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RESUMO

As leishmanioses sdo doencas infecto-parasitarias causadas por protozoarios
flagelados da familia Trypanosomatidae e género Leishmania. Essas doengas
apresentam aproximadamente 2 milhdées de novos casos anuais mundialmente,
com o Brasil representando grande parte deste numero. Métodos de diagndstico
eficazes e o entendimento da patogénese sdo essenciais para um combate
eficiente da Leishmaniose. Ambos dependem da identificacdo e caracterizagao de
proteinas antigenicamente relevantes de Leishmania. Este estudo objetivou avaliar
proteinas antigénicas previamente selecionadas quanto ao seu potencial para o
diagnostico da leishmaniose visceral provocada por Leishmania infantum e
caracterizar a proteina de viruléncia GP63 de Leishmania sp. de um ponto de vista
genético e proteico, observando similaridades e diferengas e suas implicagdes para
o reconhecimento pelo sistema imune. Primeiramente, as proteinas recombinantes
foram obtidas através de sistema de expressdo em bactérias Escherichia coli,
purificadas por colunas de afinidade e quantificadas pelo método de Bradford. As
proteinas purificadas foram sensibilizadas em placas de ELISA e avaliadas quanto
a seu reconhecimento por soros positivos de humanos e caes infectados por L.
infantum, soros de outras enfermidades e soros de individuos sadios. A analise dos
dados e testes estatisticos foi realizada pelos programas Medcalc e Prism3. A
busca por novos paralogos de GP63 foi realizada através do modelo oculto de
Markov e ensaios de PCR. A construgao de arvores filogenéticas foi realizada a
partir de alinhamentos produzidos no MAFFT, editados com o Trimal, avaliados
quanto ao modelo evolutivo pelo ProTest e construidas pelo Phyml. As modelagens
proteicas foram realizadas a partir de métodos de threading e a predicao de
epitopos foram obtidas através dos programas AAP12, Bcpred e Bepipred. Como
resultados, observamos que proteinas foram identificadas com alto potencial para
o diagnostico da doenga canina ou humana, e misturas das melhores proteinas
tiveram melhor desempenho na detecgdo de ambas as formas da doencga,
sugerindo um teste unico para o diagndéstico. Em um segundo momento passou se
a investigar o principal antigeno de superficie de espécies de Leishmania, a
protease gp63. ldentificamos um grande numero de paralogos em Leishmania e

espécies relacionadas, categorizados em grupos distintos localizados nos



cromossomos 10, 28 e 31. Os genes dos dois ultimos grupos parecem ser mais
préximos de genes encontrados em parasitas de insetos ou plantas, enquanto que
os do cromossomo 10 sofreram uma expansao em numero de paralogos em
Leishmania e em especial em L. braziliensis. Estes foram melhor estudados e
apresentaram momentos de expressao distintos, expansdo independente na
evolugdo e eventos de recombinagédo intragénica. Variagdes de sequéncia e
regides de predicdo de anticorpos foram mapeados na superficie externa das
proteinas. Esses dados sugerem um papel relevante para a variagdo antigénica da
gp63 na biologia do parasito e na patogenia da doenca.

Palavras-chave: Leishmaniose. Diagndstico. Gp63.



ABSTRACT

Leishmaniasis are infectious-parasitic diseases caused by flagellate protozoa of the
family Trypanosomatidae and genus Leishmania. These diseases cause
approximately 2 million new cases annually worldwide, with Brazil accounting for a
large part of this number. Effective diagnostic methods and the understanding of the
pathogenesis are essential for an effective leishmaniasis control. Both depend on
the identification and characterization of antigenically relevant Leishmania proteins.
This study aimed to evaluate antigenic proteins previously selected as to their
potential for the diagnosis of visceral leishmaniasis caused by Leishmania infantum
and to contribute in the Leishmania sp. GP63 virulence protein characterization from
a genomic and proteomic approach, observing similarities and differences and their
implications for recognition by the immune system. First, the recombinant proteins
were obtained by the Escherichia coli expression system, purified by affinity
columns and quantified by the Bradford method. The purified proteins were applied
on ELISA plates and assessed for recognition by positive sera from humans and
dogs infected with L. infantum, sera from other related diseases and sera from
healthy individuals. Data analysis and statistical tests were performed by Medcalc
and Prism3 programs. The search for new GP63 paralogs was performed using the
hidden Markov model and PCR assays. The construction of phylogenetic trees was
performed from alignments produced in MAFFT, edited by Trimal, evaluated for the
best evolutionary model by ProTest and built by Phyml. Protein modelling was
performed using threading methods and prediction of epitopes were obtained
through the AAP12, Bcpred and Bepipred programs. As results, we observed that
proteins were identified with high potential for the diagnosis of canine or human
disease, and mixtures of the best proteins had better performance in the detection
of both forms of the disease, suggesting a single test for the diagnosis. In a second
moment it was investigated the main surface antigen of Leishmania species, the
protease gp63. We identified many paralogs in Leishmania and related species,
categorized into distinct groups located on chromosomes 10, 28 and 31. The genes
of the latter two groups appear to be closer to genes found in insect or plant

parasites, whereas those in the chromosome 10 showed an increase in the number



of paralogs in Leishmania and especially in L. braziliensis. These were better
studied and presented distinct expression moments, independent expansion in
evolution and intragenic recombination events. Sequence variations and regions of
antibody prediction were mapped on the outer surface of the proteins. These data
suggest a relevant role for the antigenic variation of gp63 in the parasite biology and

in the pathogenesis of the disease.

