling was observed under this condition.

2.10 Cytokine determination in culture supernatants

To evaluate the cytokine release by macrophage treated or not with BLL
or treated with BLL plus galactose, supernatants of cultures were stained utilizing
BD CBA Mouse Th1/Th2/Th17 Cytokine Kit (BD Bioscience, Sao Paulo, Brazil)
according to the manufacturer’s instructions. The supernatants were stained with
capture beads containing antibodies specific for 1L-1p, IL-4, IL-6, IFN-y, TNF-a
and IL-10 proteins for 2 h. After labelling, suspensions were washed twice with BD
Wash Buffer and centrifuged for 200 g for 5 minutes. Beads were then suspended with
300 pL of BD Wash Buffer. Data acquisition and analysis were performed using the BD
CellQuestTM Pro software and FCAP Array v.3 (Becton Dickinson Immunocytometry
Systems,USA), respectively after collecting a minimum of 2100 events/sample.

2.11Ethical considerations
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The present study was carried out in accordance with the ethical principles
adopted by Brazilian law 11.794/2008 and approved by the Ethical Committee for Animal
Research of the Instituto Aggeu Magalh&es / Fundagdo Oswaldo Cruz (N° 77/2014).

2.12 Statistical analysis

Differences among groups were assessed by one-way ANOVA and Student's t
test and Bonferroni post-test. The significance level was set at P<0.05. All tests were
performed using the software GraphPrisma (GraphPad Software, 5.03). Data are
presented as means + standard deviation (SD).

3 Results and Discussion

Our group have previously demonstrated relevant biological activities of BLL
as antibacterial (Nunes et al., 2011), antitumor (Aranda-Souza et al., 2014; Nunes et al.,
2012a) and antiparasitic agents (Aranda-Souza et al., 2018). The present study was
focused on investigating the interaction of BLL with macrophages because we are
interested in the potential of the lectin as a useful tool to modulate of inflammation and
immunity. The biological role and physical properties of lectins, including its mechanical
stability and carbohydrate-binding activity stability have proven to be related to the
structural arrangement of these proteins. Previous studies showed that lectins can form
amyloid aggregates under specific in vitro conditions (Vetri et al., 2011; Vetri et al.,
2010). Because BLL possess a large amount of B-sheet structures (Nunes et al., 2011),
which favors the aggregates and amyloid-like fibrils formation (Nowick, 2008), we first
investigated the effects of cell culture medium conditions (RPMI medium, pH 7.2 and
at 37°C) on the aggregation behavior of BLL. The time course of BLL aggregation in
RPMI medium was monitored using ThT and CR, which are considered to be highly
specific for amyloid-like structure (Chiti and Dobson, 2017). Our results showed a time-
dependent increase of ThT fluorescence emission in BLL/RPMI sample when compared
with BLL-free RPMI (Fig. 1A). BLL/RPMI sample was also found to bind CR,
causing a red shift in the absorbance spectrum (Fig. 1B). Negatively-stained
electron microscopy images of BLL/RPMI samples showed fibrillar material in 15

minutes of incubation (Fig. 1 C). Taken together, these data indicate that BLL forms
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amyloid-like aggregates in RPMI medium under cell culture conditions. Nunes and
colleagues (2011) demonstrated that BLL activity was completely abolished in the
presence of galactose, lactose and raffinose, indicating that BLL is a galactoside-
binding protein. To investigate whether the formation of amyloid-like structures
in BLL/RPMI samples could be affected by specific lectin binding carbohydrate, BLL
was incubated in culture medium with 200 mM galactose. Our results showed that in
the presence of the carbohydrate, both ThT fluorescence and CR absorbance signal were
inhibited, indicating that galactose partially impairs the BLL aggregation into amyloid-
like fibrils (Fig. 1A and B).

Macrophages are immunocompetent cells involving in defense of organisms
against pathogen infections and other harmful stimulus. These cells are also particularly
important in the clearance of AB peptides from brain and other tissues by a variety of
phagocytic and digestive mechanisms (Aaron and McLaurin, 2012). In this regard, we
further investigated the effect of BLL on peritoneal macrophages morphology and
viability. BLL-treated macrophages for 24h showed several cytoplasmic structures,
containing electrondense fibrillar material (Fig. 2A, 2C and 2D) similar to phagosomes
(electronlucent matrix) or phagolysosomes (electrondense matrix). In contrast, no
fibrillar material was observed in BLL/galactose-treated (Fig 2B) and untreated (Fig 2E)
cells. However, several electronlucent vesicles was noted in BLL/galactose-treated
macrophages (Fig. 2B).

To investigate whether the fibrillar structures found in the macrophages could
be the amyloid-like aggregates formed by BLL, lectin-treated cells for 24 hours were
submitted to CR (Fig. 3) and ThS (Fig. 4) staining, and immunolabeling using anti-
amyloid fibrils LOC antibody (Fig. 5). A green birefringence under polarized light was
observed in the cell surface and some intracellular structures after CR staining, indicating
the presence of amyloid-like fibrils (Fig 3). In addition, BLL-treated cells also exhibited
an intracellular positive labeling for ThS (Fig. 4). Moreover, after immunogold labeling
using anti-amyloid antibody, gold particles were seen on the fibrillar structures inside
vesicles from BLL-treated macrophages (Fig. 5). No birefringence, ThS and
antibody labeling were observed in control and BLL+ Galactose-treated cells,
suggesting that the amyloid-like structures formed by BLL in RPMI could be
phagocytized by macrophages. (Fig. 3-4). However, Takahashi and colleagues (1989)
reported that some amyloid fibrils may be formed in the cytoplasm of the macrophages

by the proteolytic cleavage of a previously endocytosed protein. To exclude the
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hypothesis that BLL amyloid-like fibrils could be also formed inside the macrophages
rather than to be phagocytized, cells were pre-treated with 3-MA (inhibitor of autophagic
vesicles) and Cytochalasin B (CytB, inhibitor of phagocytosis) 30 min before BLL
treatment and then labeled for ThS (Fig. 4). In contrast to BLL-untreated and 3-MA-
pretreated cells, no significant labeling was found after pretreatment with CytB (Fig. 4).
Additionally, immunogold electron microscopy revealed the presence of extracellular
fibrous material positively labeled for anti-amyloid antibody close to plasma membrane
and pseudopods of macrophages (Fig. 5). Taken together, these results indicate that BLL
amyloid-like aggregates may be formed extracellularly and are efficiently phagocytosed
by peritoneal macrophages (Fig. 5). The role of phagocytosis in the clearance of
amyloid structures has been well recognized in the literature. The microglia cells, for
instance, upon insult or stress are activated and stimulated to migrate up to the site of
lesion and remove cell debris and AB amyloid from the brain (Mizuno, 2012; Morgan
and Gordon, 2008). Studies on Alzheimer’s disease have demonstrated that microglia
and invading marrow-derived mononuclear macrophages have pivotal role on the
initiation and progression of disease. Activated microglia is able to perform macrophage-
like functions including cytokine release and phagocytosis (Aaron and McLaurin, 2012).
In macrophages, diverse studies suggested that the phagocytosis of AP is decreased
in patients with Alzheimer disease (AD) leading to amyloid accumulation in the brain
and worsening the clinical condition of patients (Guillot-Sestier et al., 2016; Jones et
al., 2014; Mizwicki et al., 2012). In this sense, BLL could be an interesting and relevant
system to understand the mechanisms occurring in human with amyloid protein
deposition, i.e. AR amyloid, in macrophages. However, further studies are needed to
determine this.

Regarding the lectin-derived aggregates, the ConA-derived amyloid
structures were related with citotoxity activity on neublastoma cells (Vetri et al., 2010).
Importantly, BLL amyloid-like structures did not affect the viability of the cells, as
revealed by ultrastructure and MTT assays (Fig. 2). - Savchenko and colleagues (2016)
showed that the amyloids might exert effect on the cellular signalling, reactive oxygen
species (ROS), nitric oxide (NO) and cytokine production without prejudice the function

and viability of phagocytic cells.

Over the last decade, CTLs have gained increasing attention for their role in
coordinating innate and adaptive immunity, in part, through the induction and modulation
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of cytokine responses (Chiffoleau, 2018; Shiokawa et al., 2017; Vautier et al., 2012). To
investigate whether BLL treatment has also an immunomodulatory effect on
macrophages, we analyzed a cytokine profile from the cell culture supernatants. A
significant release of proinflammatory cytokines TNF-a, IL-6 and INF-Y were observed
in BLL-treated cells as compared with non-treated cells (Fig. 6). The relationship
between the aggregation/monomeric state of proteins and their immunomodulatory
activity has already reported in the literature. For instance, structural modifications on
bothropstoxin-1, component of Bothrops jararacussu snake venom characterized as
aggregates and oligomers, were related to the stimulation on the pro and anti-
inflammatory immune response in macrophages (Caproni et al., 2009). Previous studies
have demonstrated that the overexpression of IL-6 in mice was highly effective in
preventing amyloid plaque deposition. This effect was accompanied by the up-
regulation of phagocytic markers in vivo and enhanced phagocytosis of aggregates in
vitro (Verbeeck et al., 2017; Chakrabarty et al., 2010). Other authors still suggest that in
presence of amyloid stimulation, peripheral TNF-a may promote the migration of
inflammatory cell populations involved in amyloid clearance in an up-regulation process
(Paouri et al., 2017).

Our results also demonstrated a significant enhancement of IL-1p secretion in
cells treated with BLL. (Fig. 6B) This cytokine is produced as inactive precursor pro-
IL1p in the cytosol after cell activation by a variety of stimulus, including amyloid fibrils.
The enzymatic cleavage of pro-IL-1p to its active form is dependent on the recruitment
of caspase-1 in a multiprotein complex namely inflammasomes. Among the best-known
inflammasomes, the NLRP3 can be activated by nonmicrobial and microbial stimuli
(Lamkanfi et al., 2014). The increased production of IL-1 observed in our study
suggests that BLL could activate NLRP3 inflamassome via Toll-like receptor
recognition (Oleszycka et al., 2016). Previous study by Araudjo et al (2013) have
demonstrated that the lectins cMoL (coagulant M. oleifera lectin) and WSMoL (water-
soluble M. oleifera lectin) from Moringa oleifera seeds were able to modulated the
production of IL-1f in different way. Whereas isolated cMoL, the aqueous and the diluted
seed extracts reduced the secretion of this cytokine by murine macrophages stimulated
with LPS, an increased production of IL-1p was observed in cells treated with WSMoL.
IL-1pB is released by activated microglia being overexpressed in cells surrounding Ap
plaques and cerebrospinal fluids in Alzheimer’s patients (Halle et al., 2008). The
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activation of the NLRP3 inflammasome by bacterial amyloids suggested that amyloid
structures might stimulate the TLR2/TLR1 heterocomplex, leading to phagocytosis of
the aggregates and activation of NLRP3, caspasel and NF kB resulting in the expression
of proinflammatory cytokines, including pro-IL-1B and IL-6 (Rapsinski et al., 2015).
Among the regulatory cytokines analyzed, only I1L-10 was significantly increased in
BLL-treated cells (Fig. 6E). Although phagocytosis may provide the initial antigen
stimulus for cytokine secretion, is important keep in mind that the secretion of some
cytokine as IFN-y by macrophages can be influenced by other cells present in
peritoneal exudate in less extent (Darwich et al., 2009). The simultaneous incubation of
macrophages with BLL and galactose decreased the cytokine production to basal level
found in untreated cells. As galactose has demonstrated to prevent the aggregation of
BLL, our results suggested that the proinflammatory response could be dependent of the
aggregate/monomeric state of this lectin, as well as, its ability to be recognized
and/or uptaken by macrophages.

Taken together, the present study gives a new insight about the effect of BLL- on
the macrophage immune response. The understand of the nature of BLL amyloid-like
formation could be a useful model to study not only the immunomodulatory response
induced by amyloids, but also the study cell signaling, cell differentiation, cytokines and
others mediators production. BLL might form amyloid-like aggregates that could be
possibly recognized by Toll-like receptors or other scavenger receptors in the cell surface
being efficiently phagocytized by peritoneal macrophages. When interiorized, this lectin
induces the production of proinflammatory interleukin triggering the immune response
against the amyloid stimulus. The amyloid-like state of BLL observed here could be
related to its antitumor, antimicrobial and immunomodulatory activities previously
reported (Aranda-Souza et al., 2014; Nunes et al., 2012a; Nunes et al., 2011).
Furthermore, the intense phagocytosis of BLL as well as the stimulation of
proinflammatory cytokine release by these cells open new perspectives for the use of BLL
as a tool for understanding the mechanisms of recognition, signaling and response of
macrophages to amyloid protein deposition.. However, further studies are in course

to investigate this.
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Figure 1. Biochemical and morphological characterization of BLL amyloid-like
fibrils. (A) ThT fluoresecence and (B) Congo Red absorbance curves of BLL,
BLL+Galactose and BLL-free RPMI medium at 37 °C, pH 7.2. Continuous lines represent
the mean for each replicate. (C) TEM of negative staining fibril aggregates after 15 min

of incubation of BLL in RPMI medium. Bar represents 500nm.
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Figure 2. TEM of effect of BLL on macrophage morphology and viability. (A) 1 uM
BLL treated-macrophages for 24 h. Note the presence of several vesicles containing
fibrillar structures; (B) macrophages treated with BLL plus 200 mM galactose, no fibrilar
structures are observed in their vacuoles; (C and D) detail of fibrillar structures inside
intracellular compartments of BLL-treated macrophages; (E) control without treatment;
and (F) effect of BLL on the macrophage viability, columns represents the percentage of
viable cells when compared with cells without treatment. The values are expressed as the
means * S.D. of three independent experiments.
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Control BLL + Gal

Figure 3. Presence of BLL- amyloid-likefibrils in macrophages. Macrophages were
incubated with RPMI medium containing BLL in presence or absence of galactose (200
mM) and submitted to Congo Red staining. A Green birefringence is only observed on

the cell surface and in intracellular structures of BLL-treated cells.
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Figure 4. BLL amyloid-like fibrils are internalized by phagocytosis. Macrophages
were incubated with RPMI medium containing BLL in presence or absence of galactose,
3- MA or CytB. Thioflavin S (green) and Hoechst 33342 (blue) staining showing

localization of intracellular amyloids deposits and nucleus, respectively.
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Figure 5. Immunogold-TEM of amyloid-like fibrils in macrophages. Representative

electron micrographs of macrophages treated with BLL and immunolabeled with 10 nm
gold particle-conjugated and anti-amyloid fibrils LOC antibody. (A-B) Detail of labelling
on extracellular fibrillar structure (arrows) and pseudopods (*). Note in (C) the presence
of positive labelling on fibrillar structures on the cell surface. (D) High magnification

showing the presence of positively labeling fibrils in a large vesicle of macrophage.
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Figure 6. Effects BLL on macrophage pro- and anti- inflammatory cytokine profile. The

values are expressed as means + S.D. from three independent experiments. (*) Significant
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APENDICE C - PCRAMOLL AND RCRAMOLL LECTINS INDUCE CELL DEATH IN
HUMAN PROSTATE ADENOCARCINOMA (PC-3) CELLS BY IMPAIRMENT OF
MITOCHONDRIAL HOMEOSTASIS
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Keywords: Lectins from Cratylia mollis seed have shown potential in vivo antitumor actions, however the mechanism have
Plant lectin not yet been addressed. Here we evaluated the antitumor effects of native (pCramoll) and recombinant
Cell death

(rCramoll) lectins from C. mollis against human prostate adenocarcinoma (PC-3) cells. The viability of PC-3 cells
was analyzed with the MTT assay and ANNEXIN V/propidium iodide staining. The actions of pCramoll or
rCramoll on mitochondrial superoxide production, free cytosolic calcium concentration and mitochondrial
membrane potential were evaluated using fluorescent probes (MitoSox Red, Fura 2-AM and safranin O, re-
spectively). pCramoll and rCramoll reduced the viability of PC-3 cells in a dose-dependent manner. Both lectins
increased the generation of mitochondrial superoxide as well as the concentration of cytosolic calcium. These
changes led to a decrease in oxidative phosphorylation, which impaired the formation of ATP. The resulting cell
death was not blocked by MPT (mitochondrial permeability transition) inhibitors (Debio 025 or bongkrekic
acid). Thus pCramoll and rCramoll promote PC-3 cell death through calcium signaling, leading to mitochondrial
collapse. This work provides more insights into the action of pCramoll and rCramoll against cancer cells. These

Mitochondrial dysfunction
Cytosolic calcium
Oxidative stress

lectins represent valuable tools for biomedical research.

1. Introduction

Prostate cancer is a common type of adenocarcinoma that affects the
prostate gland and is among the most common adult malignancies
worldwide. The high rates of mortality of this cancer are related to
metastasis and drug resistance phenomena (Datta et al., 2016; Watson
et al., 2015). Prostate cancer metastasizes from the prostate to bone and
soft tissues, causing pain and damage, as well as other complications,
all of which increase the morbidity and mortality of this disease
(Gundem et al., 2015). This scenario makes crucial the search for new
compounds for antitumor therapy (Lewinska et al., 2015; Singh et al.,
2016), and plant lectins have been suggested as interesting novel anti-
cancer drugs (Jiang et al., 2015).