Key words: Leishmaniasis. Diagnosis. Gp63.
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1  INTRODUGCAO

A leishmaniose é uma doenca infecciosa parasitaria causada por protozoarios
flagelados da ordem Kinetoplastida, familia Trypanosomatidae, género Leishmania
e que sao transmitidos por insetos dipteros flebotomineos das espécies
Phlebotomus ou Lutzomyia. Atualmente, existem cerca de 30 espécies de
Leishmania que infectam mamiferos e provocam as formas clinicas classicas da
leishmaniose, cutanea e visceral. Estas espécies sao incluidas em dois
subgéneros, Leishmania e Viannia, porém o subgénero Leishmania evoluiu
principalmente na Africa, enquanto que o Viannia é exclusivo das Ameéricas.
Diferencas importantes sdo observadas entre as espécies desses subgéneros de
ordem genética e no local do desenvolvimento no intestino do inseto vetor.

A leishmaniose é considerada uma das principais doengas negligenciadas e
acomete milhdes de pessoas ao redor do mundo. Para seu controle, € de grande
importancia a existéncia de testes diagndsticos rapidos e eficientes para detec¢ao
da doenga em seus hospedeiros (humano e céo, principalmente). Deste modo, as
regides endémicas podem ser mapeadas e intervengbes podem ser feitas de
maneira rapida. Testes sorolégicos tem o melhor potencial de produzir resultados
satisfatorios, mas o teste utilizado atualmente (composto pelo antigeno rkK39)
apresenta sensibilidade variavel em humanos e € ineficaz para diagnosticar a
doenca em caes. Sao entdo necessarios estudos para identificacdo de novos
antigenos ou avaliagcéo dos ja existentes quanto a sua capacidade de detecgéo da

leishmaniose.
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Devido a necessidade de aprimoramento do diagndstico da leishmaniose
visceral para humanos e caes, estudos que precederam este trabalho levaram a
identificacdo de treze proteinas antigénicas com potencial para uso no diagndstico
soroldgico da doenga. Proteinas recombinantes derivadas de cinco destas ja foram
avaliadas e apresentaram sensibilidade e especificidade variaveis frente a soros de
caes e humanos, mas nenhuma apresentou a capacidade de detectar tanto a
leishmaniose humana quanto a canina. Este estudo se propés, primeiramente, a
contribuir na avaliagcdo dos demais antigenos e investigar alternativas para o
desenvolvimento de um sistema unico para a detecgdao de ambas as formas da
leishmaniose visceral provocada pela Leishmania infantum.

Em continuidade, reconhecendo que medidas de controle dependem de um
maior conhecimento a respeito da biologia do parasito, e que no caso da
Leishmania este conhecimento depende de uma melhor caracterizacdo de suas
principais proteinas antigénicas, este estudo se propds também a estudar uma
proteina descrita como principal antigeno de superficie de espécies de Leishmania.
Neste trabalho, com base em analises in silico e experimentais, buscou-se também
avaliar o potencial antigénico e a diversidade da proteina de viruléncia gp63 em
diferentes espécies de Leishmania, buscando entender o seu possivel papel para
a biologia do parasito ou para a relagao parasito-hospedeiro, com o foco principal
na L. braziliensis, principal responsavel pela leishmaniose tegumentar no Brasil.
Esta proteina, denominada de gp63, € uma protease que demonstra ter papel
critico na biologia de diferentes espécies de Leishmania, mas que ainda permanece

pouco conhecida.
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2 REVISAO DA LITERATURA

2.1 A LEISHMANIOSE

A leishmaniose é uma doenca infecto-parasitaria causada por protozoarios
flagelados pertencentes a familia Trypanosomatidae e ao género Leishmania.
Estes protozoarios apresentam um ciclo de vida heteroxeno, vivendo
alternadamente em hospedeiros vertebrados (incluindo o homem e outros
mamiferos silvestres e/ou domésticos como o c&o) e insetos dipteros vetores, estes
ultimos pertencendo aos géneros Phlebotomus e Lutzomyia (PACE, 2014).
Atualmente, existem pouco mais de 50 espécies de Leishmania descritas, que
foram agrupadas em trés subgéneros (Leishmania, Viannia e Sauroleishmania) e
dois complexos (complexo L. enriettii e Paraleishmania). Desse total de espécies
de Leishmania, 30 infectam mamiferos e 20 sdo conhecidas por infectar o homem
(AKHOUNDI et al., 2016).

A infeccado por Leishmania pode causar uma variedade de manifestacoes
clinicas, que depende da interagao complexa entre a resposta imune do hospedeiro
e as espécies de protozoarios. Essas manifestagdes podem ser desde lesbes
cutaneas isoladas ou disseminadas, até a forma visceral da doenca, que pode ser
letal se ndo tratada (KEVRIC; CAPPEL; KEELING, 2015). De acordo com o modo
de transmissdo da doenca, essa infecgao pode ser classificada em duas formas:
zoonotica e antroponotica. A forma zoondtica da leishmaniose é caracterizada pela
presenca de mamiferos selvagens como reservatorios e pela transmisséo do
parasito presente neles para o humano, através do inseto vetor. A forma

antropondtica é definida como a transmissdo humano-humano, onde o parasito &
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transmitido entre os humanos, sem passar por outras espécies de reservatorios

(AKHOUNDI et al., 2016; STEVERDING, 2017).