Lectins are a wide class of proteins that are able to recognize and

* Corresponding author.

reversibly bind to carbohydrates, without changing the structure of
their ligands. Although more traditionally isolated from plant materials
(especially from seeds), these proteins are ubiquitously found and occur
in a wide variety of structures and sizes (Coelho et al., 2017; Dias Rde
et al., 2015). Plant lectins exhibit a range of therapeutic and bio-
technological applications (da Silva and Correia, 2014; Dan et al.,
2016). In cancer research, these proteins are important for the devel-
opment of new anti-tumor agents and diagnostic tools (as they can
recognize the different carbohydrate patterns in cancer cells) (Coelho
et al, 2017; Faheina-Martins et al, 2012; Jiang et al., 2015;
Nascimento da Silva et al., 2014).

The versatility of plant lectins can be exemplified by the lectins
derived from Cratylia mollis, a native species from the semi-arid region
of Brazil (Caatinga biome) (Nascimento da Silva et al., 2014). Four
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lectin isoforms have been purified from seeds of C. mollis, but the
preparation composed of isoform 1 and isoform 4 (Cramoll 1,4 or
pCramoll) has become the most frequently used for biomedical appli-
cations. pCramoll has shown excellent results in different in vivo
models, for instance as healing (Albuquerque et al., 2017) and anti-
tumor agent (Andrade et al., 2004; da Cunha et al., 2016). These results
encouraged the production of a recombinant version of Cramoll 1
(rCramoll) in Escherichia coli (Varejao et al., 2010). rCramoll shares
several physicochemical properties with pCramoll, but it shows more
thermodynamic stability in response to acidification, high temperatures
or high hydrostatic pressure because of the absence of natural frag-
mentation in its polypeptide chain (Varejao et al., 2011).

The antitumor activity of both pCramoll and rCramoll when en-
capsulated in liposomes has been tested against Sarcoma 180 tumor
cells grown in Swiss mice, demonstrating that the encapsulation en-
hances their antitumor activity and decreases tissue toxicity, particu-
larly of the liver and kidneys (Andrade et al., 2004; da Cunha et al.,
2016). Our experimental data suggest that immune cells might be as-
sociated with this in vivo tumor inhibition (da Cunha et al., 2016). As
these lectins have been applied only in in vivo antitumor studies, there is
no evidence for whether they can directly target tumor cells (and in-
duce cell death) or if the in vivo action is only the result of their ability
to modulate immune cells. The ability of pCramoll to differentiate be-
tween normal human prostate cells and prostate carcinoma cells has
been reported (de Lima et al.,, 2010). In addition, both pCramoll and
rCramoll are capable of binding the Trypanosoma cruzi membrane
(Fernandes et al., 2010; Varejao et al., 2010). The cytotoxicity of
pCramoll against this protozoan has been related to the induction of the
necrotic pathway associated with mitochondrial membrane permeabi-
lization, which allows the entry of Ca®* and its accumulation in mi-
tochondria, increasing the levels of reactive oxygen species (ROS)
(Fernandes et al., 2010). In this context, this work aims to investigate
the antitumor effects of pCramoll and rCramoll against human prostate
adenocarcinoma (PC-3) cells. The role of mitochondrial dysfunction in
this effect was also evaluated.

2. Materials and methods
2.1. Lectin preparations

Seeds of Cratylia mollis Mart. (camaratu bean) were collected in the
State of Pernambuco (Brazil), and seed extract (10%, w/v; prepared in
0.15 M NaCl) was fractionated using ammonium sulfate (40-60%, w/v).
The fraction obtained was submitted to affinity chromatography with
Sephadex G-75 (Sigma-Aldrich; St. Louis, USA). The pCramoll pre-
paration was selectively eluted with 0.3 M p-glucose in 0.15 M NaCl,
dialyzed against 0.15M NaCl over a 24-h period and lyophilized
(Correia and Coelho, 1995). rCramoll was obtained according to
Varejao et al. (2010), by introducing a chemically synthesized DNA
encoding the mature Cramoll 1 amino acid sequence into a bacterial
expression vector. ConA was obtained from Sigma-Aldrich (St. Louis,
USA) and used as the experimental control.

2.2, Cell culture

PC-3 cells were obtained from American Type Culture Collection
(ATCC, USA) and grown in RPMI-1640 (Vitrocell, Brazil) supplemented
with 10% fetal bovine serum (FBS), 100 pg/mL gentamycin, 100 IU/mL
penicillin and 100 ug/mL streptomycin (Vitrocell). The cells were
maintained at 37 °C in a humidified atmosphere with 5% CO,.

2.3. Determination of the effects of lectins on PC-3 cell viability
Cell viability was determined by colorimetric assay using the re-

agent MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide) (Sigma-Aldrich, St. Louis, USA). Cells were cultured in 24-
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well plates (7000-8000 cells/em?) and exposed to different con-
centrations (1-300 pg/mL) of ConA, pCramoll or rCramoll for 24 h.
After treatment, the medium was aspirated and replaced with RPMI
1640 medium containing MTT (1 mg/mL) in the absence of fetal bovine
serum. The cells were incubated for 90 min at 37 °C in a humidified
atmosphere with 5% CO,. Then, sodium dodecyl sulfate was added to
each well, until the resulting formazan was completely solubilized. The
absorbance was recorded at 570-650 nm with a spectrophotometer
(Bio-Rad, USA). A dose-response curve was constructed, and cell via-
bility was expressed as a percentage relative to untreated control cells.
This same test was performed to evaluate the viability of cells treated
with 50 pg/mL of lectin as a function of time.

2.4. Analysis of PC-3 cell death by flow cytometry after pCramoll or
rCramoll treatment

Cells were cultured in 6-well plates (7000-8000 cells/em?) and
exposed to 50 pug/mL of pCramoll or rCramoll for 4 h. For the analysis,
cells (1 x 10° cells/mL) were harvested and transferred to a cytometer
tube and incubated in binding buffer (10 mM HEPES, pH 7.4; 150 mM
NaCl; 5mM KCl; 1 mM MgCl,; 1.8 mM CaCl,) containing annexin V
conjugated to fluorescein isothiocyanate (FITC) (1:500; Invitrogen,
USA) and propidium iodide (PI) (20 pg/mL; Molecular Probes, USA).
The cytometer tubes were maintained at room temperature for 20 min
in the dark. Flow cytometry was performed in a FACSCalibur (Becton
Dickinson Biosciences, USA) equipped with an argon laser. Ten thou-
sand events were acquired for each sample, and the results were ana-
lyzed using CellQuest software (version 4.1). This assay was also per-
formed to assess the involvement of MPT in the PC-3 cell death induced
by lectins in conjunction with the following selective inhibitors: Debio
025 (an analog of cyclosporin A) and bongkrekic acid (which binds to
the adenine nucleotide translocator, ANT) (Quarato et al., 2012). These
inhibitors were added to the cell culture (at 1 uM) ~ 30 min before the
cells were treated with lectins. After 4 h, a cell death analysis was
performed similar to that described above. However, this time the cells
were labeled only with PI and quantified by flow cytometry.

2.5. Estimation of mitochondrial superoxide levels after pCramoll or
rCramoll treatment

Mitochondrial ROS production, mainly superoxide (O,:7), was
measured by flow cytometry using MitoSOX Red (Molecular Probes,
USA), a highly selective fluorescent probe for the detection of ROS
generated within mitochondria. PC-3 cells were cultured in 6-well
plates (7000-8000 cells/cm?) and exposed to 50 ug/mL of pCramoll or
rCramoll for 2 h. After the lectin treatment, the cells (1 x 10° cells/mL)
were transferred to a cytometer tube and incubated in RPMI 1640
medium containing 5pM MitoSox Red at 37 °C in a humidified CO»
incubator (5%) for 10 min. The cells were then washed with phosphate-
buffered saline (PBS). Fluorescence intensity was analyzed using a
FACSCalibur flow cytometer (BD Biosciences, USA) with excitation at
488 nm and emission at 620 nm. A minimum of 10,000 events was
collected. Results were presented as single-parameter histograms of
cellular counts versus fluorescence intensity.

2.6. Spectrofluorimetric measurement of cytosolic Ca®* levels

After the treatment of PC-3 cells with 50 pug/mL of pCramoll or
rCramoll for 30 min, cells (1 x 10° cells/mL) were washed twice at
1600 rpm for 5min in PBS containing 11 mM glucose and 0.8 mM
MgSO,, pH7.2. Cells were resuspended in PBS (pH 7.2.) containing
11 mM glucose, 0.8 mM MgSO,4 and 5uM Fura 2-AM (Sigma-Aldrich,
USA). The resulting cell suspensions were incubated for 45 min and
maintained at 37°C in a humidified atmosphere with 5% COo,
Subsequently, the cells were washed with PBS to remove extracellular
dye. Cells were resuspended in 1 mL of PBS, and their fluorescence was
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measured in a thermostatically regulated (37 °C) F-7000 Hitachi spec-
trofluorimeter (Hitachi, Japan). Excitation was at 340 nm and 380 nm
and emission was at 510 nm. Calibration was performed at the end of
each experiment.

2.7. Determination of mitochondrial membrane potential

The mitochondrial membrane potential (AW,,) was estimated based
on safranin O fluorescence in PC-3 cells permeabilized with digitonin.
The indicator safranin O binds to energized mitochondrial membranes,
which causes changes in its fluorescence amplitude that are propor-
tional to membrane potential values (Figueira et al., 2012). After
30 min of pCramoll treatment (50 pg/mL), PC-3 cells were resuspended
in assay medium (125 mM sucrose; 65 mM KCl, pH 7.2; 10 mM HEPES;
2mM K;HPO,; 1 mM MgCly) containing safranin O (5 uM), EGTA
(20 uM) (Sigma-Aldrich, USA), a cocktail of respiratory substrates (a-
ketoglutarate, glutamate, malate and pyruvate; 5 mM each) and 20 uM
digitonin. To observe cellular respiration and phosphorylation of ATP,
300 uM ADP was added, which was subsequently reversed by the ad-
dition of 2.5uM carboxyatractyloside (CAT). Calcium (20 uM) was
added to promote mitochondrial permeability transition. During the
experiments the samples were maintained under constant stirring at
37 °C. p-Trifluoromethoxy carbonyl cyanide phenyl hydrazone (1 uM)
was used to dissipate the AW, and allow comparison of the differences
in amplitude between AW, of the control and treated cells. The fluor-
escence changes were recorded using the F-7000 spectrofluorimeter
operating at 495 nm for excitation and 586 nm for emission.

2.8. Statistical analysis

All tests were performed in at least three independent experiments.
The concentration needed to kill 50% of cells (ECsy) was estimated
graphically by non-linear regression analysis. Other data were plotted
as the mean values of groups = the standard error of the mean (S.E.M.).
A statistical analysis was performed using GraphPad Prism 5 software.
Data were analyzed with a one-way analysis of variance (ANOVA) with
Tukey's post-test analysis, a two-way ANOVA with Bonferroni's post-test
analysis or with Student's t-test to analyze differences between two
groups. A p value of < 0.05 was considered statistically significant.

3. Results
3.1. Lectins reduce PC-3 cell viability

The effects of lectins (ConA, pCramoll and rCramoll) on PC-3 cell
viability were compared with the MTT assay. Fig. 1A shows a pro-
gressive decrease in the viability of PC-3 cells with an increase in
pCramoll and rCramoll concentrations. Also, pCramoll and rCramoll
had a more robust effect as compared with ConA. All lectins began to
significantly reduce the viability of PC-3 cells from a concentration of
30 ug/mL. No significant differences were observed for ConA treatment
using concentrations between 30 pg/mL and 300 pg/mL. Strikingly,
pCramoll and rCramoll began to be highly effective between 30 pug/mL
and 50 pg/mL (P < 0.002). At 100pug/mL and 300 pg/mL, both
pCramoll and rCramoll reduced cell viability to < 10%. Using a non-
linear regression graph, it was possible to determine the concentration
values able to kill 50% of treated cells (Fig. 1B): the ECsq values were
29.91 pg/mL and 39.69 pg/mL for rCramoll and pCramoll, respectively.

These results led us to select the concentration of 50 pg/mL to
perform additional assays to elucidate the molecular mechanisms in-
volved in pCramoll and rCramoll actions. A time-course kill curve
showed that both lectins (at 50 pg/mL) significantly decreased PC-3
viability after 2 h of treatment, whereas ConA induced this effect only
after 12 h (Fig. 1C). Cell death resulting from pCramoll and rCramoll
was already more prevalent than that resulting from ConA after 4 h of
incubation (P < 0.05).
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3.2. Induction of PC-3 cell death by pCramoll and rCramoll is associated to
lose of membrane integrity

Next, we evaluated whether the cytotoxic effects of both lectins
were accomplished by apoptosis induction using annexin V (AV) and PI
as probes. After 4 h lectins treatment at 50 pug/mlL, a large number of
cells exhibited damage in plasmatic membrane (AV~/PI* or AV*/
PI"), from which the majority were AV~ /PI* (46.27 + 2.19% and
51.94 + 3.19%, for pCramoll or rCramoll incubation, respectively;
P < 0.001) (Fig. 2). Meanwhile, the number of AV*/PI* cells also
significantly increased after incubation with lectins, although the
number of apoptotic cells did not increase.

3.3. pCramoll and rCramoll increase both cytosolic calcium and
mitochondrial superoxide anion levels in PC-3 cells

To further characterize the mechanisms of action involved in PC-3
cell death caused by pCramoll or rCramoll, we determined the levels of
mitochondrial superoxide anions and cytosolic calcium after short
periods of incubation. The lectins significantly increased the levels of
mitochondrial superoxide (about three-fold; Fig. 3) and cytosolic cal-
cium (about two-fold; Fig. 4) in relation to untreated cells.

3.4. pCramoll and rCramoll effects are related to decrease in oxidative
phosphorylation

To assess whether the MPT was involved in the cell death process
induced by these lectins, PC-3 cells were exposed to pCramoll or
rCramoll for 4 h in the presence of MPT inhibitors. The analysis by flow
cytometry demonstrated that the cell death induced by these lectins
continued to occur without any significant difference in the presence or
absence of MPT inhibitors (Fig. 5).

Finally, we investigated whether the effects of lectins are associated
to changes in the oxidative phosphorylation. Since both pCramoll and
rCramoll had similar actions, we decided to use only pCramoll in these
assays. As shown in Fig. 6, Debio 025 conferred partial protection
against the effect of pCramoll on mitochondrial membrane potential, as
this MPT inhibitor conferred a higher capacity for retention of the
mitochondrial membrane potential after addition of 20 uM of calcium
ions. This leads us to conclude that cells treated with pCramoll died,
probably because they have a reduced oxidative phosphorylation, cul-
minating in an ATP deficiency. This suggests that there was a small
contribution of MPT to this effect, but the presence of the inhibitor was
not sufficient to protect against cell death.

4. Discussion

In this study, we analyzed the induction of cell death in PC-3 cells
exposed to pCramoll and rCramoll and the role of mitochondrial dys-
function in this effect. pCramoll and rCramoll function as antitumor
agents in vivo (Andrade et al., 2004; da Cunha et al., 2016). A histo-
chemical evaluation using formalin-fixed tissue blocks revealed that
pCramoll is a potential probe for cancer diagnosis as it was able to bind
specifically to prostate carcinoma cells and their extracellular structure
(corpora amylacea) (de Lima et al., 2010). These findings led to the
development of a label-free pCramoll nanoelectrode able to distinguish
benign and malignant prostatic hyperplasia (Silva et al., 2016). This
specific binding of Cramoll (and other lectins) to cancer cells is at-
tributed to the aberrant glycosylation pattern that these cells exhibit
(Kirwan et al., 2015).

Both rCramoll and pCramoll reduced PC3 viability with ECs, values
of 29.91 ug/mL and 39.69 pg/mL, respectively. Previous studies using
similar concentrations showed that neither pCramoll nor rCramoll had
cytotoxic effects on normal mammalian cells such as human lympho-
cytes (concentrations ranging from 0.78 pg/mL to 100 pg/mL) (Maciel
et al., 2004), mice lymphocytes (concentrations ranging from 1 pg/mL
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to 25 pg/mL) (de Melo et al., 2010a; de Melo et al., 2010b) and mice
peritoneal exudate cells (concentrations ranging from 1.56 pg/mL to
25 pg/mL) (da Silva et al., 2015b). In addition, these lectins induce cell
proliferation even when the targeted cells (Vero monkey kidney fibro-
blast line) are exposed to oxidative stress (da Silva et al., 2015a).