2.1.1 MORFOLOGIA DO PARASITO

Os protozoarios do género Leishmania possuem um ciclo de vida digenético
e uma variedade de diferentes formas celulares que sdo adaptadas ao hospedeiro
ou ao inseto vetor. As duas principais formas sdo a amastigota (no hospedeiro
mamifero) e a promastigota (no vetor) (Figura 1) (SUNTER; GULL, 2017). A forma
promastigota é extracelular, possui formato alongado, flagelo longo e pode ser
encontrada no trato digestivo do inseto vetor. Ja a forma amastigota, apresenta-se
com formato oval ou esférico e seu flagelo nao € livre, por apresentar apenas uma
porcado intracitoplasmatica, e ndao € movel. Ela é encontrada no interior dos
macrofagos dos hospedeiros mamiferos (SUNTER; GULL, 2017; TORRES-

GUERRERO et al., 2017).

Figura 1. Formas de Leishmania observadas ao microscépio éptico.

(A) Forma amastigota dentro de macrdéfago, indicada pelas setas. (B) Forma promastigota. Fonte:
http://fcfrp.usp.br/dactb/Parasitologia/Arquivos/Genero_Leishmania.htm
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2.1.2 VETOR

A leishmaniose tem como vetores insetos flebotomineos pertencentes ao filo
Arthropoda, classe Insecta, ordem Diptera, familia Psychodidae, subfamilia
Phlebotominae. Dois géneros sao conhecidos de vetores da leishmaniose,
Phlebotomus (presente no Velho Mundo) e Lutzomyia (presente no Novo Mundo)
(AKHOUNDI et al., 2016; READY, 2013). Ha uma estimativa de aproximadamente
500 espécies deste grupo de insetos, mas apenas cerca de 30 foram associados
com a transmissao da leishmaniose. As fémeas desses insetos adquirem o parasita
por meio de repasto sanguineo, onde se desenvolvem por um periodo de 4 a 25
dias, até serem inoculados de volta em hospedeiros mamiferos durante a

alimentagao, completando o ciclo (WHO, 2017).

2.1.3 CICLO DE VIDA

O ciclo de vida do parasita Leishmania é dividido em dois momentos, o
primeiro no hospedeiro vertebrado (mamifero) e o segundo no hospedeiro
invertebrado (flebotomineo). Este ciclo comega quando a fémea do flebotomineo
infectado ingere sangue do hospedeiro vertebrado (cdo, humano ou animal
silvestre). Enquanto ingere o sangue, o inseto regurgita a forma promastigota
metaciclica do parasita (forma infectante, localizada na valvula estomadeal do
vetor), juntamente com seus componentes salivares. O parasita é entdo fagocitado
por diferentes tipos de células do sistema imune encontrados no local da inoculacéo
onde se diferencia na forma amastigota. Este ciclo se completa quando os

macrofagos infectados por amastigotas sao ingeridos por outro flebotomineo, onde
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passarao por varios estagios de desenvolvimento até voltar a forma metaciclica.
Cada um desses estagios é caracterizado por mudangas morfolégicas e funcionais
com o objetivo de assegurar a sobrevivéncia dentro do vetor. Apds as etapas de
diferenciagao, a forma promastigota metaciclica migrara para a valvula estomadeal
para ser inoculada em outro hospedeiro vertebrado e dar continuidade ao ciclo

(KAMHAWI, 2006; KAYE; SCOTT, 2011).

Figura 2. Ciclo de vida das espécies de Leishmania.
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Mosquitos flebotomineos regurgitam a forma promastigota metaciclica no hospedeiro
vertebrado, onde serdo fagocitadas por células do sistema imune (macrofagos) e diferenciadas na
forma amastigota. Os macrofagos infectados com amastigotas séo ingeridos por outros mosquitos
vetores. Dentro do mosquito, a forma amastigota passara por varias diferenciacdes até voltar a
forma promastigota metaciclica, que se localizara na valvula estomadeal do inseto e infectara novos

hospedeiros. Fonte: Modificado de https://www.cdc.gov/parasites/leishmaniasis/biology.html
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2.1.4 DISTRIBUICAO GEOGRAFICA

A leishmaniose € considerada como uma das principais doencgas
negligenciadas, afetando principalmente individuos de paises em desenvolvimento.
A prevaléncia ocorre em regides tropicais e subtropicais da Africa, Asia,
Mediterraneo, Sudoeste da Europa e Américas Central e do Sul. Esta doenca é
endémica em 98 paises sendo 72 desses paises em desenvolvimento. A doenga
apresenta uma incidéncia mundial de 700 mil a 1,2 milhdes de novos casos de
leishmaniose cutanea (LC) e 200 mil a 400 mil casos de leishmaniose visceral (LV)
ao ano (ALVAR et al., 2012). A grande maioria dos casos de leishmaniose cutanea
(90%) ocorre no Afeganistédo, Brasil, Bolivia, Colédmbia, Ir&, Peru, Arabia Saudita,
Nicaragua e Siria (Figura 3). Em relagdo a leishmaniose visceral, 90% dos seus
casos sdo provenientes dos seguintes paises: Etidpia, Bangladesh, Brasil, india,

Nepal e Sudao (Figura 4) (THEEL; PRITT, 2016).