In the present study, pCramoll and rCramoll induced cell death in
PC-3 cells with higher cytotoxicity than ConA. Cramoll and ConA have
82% sequence identity, the same sugar affinity and essentially the same
quaternary structure (De Souza et al., 2003; Nascimento da Silva et al.,
2014). Despite their similarities, different patterns of biological activ-
ities have been already evidenced by other authors (de Oliveira et al.,
2013). This current paper also shows that both pCramoll and rCramoll
induced stronger effects than ConA on cell viability. Our results cor-
roborate with a previous work where ConA at 100 pg/mL (higher tested
concentration) showed week action towards PC3 cells after 48 h in-
cubation in medium containing 10% (inhibition of 30%) or 1%
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Fig. 3. pCramoll and rCramoll increase mitochondrial superoxide levels in PC-3 cells. Following 2 h of treatment with pCramoll or rCramoll, cells were incubated with 5 pM MitoSOX at
37 °C for 10 min. Superoxide levels were then analyzed by flow cytometry. A: Relative extent of increase in mitochondrial superoxide. B: Representative traces from flow cytometry

analysis. Values are the mean =+
a.u., arbitrary units.
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S.E.M. from four independent experiments. *Significantly different from untreated cells at P < 0.01, one-way ANOVA with Tukey's post-test] analysis.
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(inhibition of 40%) of fetal bovine serum (FBS). The authors provide
insights that FBS could antagonize the action of ConA, this effect on
PC3 viability was more evident in longer periods of incubation
(> 48 h) (Camby et al., 1996).

The anti-proliferative effects of ConA have been established for
some cancer cell lineages (such as human melanoma A375 cells and
human breast carcinoma MCF-7 cells) using low doses of this lectin. In
addition, the molecular mechanisms related to ConA action involve
mitochondria-dependent apoptotic and autophagic pathways (Li et al.,
2011; Liu et al., 2009; Shi et al., 2014). However, our results showed
that pCramoll and rCramoll treatment did not result in induction of
apoptosis in PC-3 cells.

Mitochondrial dysfunction is a common cause of cell death and
leads to the collapse of energy metabolism (reduced ATP levels) and an
increase in cytosolic Ca®*. Excessive amounts of cytosolic Ca?* may
activate catabolic enzymes, phospholipases, endonucleases and pro-
teases (such as cathepsins and/or calpains) (Orrenius et al., 2015). The
exposure of PC-3 cells to pCramoll and rCramoll enhanced mitochon-
drial superoxide generation and increased cytosolic calcium levels,
which were accompanied by loss of AWm. Mitochondrial calcium
homeostasis has important roles in various cellular processes, including

A

75+
é 60 " « %
»

o 454 =
© v
£ 30
: |
2 154 )
/’;
b |

cell death (Giacomello et al., 2007; Giorgi et al., 2008). Alterations in
mitochondrial metabolism have been related to the action of pCramoll
against T. cruzi (Fernandes et al., 2010; Fernandes et al., 2014). This
lectin is able to interact with glycoproteins present on the membrane of
this trypanosome during the epimastigote stage of its development,
leading to its internalization and binding to the parasite mitochondrion.
This results in mitochondrial Ca®?* overload, enhanced ROS produc-
tion, decreased AWm and impaired ADP phosphorylation (Fernandes
et al., 2010; Fernandes et al., 2014). Cancer cells also have several
surface molecules integrated with the cytoskeleton, and thus lectins
could bind these structures to induce destabilization of the membrane
and consequently cell death, as shown for other compounds
(Klimaszewska-Wisniewska et al., 2017; Noel et al., 2016; Pawlik et al.,
2016).

The necrosis induced by pCramoll in T. cruzi epimastigotes is
mediated by a MPT-like mechanism (Fernandes et al., 2014). In this
sense, we evaluated the involvement of MPT in the anti-proliferative
action of pCramoll and rCramoll using the MPT inhibitors Debio 025
and bongkrekic acid. Debio 025 is an analog of the immunosuppressant
cyclosporin A. Submicromolar concentrations of cyclosporin A are
capable of inhibiting MPT (Broekemeier et al., 1989; Crompton et al.,
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Fig. 5. Cell death in PC-3 human prostate tumor cells induced by pCramoll or rCramoll is not inhibited by treatment with the MPT inhibitors Debio 025 and bongkrekic acid. A, B: PC-3
cells were treated with pCramoll (A) or rCramoll (B) for 4 h in the presence or absence of 1 uM Debio 025 or 1 pM bongkrekic acid (BKA). Cell death was assessed by flow cytometry

analysis using PI staining. The values are expressed as the mean +
Tukey's post-test analysis.
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S.E.M. from four independent experiments for each condition. *P < 0.01 versus control cells, one-way ANOVA with
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Representative traces are shown from one of three independent experiments. a.u., arbi-
trary units.

1988), probably through its binding to cyclophilins at the inner mi-
tochondrial membrane (Connern and Halestrap, 1994; Nicolli et al.,
1996). Bongkrekic acid inhibits the MPT pore opening by binding the
adenine nucleotide translocase channel (Halestrap et al., 2002). The
MPT depends on the presence of Ca®™* in the intramitochondrial space
and membrane proteins such as cyclophilins, which change their con-
formation to facilitate the opening of the MPT pore (Figueira et al.,
2013; Lee et al., 2014).

MPT can be stimulated by a series of compounds known as in-
ductors, and recently our group reported that the lectin isolated from
Bothrops leucurus snake venom (BIL) is able to cause necrosis in B16-F10
cells with the involvement of mitochondria via Ca®* overload and MPT
pore opening (Aranda-Souza et al., 2014). In this present study, neither
of the MPT inhibitors (Debio 025 or bongkrekic acid) were able to
protect the cells against death caused pCramoll. However, it was noted
that PC-3 cells exposed to Debio 025 and, subsequently, treated with
pCramoll had a higher retention capacity of membrane potential after
the addition of Ca®*, suggesting that Debio 025 confers partial pro-
tection to these cells, although not sufficient protection to keep them
alive. The permeabilization followed by an influx of Ca®* and calcium
overload within the mitochondria favors the generation of ROS (Irigoin
et al., 2009). This calcium overload is also able to change the organi-
zation of the mitochondrial membrane, which affects the respiratory
chain and leads to oxidative damage, resulting in cell death (Figueira
et al., 2013; Grijalba et al., 1999).

Taken together, the results from this work indicate that pCramoll
and rCramoll are able to quickly cause the death of PC-3 cells which is
associated to impairment of membrane integrity and mitochondrial
homeostasis. Cell death is triggered by increase in cytosolic calcium
levels and release of mitochondrial superoxide, resulting in reduced
oxidative phosphorylation and lower rate of energy production.
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Abstract: Lectins are a large group of proteins found in animals, plants, fungi, and bacteria
that recognize specific carbohydrate targets and play an important role in cell recognition and
communication, host-pathogen interactions, embryogenesis, and tissue development. Recently,
lectins have emerged as important biomedical tools that have been used in the development of
immunomodulatory, antipathogenic, and anticancer agents. Several lectins have been shown to
have the ability to discriminate between normal cells and tumor cells as a result of their differ-
ent glycosylation patterns. Furthermore, the specific binding of lectins to cancer cells has been
shown to trigger mechanisms that can promote the death of these abnormal cells. Here, we
review the importance of lectins-carbohydrates interactions in cancer therapy and diagnosis.
We examine the use of lectins in the modification of nanoparticles (liposomes, solid lipid
nanoparticles and other polymers) for anticancer drug delivery. The development of drug de-
livery systems (liposomes, alginate/chitosan microcapsules, alginate beads) carrying some
antitumor lectins is also discussed. In these cases, the processes of cell death induced by these
antitumor lectins were also showed (if available). In both cases (lectin-conjugated polymers or
encapsulated lectins), these new pharmaceutical preparations showed improved intracellular
delivery, bioavailability and targetability leading to enhanced therapeutic index and signifi-

cantly less side effects.

Keywords: Lectins, Glycosylation, Cancer diagnosis and therapy, Tumor cells, Cell death, Liposomes.

1. INTRODUCTION

Our current definition of lectins was proposed in the
mid-1990s, when Peumans and Van Damme character-
ized them as non-immune proteins that contain a non-
catalytic site for the specific and reversible recognition
of saccharides that does not change the covalent bond-
ing structure of their glycosidic linkages [1]. These
proteins can be classified based on their molecular
structure and number of sugar binding domains in
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merolectins, hololectins, chimerolectins, and superlect-
ins (Fig. 1). The aspects of lectin discovery and the de-
velopment of the field “lectinology” have been recently
revised by Manning ef al. [2].