Figura 3. Distribuicdo dos casos de leishmaniose cutdnea mundialmente no ano de 2015.

Incidéncia Mundial de Leishmaniose Cutinea, 2015
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Fonte: Adaptado de WHO, 2015. http://www.who.int/leishmaniasis/burden/en/
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Figura 4. Distribuicdo dos casos de leishmaniose visceral mundialmente no ano de 2015.

Incidéncia Mundial de Leishmaniose Visceral, 2015
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Fonte: Adaptado de WHO, 2015. http://www.who.int/leishmaniasis/burden/en/

No Brasil, a LC é o tipo mais frequente de Leishmaniose e tem como principal
causador a Leishmania (Viannia) braziliensis (COSTA-SILVA et al., 2014). A LC
registra aproximadamente 20 mil casos por ano, podendo chegar a uma estimativa
de pelo menos 100 mil casos anuais (ALVAR et al., 2012). Em relagdo a
leishmaniose visceral, no Brasil ela é associada a infec¢ao por L. infantum, e afeta
principalmente criangas, com 55% dos casos ocorrendo na regido Nordeste e uma

incidéncia anual de 2,2 mil casos registrados (DOS REIS et al., 2017).

2.1.5 MANIFESTACOES CLINICAS

2.1.5.1 LEISHMANIOSE CUTANEA

A LC é caracterizada pelo aparecimento de uma les&o ulcerativa ou nodular,

gue se desenvolve nas proximidades ou no proprio local da inoculagao do parasito.
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Esta lesdo geralmente é encontrada em areas descobertas do corpo, susceptiveis
a picada do vetor, como rosto, antebracgo e parte inferior das pernas. As lesdes da
LC tém um formato arredondado ou oval e podem medir desde alguns milimetros
até centimetros. Elas tém uma base eritematosa, bordas bem delimitadas e
elevadas, infiltradas (com o parasita), com fundo avermelhado e granulado (Figura
5). A area com ulceragao pode ser susceptivel a infec¢des bacterianas secundarias
que, quando ocorrem, podem causar dor local, produzir exsudato e cobrir total ou
parcialmente o fundo da mesma (BRASIL, 2017). A LC pode ser causada pelas
espécies: Leishmania (L.) major, L. (L.) tropica (Velho Mundo), L. (L.) mexicana, L.
(L.) amazonensis, L. (V.) guyanensis, L. (V.) panamensis e L. (V.) braziliensis (Novo

Mundo) (MCGWIRE; SATOSKAR, 2014).

Figura 5. Imagens retratando lesées da Leishmaniose Tegumentar.

A — Lesao no periodo inicial de ulceragao, com bordas elevadas e infiltragao parasitaria. B — Lesao
ja ulcerada e com fundo granuloso. C — Lesao arredondada com ulceragdo elevada. Fonte:
(BRASIL, 2017).

2.1.5.2 LEISHMANIOSE CUTANEA DIFUSA

Na leishmaniose cutinea difusa, existem varias lesdes nodulares que

aparecem distantes do local de inoculagao do parasita pela picada do inseto (Figura
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6). Ela é causada principalmente pelas L. (V.) braziliensis e a L. (L.) amazonensis

(BRASIL, 2017; MCGWIRE; SATOSKAR, 2014).

Figura 6. Lesdes de leishmaniose cutanea difusa.

Lesbes multiplas presentes no mesmo paciente, algumas com
ulceragao superficial. Fonte: (BRASIL, 2017).

2.1.5.3 LEISHMANIOSE MUCOCUTANEA

A forma mucocutanea da leishmaniose é causada pela Leishmania (V.)
braziliensis. Ela pode ser originada a partir de uma leishmaniose cutanea
convencional, visto que de 3 a 5% dos pacientes desenvolvem a forma
mucocutanea, ou pode ser proveniente da picada do parasita em areas de tecido
Mucoso, como 0 nariz, labios ou olhos. O parasita Leishmania é levado, por via
linfatica e hematoldgica, para os principais locais acometidos por essa forma da
doenga (mucosas nasal, orofaringe, palatos, labios, lingua, laringe) (Figura 7)
(BRASIL, 2017; KEVRIC; CAPPEL; KEELING, 2015; MCGWIRE; SATOSKAR,

2014).
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Figura 7. Imagens de pacientes com lesdes caracteristicas de
leishmaniose mucocutanea, nos labios, nariz e palato.

Fontes: (CHAPPUIS et al., 2007; REITHINGER et al., 2007) .

2.1.5.4 LEISHMANIOSE VISCERAL

Assim como na leishmaniose cutanea, a LV se inicia quando o parasita, na
forma promastigota, é inoculado pelo vetor, sendo entdo fagocitado por
macréfagos, onde se diferencia em amastigota. Nessa forma da doenga a
Leishmania se dissemina através de células do sistema monocitico fagocitario, que
leva a infiltragdo do bago, medula dssea, figado e linfonodos (KEVRIC; CAPPEL;
KEELING, 2015). O tempo de incubag&o da LV varia de 3 a 8 meses, mas também
pode levar desde poucas semanas a anos para se manifestar. Os individuos
comegam apresentando uma febre alta, anorexia, fadiga, fraqueza, perda de peso
e aumento no volume de 6rgdos (figado, baco, linfonodos). A medida que a doenca
progride, pode haver um aumento da esplenomegalia, causando distenséo
abdominal e dor, que pode aumentar devido a uma concomitante hepatomegalia
(Figura 8) (CHAPPUIS et al., 2007; KEVRIC; CAPPEL; KEELING, 2015;

MCGWIRE; SATOSKAR, 2014; TORRES-GUERRERQO et al., 2017).
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Figura 8. Pacientes apresentando hepatoesplenomegalia,
manifestagdo clinica caracteristica da Leishmaniose Visceral.

Fonte: (MURRAY et al., 2005).

No velho mundo, a LV é causada pela L. donovani (principalmente em
regides da India, Paquistdo, China e Africa) e pela L. infantum (na regido do
Mediterraneo). No novo mundo, essa forma da doencga € causada pela L. infantum,

com maior numero de acometidos no Brasil (MCGWIRE; SATOSKAR, 2014).

2.1.5.5 LEISHMANIOSE VISCERAL CANINA

Além dos humanos, os cades sdo um dos principais hospedeiros mamiferos
acometidos pelo parasita Leishmania, sendo vitimas da leishmaniose visceral
canina (LVC). Dados obtidos no Brasil demonstram uma prevaléncia variavel dessa
forma da doenca em areas endémicas (0,7% em Salvador, 51,6% em S&o Luiz do
Maranhao) e sugerem sua provavel participacdo na urbanizagao da LV, através de
processos de migragcao de caes assintomaticos (MELO et al., 2016).

Além da participacado no ciclo de transmissao zoonético para a populacao
humana, os caes acometidos pela LVC podem desenvolver um quadro grave,

caracterizada pela evolugao crénica de sinais viscero-cutaneos que se manifestam
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varios meses apos a exposicao ao parasita (GRADONI, 2015). Geralmente a
infeccdo pode se apresentar na forma assintomatica, mas no caso da infeccéo
sintomatica pode levar o animal a morte. Os sintomas clinicos comuns sao: fadiga,
linfoadenopatia, diarréia crbnica, sangramento nasal, edema nas patas, atrofia
muscular, hepatoesplenomegalia e inanigdo. Além do acometimento sistémico, a
LVC apresenta também lesdes na pele, como dermatite esfoliativa, papulas e
pequenos nodulos, Ulceras indolentes, crostas, hipotricose e disturbios
disqueratdticos generalizados (KRAUSPENHAR et al., 2007,

SARIDOMICHELAKIS, 2009).

2.2 DIAGNOSTICO

O padrao ouro para a confirmagdo do diagnéstico da leishmaniose é a
identificacdo do parasito Leishmania em material retirado por escarificacido de
lesdes na pele ou por bidpsia de érgaos internos, como a medula 6ssea e o bago.
Esse método, contudo, &€ pouco sensivel, laborioso e requer procedimentos
invasivos (AKHOUNDI et al., 2017; SRIVASTAVA et al., 2011). Testes moleculares
foram recentemente desenvolvidos, baseados em variagdes na técnica de PCR e,
embora possam apresentar alta sensibilidade e especificidade, com um minimo de
invasividade, ndo séo aplicaveis no campo (DE RUITER et al., 2014; MOREIRA;
YADON; CUPOLILLO, 2017).

A utilizacdo de técnicas sorolégicas para detecgdo de anticorpos anti-
Leishmania também sao amplamente empregadas. Elas s&o raramente

empregadas para deteccdo de LC ou LMC e mais comumente usadas para o
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diagndstico de LV. Esse tipo de diagndstico pode ser realizado por varios métodos,
que apresentam sensibilidade e especificidade variaveis (SAKKAS; GARTZONIKA;
LEVIDIOTOU, 2016; SAVOIA, 2015). Entre essas técnicas se destacam as reagdes
de: RIFI (imunofluorescéncia indireta), DAT (teste de aglutinagédo direta), ELISA
(ensaio imunoenzimatico) e teste rapido. A RIFI apresenta baixa sensibilidade,
porém boa especificidade, onde se observam reacdes cruzadas com outras
doencgas como a Doenga de Chagas, malaria, tuberculose, brucelose e febre tiféide.
Sua aplicagao requer alto nivel de habilidade, experiéncia e também equipamento
especializado e de alto custo (SAKKAS; GARTZONIKA; LEVIDIOTOU, 2016;
SRIVASTAVA et al., 2011). O DAT é baseado na detecgao da aglutinagao direta de
antigenos de Leishmania que reagem com anticorpos anti-Leishmania no soro,
resultando na aglutinagcdo. Ele pode ser facilmente realizado em laboratérios
equipados e com pessoal treinado, mas apresenta algumas limitagdes, etapas
multiplas, reprodutibilidade e incubagdes longas (SUNDAR; RAI, 2002). O ELISA é
uma técnica amplamente utilizada para a deteccéo de varias doencas infecciosas.
De maneira geral, ela € baseada na captura de anticorpos contra antigenos
especificos, que atuam como o reagente inicial da técnica. A sensibilidade e a
especificidade do ELISA dependerdo do antigeno usado. Comumente esses
antigenos s&o constituidos do extrato proteico total do parasita ou de proteinas
recombinantes. Esses dois tipos de antigenos podem ser utilizados para detecgéo
da leishmaniose visceral, mas o melhor desempenho é observado com a proteina
recombinante rK39 (SAKKAS; GARTZONIKA; LEVIDIOTOU, 2016).