These proteins are ubiquitous in nature, and can be
found in animals, plants, bacteria, and fungi [2-5]. In
these organisms, lectins are essential for mechanisms
related to survival, sugar storage and immune system
regulation [6-11]. Lectins also have multiple biotech-
nological potentials (as shown in Table 1) [3, 5, 12,
13]). In fact, the lectin-carbohydrates interactions make
lectins important tools in cell biology, immunology,
biochemistry, and genetics and in the development of
therapeutic agents [2, 13-15].

© 2017 Bentham Science Publishers
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Fig. (1). Lectin classification by structure, depicting Hevein from Hevea brasiliensis, CrataBL from Crataeva tapia, Cramoll

from Cratvlia mollis, and TxLC-1 tfrom Tulipa gesneriana. Adapted from Nascimento da Silva er al. [15].

One of the most intensively examined properties of
lectins is their antitumor activity, which is character-
ized by their ability to recognize abnormal glycosyla-
tion patterns on the surface of cancer cell membranes
[40, 41]. In this review, we discuss the importance of
lectin-carbohydrate interactions and their potential ap-
plications in cancer diagnosis and treatment. We pro-
vide some insights into lectin recognition of the glyco-
sylation patterns of tumor cells. Furthermore, we high-
light the ability of lectins to direct nanoparticles
(liposomes, solid lipid nanoparticles and other poly-
mers) containing anticancer drugs and the development
of drug delivery system (liposomes, alginate/chitosan
microcapsules, alginate beads) carrying antitumor lect-
ins.

2. CHANGES IN THE GLYCOSYLATION PAT-
TERNS OF TUMOR CELLS CAN BE DETECTED
BY LECTINS

Carbohydrates are present in all cell types and they
are among the most abundant biomolecules found in
nature. They have several functional characteristics as a
result of their vast structural diversity. However, possi-
bly the most intriguing feature of carbohydrates is that
they are not directly encoded by the genome, and there-
fore, the wide variety of biological information that
they carry is determined by modifications made by gly-
cosyltransferases and glycosidases, enzymes that are

encoded by the genetic code (for review see [14, 42,
431).

In what concerns the impact of carbohydrates in sci-
ence, it is important to highlight the structural funda-
mentals underlying these biomolecules. Biological car-
bohydrates are usually pentoses or hexoses, (monomers
with five and six carbon units, respectively) which can
be found in linear forms and even as cyclic five-
membered (furanose) or six-membered (pyranose)
rings. These monosaccharides give much information
about the high flexibility and conformational diversity
of the carbohydrate family. The complexity associated
with carbohydrate’s structure increases when larger and
complex chains - namely oligosaccharides or polysac-
charides - are formed; in this case, the diversity, flexi-
bility, and complexity (both chemical and structural) of
them are spectacular. While proteins or DNA strands
grow along one direction, complex chains of carbohy-
drates often feature branched, multidirectional struc-
tures. This is probably one reason why carbohydrates
are given the role of carrying rich and subtle molecular
information via the glycocode [42].

Thus, the glycocode could be considered a versatile
platform based on the structural properties of carbohy-
drates. Traditionally, these biomolecules were thought
to be inert, passive compounds; however, our more re-
cent understanding of the importance and versatility of
them has led to the suggestion that they should be con-
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Table 1. Examples of the pharmacological activities of lectins.
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Biological Activity Species Lectin(s) Reference
) ] Lactobacillus thamnosus (bacteria) Llpl and LIp2 [16]
Antibacterial
Bauthinia variegata (plant) BVL-I [17]
Daboia ruselli (snake) RVsnaclec [18]
Anticoagulant
Crataeva tapia (plant) CrataBL [19]
Antifungal Crenomytilus gravanus (mussel) CGL [20]
Solieria filiformis (alga) StL [21]
Anti-inflammatory
Bauhinia bauhinioides (plant) BBL [22]
Andira anthelmia (plant) AAL [23]
Antimociceptive Caulerpa cupressoides (alga) CcL [24]
Solieria filiformis (alga) StL [21]
Cratylia mollis (plant) Cramoll [25]
Antioxidant
Phaseolus vulgaris (plant) PHA [26]
Cratylia mollis (plant) Cramoll [27, 28]
Anti-parasite
Urtica dioica (plant) UDA [29]
Bothrops lencurus (snake) BIL [30]
Antitumoral
Boletus edulis (mushrooms) BEL [31]
Griffithsia sp. (alga) Guiffithsin [32]
Antiviral Pseudomonas fluorescens
P. mandelii PFL: PML and PTL [33]
P. taiwanensis (bacteria)
Canavalia brasiliensis (plant) ConBr [34]
Immunomodulatory
Cratylia mollis (plant) Cramoll [35]
Canavalia virosa (plant) Canavalia virosa lectin [36]
Insecticide
Moringa oleifera (plant) cMoL [37]
Cratylia mollis (plant) Cramoll [38]
Wound healing
Parkia pendula (plant) Parkia pendula seed lectin [39]

sidered the third component of the molecular alphabet
of life (after nucleic acids and proteins). For example,
each ring of a carbohydrate molecule contains several
hydroxyl groups that have the ability to form glycosidic
linkages with other sugar molecules. These many pos-
sible combinations result in a coding capacity far be-
yond that of the simple sequence permutations of nu-
cleic acids and proteins. Furthermore, their ability to
incorporate additional molecular groups, including
phosphate and sulfate derivatives, exponentially in-
crease their potential biochemical diversity [44-48].

Changes in sugar domain distribution on the cell
surface can occur during normal cell development and
can have important physiological functions [49, 50]. In

fact, this is entirely predicted, since the surface of the
cellular network in humans, bacterial and viral patho-
gens, and the backbone of most proteins and lipids, is
complemented by the glycocalyx, a sugar structure that
reflects the inherent complexity of carbohydrate chains,
as well as their topology and flexibility, and also con-
firms their ubiquitous presence in nature. This complex
structure is composed by mono, oligo or polysaccha-
rides, providing a biological information transfer sys-
tem beyond the genetic code, and being fundamental to
the mediation and modulation of physiology and cellu-
lar function [51, 52].

Healthy, non-cancerous cells have multiple layers of
regulation that prevents them from becoming malignant
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and invading the surrounding tissue. However, if a ge-
netic alteration occurs, these healthy cells may begin to
express increased levels of several growth factors and
will no longer respond to tumor suppressing genes [49,
50, 53-55]. One of the most common phenotypic
changes that occur, resulting in malignancy, 1s the al-
teration of the glycosylation patterns at cell surface.
Several studies have shown that there are changes in
cell membrane glycosylation patterns during malignant
cell transformation and metastasis and in the expres-
sion levels of several endogenous lectins [56-58].

It is possible to understand a process catalyzed by
various glycosyltransferase enzymes which are mostly
located in the Golgi apparatus in cells. Glycoproteins,
glycolipids, and proteoglycans are examples of com-
plex molecules glycosylated by these enzymes. Patho-
physiological situations, including cancer types, pre-
sent alterations in glycosyltransferases activity and
their gene expression. In addition, the activity of glyco-
syltransferases is controlled by various factors such as
the levels of nucleotide sugars, acceptor substrates, nu-
cleotide sugar transporters, chaperons, and endogenous
lectin in cancer cells. The glycosylation results in vari-
ous functional changes of glycoproteins including cell
surface receptors and adhesion molecules such as E-
cadherin and integrins. These changes confer the
unique characteristic phenotypes associated with can-
cer cells [59]. The altered glycosylation patterns in cell
membrane components affect vital biological processes
due to the fundamental role of carbohydrates, i.e., their
action as key modulators in intra- and inter-cellular
routing, molecular and cellular interactions, as well as
initiation of signal transduction. In addition, the most
important changes, beyond oncogenic transformation
and metastasis, include almost all innate and adaptive
immunological events such as cellular communication,
proliferation, adhesion, apoptosis, infiltration and in-
flammation [52, 60].

In this context, most diseases could be directly, or
even indirectly, associated with alterations of the sugar
profiles of the cell surface and/or secreted glycoconju-
gates, in particular glycoproteins. This implies that
lectins have the ability to decipher the so-called glyco-
code [42, 52]. Thus, the sugar binding capabilities of
lectins have been exploited in the development of new
strategies for cancer diagnosis [61-63], such as histopa-
thology probes (including colorimetric, luminescent
and fluorometric approaches) [64-66], lectin-based mi-
croarray [67-69] and biosensors [70-72]. Table 2 de-
picts several examples of lectins that have been used in
the development of biosensors to detect cancer. These
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lectin-based biosensors have been successtully used to
detect several cancer types, including lymphoma [73],
leukemia [74], and adenocarcinoma [75].