O antigeno rK39, obtido a partir de L. infantum, consiste em 39 aminoacidos
repetitivos e é derivado da porcdo N-terminal de uma proteina de 230 kDa

pertencente a familia das cinesinas (BURNS et al., 1993; CHAPPUIS et al., 2007).
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Apds a comprovagao da sua eficacia para detecgdo da leishmaniose visceral
humana através do método de ELISA, essa proteina foi utilizada para a fabricacao
de testes rapidos imunocromatograficos para aplicagdo em campo. Quando essa
plataforma foi testada em campo, foi observado uma sensibilidade e especificidade
geralmente altas, mas isso pode variar dependendo da regido em que esta sendo
testada, diminuindo a eficacia do antigeno (BOELAERT et al., 2014; MAIA et al.,
2012; VAN GRIENSVEN; DIRO, 2012). Este antigeno também se mostrou ineficaz
em diagnosticar caes assintomaticos, o que torna ele limitado para uso em estudos
epidemiologicos ou programas de controle de infeccdo em areas endémicas
(QUINNELL et al., 2013).

Para o diagnéstico da LVC, sao utilizadas plataformas como testes rapidos
(DPP), ELISA e diagndsticos moleculares (QPCR). Um estudo que comparou esses
métodos demonstrou que a PCR em tempo real se mostrou mais promissora, com
boa performance na deteccdo de caes assintomaticos, quando comparadas as
outras plataformas sorologicas (Carvalho et al. 2018). Esses dados reforgam a
necessidade do desenvolvimento de um eficiente teste soroldgico para a detecgéo
dessa forma da doenca em areas endémicas, levando em conta que os testes
atuais ainda apresentam sensibilidades inferiores ao método molecular (ndo
aplicavel para areas endémicas), ou ndo apresentam sensibilidade alta para ser

aplicado em campo (Nogueira et al. 2018).

2.3 IMUNIDADE E IMUNOPATOGENESE NA LEISHMANIOSE

Na leishmaniose, a partir do momento em que o parasita na forma

promastigota metaciclica entra na corrente sanguinea, eles s&o fagocitados
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principalmente por macrofagos e neutréfilos. Apds a fagocitose, sao internalizados
em fagossomos, seguidos pela fusdao com lisossomos. Em seguida, varios tipos de
células do hospedeiro (neutréfilos, mondcitos ou macrofagos, células natural killer
e células dendriticas) interagem com o do parasita Leishmania (LAUTHIER;
KORENAGA, 2018; VON STEBUT; TENZER, 2017). Ao mesmo tempo, o sistema
imune também inicia outras acdes da imunidade inata para a protecdo contra a
infecgdo. Dentre essas acgdes, a ativacdo do sistema complemento € uma das
primeiras linhas de defesa. A partir de uma reagdo em cascata, proteinas se
agruparao na superficie do patégeno, formando o Complexo de Ataque a
Membrana (CAM), que é responsavel pela lise da sua membrana celular (GUPTA;
OGHUMU; SATOSKAR, 2014).

Além da imunidade inata, também se nota agbes de grupos celulares da
imunidade adaptativa, mediada por linfocitos B, T e células dendriticas
(KEDZIERSKI, 2010). O envolvimento de alguns grupos dessas células e sua
citocinas associadas estariam relacionadas as condi¢gdes de resisténcia e
susceptibilidade a infecgdo. Estudos em modelos murinos (SELVAPANDIYAN et
al., 2006) e de infeccdo de macrofagos in vitro demonstraram que os tipos de
resposta mediado através das células T-helper 1 (Th1), e citocinas associadas
(IFN-y e IL-2), estariam ligadas a individuos resistentes a infecg&do, por ser uma
resposta montada contra agentes infecciosos intracelulares. Ja em infecgdes nao
controladas, em individuos susceptiveis a doenga, ocorre uma proliferacdo da
resposta Th2, juntamente com a produgédo de IL 4, IL5 e IL10, associadas a
respostas humorais e alérgicas (SAHA; MUKHOPADHYAY; CHATTERJEE, 2011).

Nos casos de leishmaniose humana, a resposta imunoldgica ndo se

apresenta tdo polarizada, tendo em vista que individuos infectados ja foram
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identificados com altos niveis de citocinas caracteristicas da resposta Th1 e Th2,
nos momentos iniciais da infecgdo. Estes niveis de citocinas sofrem diminui¢ao nos
momentos de regressdo da doenga, durante o tratamento (SAHA;
MUKHOPADHYAY; CHATTERJEE, 2011). Esses dados demonstram que além da
resposta protetora, a resposta Th1 também pode estar relacionada a
imunopatologia da doenca. Em casos de leishmaniose cutanea, a produgéo
exacerbada de citocinas Th1, como as TNF-a e IL-1, que promovem a inflamacgao
induzindo a expressao e adesao de moléculas na superficie endotelial, podem
induzir danos nos tecidos (COSTA et al., 2011; LAUTHIER; KORENAGA, 2018).
Além disso, estudos também demonstraram que individuos assintomaticos
infectados com L. braziliensis, produziram menos citocinas Th1 do que pacientes

com lesdes cutaneas (COSTA et al., 2011).

2.3.1 IMUNIDADE NA LEISHMANIOSE CUTANEA

A imunidade na leishmaniose cutadnea varia de acordo com a espécie que
infectanda o hospedeiro, mas de modo geral a infecgdo cutdnea é caracterizada
por uma infiltragdo de células apresentadoras de antigenos ativadas (CAA) e a
producgao de respostas Th1 associadas ao IFN-y e a IL-12. Geralmente, a producéo
da IL-12 pode ser aumentada por outras citocinas (IL-1a, IL-18, IL-23 e IL-27 como
mecanismo inato), o que gera uma diferenciagcéo e proliferagdo de células Th1.
Essas células Th1 produzirdo IFN-y, que atuara na mediagdo da ativacdo de
macrofagos para produgao de 6xido nitrico (ON), um dos principais compostos que
leva a destruicdo do parasita Leishmania. Durante o curso da infec¢do, células T

CD8+ da imunidade celular podem desempenhar as fungdes de prote¢do contra o
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parasita através da producao de IFN-y. Da mesma forma, podem contribuir para a
evolugao da patologia quando exercem sua fungao citolitica. Nas lesdes cutaneas,
a producado de IFN-y pode levar a uma resposta inflamatéria exagerada, que
promove dano tecidual, e patologia exacerbada. Outro fator que também pode
contribuir para a progressao desta forma da leishmaniose é a auséncia ou baixos
niveis de citocinas anti-inflamatérias como as IL-4, IL-10, IL-13 e TGF-B, que
quando associadas a niveis elevados de IFN-y, e dependendo da localizacdo da
lesdo no corpo, podem fazer com que a LC progrida para uma LMC (LAUTHIER;

KORENAGA, 2018; VON STEBUT; TENZER, 2017).

2.3.2 IMUNIDADE NA LEISHMANIOSE VISCERAL

A imunidade na leishmaniose visceral também se iniciara com a ativacao do
sistema imune inato e o recrutamento de células (neutréfilos, macréfagos, células
dendriticas e células natural killer) para o local da infecgdo. A resisténcia ou
suscetibilidade também vao estar relacionadas as respostas Th1 e Th2,
respectivamente, embora assim como ja relatado anteriormente as duas respostas
podem estar presentes em individuos sintomaticos. Quando ha protecao, ela esta
associada a produgdo de IFN-y por células T CD4+ e/ou TCD8+ e ao
desenvolvimento de moléculas efetoras anti-Leishmania, como espécies reativas
de oxigénio e nitrogénio. Ja os casos de susceptibilidade sao reforgados pela
producao de IL-10 e TGF-B, que em altos niveis levardo, durante o curso da
infeccdo, a persisténcia do parasita e a cronicidade da doenca (KUMAR; NYLEN,

2012; LAUTHIER; KORENAGA, 2018).
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2.4 MECANISMOS DE VIRULENCIA E O ESCAPE DO SISTEMA IMUNE

Ao longo da evolugéo, as espécies de Leishmania desenvolveram métodos
de escape da imunidade inata (sistema complemento), além de outras ag¢des de
imunidade celular do hospedeiro. Estes mecanismos de defesa sdo mediados por
fatores de viruléncia, que tem como principais representantes conhecidos os
lipofosfoglicanos (LPG) e a proteina gp63. Através de suas agdes, e da modulagéo
de fungdes biolégicas dos hospedeiros, estes garantem que o parasita consiga
invadir o tecido alvo, sobreviva, se diferencie e prolifere (CUERVO et al., 2008;

YAO; DONELSON; WILSON, 2003).

2.4.1 LIPOFOSFOGLICANOS (LPG)

O LPG é o glicoconjugado mais abundante da superficie das células de
Leishmania, na sua forma promastigota. Esta € uma macromolécula composta de
quatro dominios distintos: uma ancora GPI, um nucleo de glicano (por¢ao de
carboidrato), uma cadeia linear de fosfoglicano e um cap de oligossacarideo na
parte final. Sua estrutura e quantidade variam de acordo com a espécie e estagio
do ciclo de vida do parasita, com maior numero de moléculas presente na fase
promastigota da Leishmania e com grande reducao na amastigota (ATAYDE et al.,
2016; FORESTIER; GAO; BOONS, 2015).

O LPG parece desempenhar a¢des tanto no hospedeiro invertebrado, quanto
no vertebrado, nas primeiras horas de infeccdo. Em relacdo ao hospedeiro
invertebrado, foi sugerido que o LPG proteja as formas promastigotas de

Leishmania da degradagao por enzimas proteoliticas destinadas a digestdo do
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sangue ingerido pelos insetos. Além disso, também foi relatado que o LPG tem
funcbdes de adesdo nas paredes do intestino do inseto, para evitar a excreg¢ao do
patéogeno (ATAYDE et al., 2016).

Quando o parasita Leishmania € inoculada no hospedeiro vertebrado, na sua
fase promastigota metaciclica, o LPG desempenha papéis de protecao do parasita
contra o sistema imune. Por estar na membrana, esta molécula € um dos primeiros
alvos do sistema imune e age como uma barreira que protege o parasita contra as
acoes iniciais deste. Também foi demonstrado que o LPG, através de impedimento
alostérico, € capaz de inibir a ligagdo de moléculas do complemento na superficie
do parasita. Sua interagao com receptores do tipo Toll interfere nas respostas pré
inflamatdrias do hospedeiro e favorece a sobrevivéncia intracelular do parasita,
modulando a producgéo de espécies reativas de oxigénio e o6xido nitrico (ATAYDE

et al., 2016; FORESTIER; GAO; BOONS, 2015).