3. LECTINS AND DEVELOPMENT OF FUNC-
TIONALIZED NANOPARTICLES FOR ANTI-
CANCER DRUG DELIVERY

Since lectins bind specifically and reversibly, to
multiple carbohydrate residues present in cancer cells
membrane, they have significant promise in the devel-
opment of functionalized system for delivery of anti-
cancer agents [5, 83]. This approach is termed reverse
lectin targeting and is based on the ability of lectin to
direct the nanoparticle to specific carbohydrates present
at cancer cell surface [45, 83-85]. The lectin functional-
ized nanoparticles offer advantages such as the preven-
tion of side effects, the improvement of drug uptake,
bioavailability and efficacy [84, 86]. Herein we provide
some examples of nanoparticles modified by lectins in
order to improve drug delivery and efficacy.

3.1. Modification of Lipid-Based Nanoparticles with
Lectins for Drug Delivery

Liposomes have been shown to be efficient drug de-
livery vectors because they can encapsulate both hy-
drophilic and hydrophobic molecules [87]. Liposomes
have been modified by surface ligands (lectins, anti-
bodies, etc.) to interact with specific cellular receptors
resulting in the improvement of carrier internalization
and intracellular drug release [88-90]. For instance,
concanavalin A (ConA), the famous lectins isolated
trom Canavalia ensiformis, has been used to direct
liposomes containing the drug doxorubicin (DOX).
This combinatorial approach increased drug penetra-
tion, which in turn increased cytotoxicity, and resulted
in the inhibition of cell proliferation by approximately
70% in Hep-2 cells (a tumor cell line derived from hu-
man laryngeal carcinoma)[91].

Another example is the use of wheat germ aggluti-
nin (WGA from Triticum vulgaris) to modity
liposomes carrying the anticancer agent topotecan
(topoisomerase | inhibitor) [92] for treatment of brain
tumors. In this paper, the liposomes were also modified
by insertion of tamoxifen (TAM) into lipid bilayer
membrane. The dual modification aimed to improve
the drug delivery by (1) inhibiting multidrug resistance
proteins with TAM and (i1) promoting drug endocyto-
sis with WGA. Indeed, this system resulted in the im-
provement of animal survival due the enhancement of
drug transport across the blood-brain barrier [93]. Simi-
larly, WGA-TAM modified liposomes were used to
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Table 2. Examples of lectins used in the development of biosensors for the detection of cancer.
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Species Lectin name Sugar specificity Tumor detected Reference
Artocarpus heterophyllus ArtinM D-mannose Leukemia [73]
Canavalia ensiformis concanavalin A D-mannose Carcinoma and adenocarci- [74]
noma
Liver cancer cell [76]
Cratvlia mollis Cramoll 1.4 D-mannose Prostate cancer [71]
Helix pomatia Helix pomatia agglutinin N-acetyl-glucosamine Colorectal cancer [77]
Lotus tetragonolobus L. tetragonolobus agglutinin Glycoproteins containing Prostate cancer [78]
sialic acid
Maackia amurensis M. amurensis agglutinin Glycoproteins containing Prostate cancer [78]
sialic acid
Sambucus nigra S. nigra agglutinin Glycoprotems contaming Carcinomas [79]
sialic acid ) ) )
Cancer Cells Derived From [80]
Human Lung. Liver. And
Prostate
Prostate Cancer [78]
Triticum vulgaris Wheat germ agglutinin N-acetyl-glucosamine Lymphoma cancer [81]
Colon Adenocarcinoma and [75]
Ovary Adenocarcinoma Cells
Different Types Of Cancers [82]

carry the drugs daunorubicin (inhibitor of nucleic acids
synthesis) [94] and quinacrine (apoptosis inductor) [95]
for treating brain glioma and glioma stem cells [96].

Other studies have evaluated the potential that Bau-
hinia purpurea agglutinin (BPA)-modified liposomes
may have in the treatment of human prostate cancer.
BPA recognizes galactosyl glycoproteins and glycolip-
ids. This lectin has been shown to bind to human pros-
tate cancer cells but not to normal human prostate cells.
BPA-PEG modified liposomes accumulated in prostate
cancer tissues. DOX encapsulated in BPA-PEG conju-
gated liposomes suppressed the growth of DU145 can-
cer cells. Furthermore, BPA binds more strongly to
lung, breast, colon, and bladder cancer tissue cells as
compared to normal tissue cells. These results suggest
that BPA may be utilized as a targeted probe for the
detection of a wide spectrum of cancers [97].

Liposomes modified with a lectin from Lotus tetra-
gonolobus (LTL) were found to bind glycans contain-
ing alpha-1,2-linked fucose, and were shown to be able
to recognize surface-regionalized glycoepitopes that
are only found in limited regions close to the nuclei of
highly proliferative cells [98]. These LTL-modified
liposomes increased the rate of intracellular delivery of

DOX via a network of tubules that never fused with the
lysosomes. In an in vivo model of melanoma in mice,
these LTL-modified liposomes specifically delivered
loaded DOX to the cytoplasm of tumor cells [99]. An-
other example is the modification of cationic liposomes
carrying vinblastine (anti-microtubule drug) with pea-
nut agglutinin (PNA) to treat non-small cell lung can-
cer [100]. Finally, it is also important to highlight that
lectin-modified liposomes have also been used in can-
cer diagnosis, as performed using the lectin from Ulex
europaeus (UEA) for diagnosis of adenomatous polyps
[101].

Besides liposomes, other lipid based formulations
have been used as drug nanocarriers such as solid lipid
nanoparticles (SLNs). SLNs have been proposed to
overcome some limitation of liposomal formulations
including physical stability, encapsulation efficacy,
bioavailability, cell absorption, ete. (for detailed review
see [102-104]). In this sense, WGA-conjugated SLNs
were used to improve efficacy of paclitaxel (PTX), a
plant-derived  hydrophobic  drug [105]. WGA-
conjugated, PTX-loaded SLNs showed higher antican-
cer action towards A549 lung cancer cells than free
PTX, attributed to improvement of drug delivery,
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Fig. (2). Schematic representation of the ionic changes, concentration of cytosolic and mitochondrial calcium, activation of
proteolytic enzymes, opening of the mitochondrial permeability transition pore, release apoptosis inducing factors, and ATP

depletion during apoptotic (A) and necrotic (B) cell death. Legend: AIF = apoptosis-inducing factor; BAK = Bel-2 Homolo-

gous Antagonist/Killer, a pro-apoptotic protein; ER =Endoplasmic reticulum; MCU = mitochondrial calcium uniporter; MPTP
= mitochondrial permeability transition pore; VDAC = voltage dependent anion channel;

bioavailability and targetability of this nanosystem
[86]. WGA was also employed to promote bioadhesion
and bioavailability of lipid nanoparticles for oral deliv-
ery of bufalin [106], oridonin [107].

3.2. Other Nanoparticles Modified by Lectins

Lectins have been also used to enhance the efficacy
of Poly(lactic-co-glycolic acid) (PLGA) nanoparticles.
PLGA i1s a copolymer highlighted in drug delivery due
several properties including biodegradability and bio-
compatibility [108-110]. Yin er al. [111] showed that
PGLA-nanoparticles conjugated with lectins (WGA,
tomato lectin and asparagus pea lectin) had better ad-
herence to gastrointestinal mucosa after oral admini-
stration. In addition, WGA-functionalized PLGA were
used for oral delivery of thymopentin [111, 112], intra-
cellular delivery of paclitaxel to colon cancer cells
[113] and lung cells [114]. WGA-conjugated PLGA
also enhanced the action of stearoyl gemcitabine on
urothelial cells [115]. Initially, the authors showed that
the encapsulation efficiency was higher for the am-
phiphilic 4-(N)-stearoyl prodrug of gemcitabine GEM-
C18 than for mitomycin C, doxorubicin, and gemcit-
abine hydrochloride. WGA-GEM-C18-PGLA nanopar-
ticles showed higher levels of adhesion and cytotoxic-
ity [115, 116].

One emerging strategy to improve the drug delivery
in the brain is the nasal administration of PLGA or poly
(ethylene glycol)—poly (lactic acid) (PEG-PLA)
nanoparticles conjugated with lectins such as Solanum
tuberosum lectin (SLT) [117], ConA [118], WGA
[119] and Ulex europeus agglutinin I (UEA 1) [120].
Actually, WGA-surface-functionalized  PEG-PLA
nanoparticles and SLT-modified PLGA nanoparticles
were able to enhance the brain delivery of a neuropro-
tective peptide [121] and coumarin-6 [117], respec-
tively. These results illustrate the potential of these
drug delivery system for treat brain pathologies.

Another example is about the encapsulation of cur-
cumin, a plant polyphenol with broad-spectrum anti-
cancer action; however, its physical-chemical features
(high hydrophobicity, rapid degradation, low bioavail-
ability, etc.) limit its therapeutic administration [122,
123]. Several nanosystems have been developed to im-
prove the efficacy of curcumin, one of them employed
ConA to modify bacterial poly(3-hydroxybutyrate-co-
3-hydroxyhexanoate) PHBHHx loaded with curcumin
for the in vitro treatment of breast cancer. This formu-
lation exhibited stability and higher antitumor activity
than curcumin carried in unmodified PHBHHx
nanoparticles [124].
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4. ENCAPSULATION OF ANTICANCER LECT-
INS

The focus on the role of plant lectins in cancer ther-
apy has increased since 1960, after it was found that
the Phaseolus vulgaris agglutinin (PHA) could stimu-
late mitotic division in lymphocytes and WGA and
ConA had the ability to agglutinate transformed cells
[2, 5]. Since then, several lectins have been shown to
be mitogenic for non-tumor cell lines, while others are
cytotoxic to cancer cells and endogenous lectins are
target for therapy [125-131]. For some anticancer lect-
ins, the mechanisms associated to cell death induction
have been established as illustrated in (Fig. 3 and Fig.
4). In this section, we provide some example of sys-
tems used for improve in vivo lectin anticancer activity.
When available, the molecular mechanism involved in
the lectin action is described.

4.1. Crawllia mollis Lectins Encapsulated in
Liposomes Showed Improved Anticancer Activity

Seeds of Cratyilia mollis, a native plant from Brazil,
have been used to purify lectins with high biotechno-
logical potential [15]. Andrade er al. [132] examined
the anticancer potential of free and encapsulated
Cramoll 1,4 (preparations containing the isolectins 1
and -4 isolated from Cratylia mollis seeds). Cramoll

Lectin
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1,4 strongly binds to transformed cells, including those
from the breast, uterus, brain [133]. It has also been
shown to bind prostate tissues, and has the potential to
be a strong candidate in the development of immuno-
histochemical probes and cancer biosensors [64, 71].
Free Cramoll 1,4 inhibited sarcoma growth in mice by
approximately 43%. However, when this lectin was
encapsulated in a positively charged liposome, this
growth inhibition increased to approximately 71%.

Later, a different approach was used to encapsulate
the recombinant form of Cramoll isolectin 1
(rCramoll). rCramoll-loaded stealth liposomes was
formulated by the hydration of the lipid film, followed
by several cycles of freezing and thawing. An illustra-
tive model of this nanosystem is shown in Fig. (§). A
higher encapsulation ratio (approximately about 60%)
was found for rCramoll than that reported for
pCramoll. Furthermore, the rCramoll-loaded stealth
liposomes displayed physicochemical features (e.g.
particle size, polydispersity index, and pH) suitable for
in vivo administration. The encapsulation of rCramoll
in stealth liposomes enhanced antitumor activity and
reduced toxicity, and was more successful than the
previous results reported for Cramoll 1,4 loaded into
conventional liposomes [132, 134].

Cancer cell
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Bioenergetic imbalance

APAF .«
Procaspase-9

Fig. (3). Model of lectin-induced apoptosis via the mitochondrial pathway in tumor cells. A lectin binds to sugar containing

receptor(s) present at cell surface and trigger different metabolic pathways that induce imbalance in mitochondrial bioenergetic

resulting in overproduction of reactive oxygen species (ROS) and release of pro-apoptotic factors. Legend: AW, =
apoptotic protease activating factor; Bel2 = B-cell lymphoma 2 protein; BAX = Bel-2-
Inhibitor of caspase-activated DNase; PARP = Poly (ADP-ribose) polymerase; ROS = reactive

drial membrane potential; APAF =
associated X protein; ICAD =
oXygen species.

mitochon-
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Cell death

Fig. (4). Model of lectin-induced necrosis. Lectins induce necrosis mainly via the mitochondrial pathway through an increase in
cytosolic calcium and reactive oxygen species (ROS) in tumor cells. Debio 025 and bongkrekic acid are inhibitors of mitocon-
drial permeability transition (MPT) widely used to evaluate the role of MPT in cell death induced by a compound (such as

lectin).

Fig. (5). Illustrative model of rCramoll-loaded stealth liposomes. rCramoll: recombinant lectin from Cratyvlia mollis; PEG:

polyethylene glycol.

4.2. Development of Anticancer Agents Using Vis-
cum album Agglutinin

The lectin VCA is extracted from mistletoe (Viscum
album L. coloratum) and classified as type II ribosome-
inactivating proteins (RIPsI). VCA induces apoptotic

cell death through caspase activation in several cancer
cell lines such as human myelocytic leukemia cells
(HL-60) and B16BL6 and B16F10 melanoma cells
[135, 136]. VCA has been shown to induce apoptosis
in human hepatocellular carcinoma cells (SK-Hep-1
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and Hep3B lines) through the activation of Bax and the
inhibition of Bel-2 [135, 137]. In vivo, VCA inhibits
cancer metastasis by increasing apoptosis and inhibit-
ing angiogenesis [138]. In addition, VCA exhibited
synergistic anticancer effects with DOX against MCF-7
(estrogen receptor-positive) and MDA-MB231 (estro-
gen receptor-negative) human breast cancer cells [139].

In order to improve the stability of VCA in the gas-
trointestinal tract and to enable its oral administration,
this lectin was encapsulated in alginate/chitosan micro-
capsules and in enteric coated granules. Algi-
nate/chitosan microcapsules protected VCA from deg-
radation at acidic pH values. However, the best results
were obtained by VCA-containing granules coated with
biodegradable polymer Eudragit that presented better
release profiles with minimal losses of cytotoxicity
against SK-Hep-1 human hepatocarcinoma cell lines
[140]. These results encouraged the application of the
VCA-containing granules coated with Eudragit in in
vivo models. The oral administration of this formula-
tion (430 mg/kg/day) was able to reduced B16F10
melanoma tumor volume and improves mice survival
[136].

4.3. Anticancer Lectin from Pisum sativum and its
Microencapsulation in Alginate Beads

Another anticancer lectin was purified from Pea
(Pisum sativum L.). This lectin showed in vitro and in
vivo inhibitory effects towards Ehrlich ascites carci-
noma (EAC). The in vitro action was associated with
cell cycle arrest at G2/M phase and expression of apop-
tosis-related genes (Bel-2, Bel-X and Bax). Pea lectin
induced tumor growth inhibition of 63% and 44%
when administered in mice during 5 days at 2.8
mg/kg/day and 1.4 mg/kg/day (i.p.), respectively [141].
P. sativum lectin is also able to active the apoptosis
pathway in HepG2 cells through up-regulation of p53.
This lectin was efficiently encapsulated into alginate
microbeads, showing sustained release profile. The
authors highlighted that the process is feasible in an
industrial scale which makes the lectin-alginate mi-
crobeads an interesting candidate for anticancer agent
development based in the oral [142].

CONCLUSION AND PERSPECTIVES

The glycosylation pattern present in cell surface
provides essential information about physiologi-
cal/pathological process. Particularly, cancer cells ex-
hibit abnormal glycosylation pattern that can be ex-
ploited for therapy and diagnosis. Several lectins
(translators of sugar code) have gained increasing im-
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portance in cancer research as lectins-carbohydrate in-
teractions are relevant for development of histopa-
thologic probes and biosensors. The ability of lectins to
recognize differentially expressed sugar in cancer cells
are also used to enhance the efficacy of anticancer
drugs. In these cases, polymeric formulations carrying
anticancer drugs are direct to cancer cells by lectins.
On the other hand, some lectins can inhibit cancer
growth (through different pathways) and, as promising
alternative drugs, these lectins were encapsulated in
polymers. The selection of the most efficacious meth-
odology for the encapsulation of these hydrophilic pro-
teins is one of the most crucial and challenging steps in
their development. In both cases (lectin-conjugated
polymers or encapsulated lectins), these new pharma-
ceutical preparations showed improved intracellular
delivery, bioavailability and targetability leading to
enhanced therapeutic index and significantly less side
effects. From the fundamental point of view, it was
remarkable to note that several challenges still need to
be overcome, including low encapsulation efficiency
and protein instability during preparation, especially
when the preparation conditions have the potential to
cause damage to the protein, or involve organic sol-
vents.
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