2.4.2 GP63

A proteina gp63 foi descoberta em 1980, quando foi descrita como o principal
antigeno de superficie presente em varias espécies de Leishmania e, mais tarde,
foi identificada como um importante fator de viruléncia (MATLASHEWSKI, 2001,
OLIVIER et al.,, 2012). Esta € uma metaloproteinase dependente de zinco,
pertencente a classe da metzincina e a familia de peptidases M8. Esta classe de
proteinas inclui caracteristicas como o motivo conservado HEXXHXXGXXH, ancora
GPI e um pro-peptideo localizado na regido N-terminal da proteina. O pro-peptideo
€ removido durante a maturagdo e ativagcao da proteina e sua fungao é tornar a

proenzima inativa durante a traducdo (YAO; DONELSON; WILSON, 2003). O
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mecanismo de acao deste pro-petideo esta associado a um residuo de cisteina em
sua sequéncia que € conservado em homoélogos de gp63 nas diferentes espécies
de Leishmania. Este residuo contribui com um mecanismo de troca de cisteina para
realizacao de atividades de protease, que tem como objetivo auxiliar o atomo de
zinco a se ligar no sitio ativo e inibir a atividade enzimatica, o que protege a célula
da autodestruicdo (MACDONALD; MORRISON; MCMASTER, 1995). Além das
caracteristicas mencionadas, algumas gp63 também contém um peptideo sinal em
sua extremidade N-terminal, que os dirige para o reticulo endoplasmatico apés a
sua sintese e para a via secretora da Leishmania, para que elas possam cumprir

sua funcéo (YAO et al., 2002).

2.4.2.1 FUNGAO NO HOSPEDEIRO MAMIFERO

Do ponto de vista funcional, algumas fungdes tém sido atribuidas a gp63 que
a implicam como importante fator de viruléncia na infeccao por diferentes espécies
de Leishmania. Assim, nos hospedeiros mamiferos, no ambiente extracelular, a
gp63 atua na inativagdo da cascata do complemento, inibindo o fator C3b. Esta
inativacdo impede a formacado do complexo de ataque de membrana e permite a
opsonizagédo do parasita Leishmania, facilitando sua fagocitose, além de inibir a
producdo de IL-12, o que favorecera o crescimento celular do parasita (GOMEZ;
OLIVIER, 2010; GUPTA; OGHUMU; SATOSKAR, 2014). Estudos mostraram que
a gp63 pode facilitar a ligagdo do parasita ao macréfago através de receptores de
fibronectina, além de sua atividade de protease ser capaz de clivar proteinas da
matriz extracelular do hospedeiro, fornecendo a Leishmania uma entrada mais

rapida no macrofago (OLIVIER et al., 2012; SHIO; OLIVIER, 2010). Também foi
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observado que a falta de gp63 reduz drasticamente a capacidade da Leishmania
de estabelecer e manter uma infeccdo, uma vez que os hospedeiros sao mais
propensos a induzir respostas inflamatérias da imunidade inata (OLIVIER;
HASSANI, 2010). Entre suas fungdes, a gp63 atua na redugéo da produgéo de TNF,
IL-12 e Oxido nitrico, o que contribui para a protecdo e sobrevivéncia do parasita

(PODINOVSKAIA; DESCOTEAUX, 2015).

Outro conjunto de fungbes atribuidas a gp63 diz respeito a sua atuagao
diretamente sobre o metabolismo interno dos macréfagos do hospedeiro mamifero.
Assim, estudos mostraram que a gp63 pode ser liberada através de exossomos
para o meio extracelular. Isso pode facilitar a sua absorgao pelo macréfago, mesmo
antes de internalizar a Leishmania, gerando reagdes inibitorias internas na célula.
Entre essas reagdes pode ser citada a agao onde a gp63 cliva o fator transcricional
AP-1, que regula a producdo de citocinas pro-inflamatérias e Oxido nitrico,
impedindo sua produgao (ATAYDE et al., 2016; CONTRERAS et al., 2010). Esta
acgao de clivagem proteica também foi mostrada em outro estudo onde a gp63 foi
associada a inativacdo da quinase mTOR, uma enzima necessaria para a
fosforilagdo da proteina inibidora da tradugdo 4E-BP1 e cujo modo de agéo é
conhecido em detalhes. A 4E-BP1 é um regulador da tradugdo que se liga
diretamente a proteina de ligagdo ao cap, nucleotideo modificado presente na
extremidade 5 dos mRNAs, também conhecida como elF4E. Quando ligada ao
elF4E, a 4E-BP1 inibe a traducéo e sua fosforilagcdo impede esse efeito inibitdrio.
Quando o mTOR ¢ clivado, ele perde a capacidade de fosforilar a 4E-BP1, o que
potencializa o efeito inibitorio dessa proteina e leva ao bloqueio da formacao de um
complexo de iniciagdo da tradugao funcional. Todo esse processo permite a inibicao

da sintese proteica no macrofago, proporcionando um ambiente ideal para a
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proliferagdo do patégeno (JARAMILLO et al., 2011).

2.4.2.2 FUNGAO NO INSETO VETOR

Além das fungdes propostas na defesa contra a resposta imune nos
hospedeiros mamiferos, a gp63 também desempenha fungdes criticas nos insetos
vetores. Esta proteina mostrou um potencial envolvimento na degradagao de
componentes proteicos no epitélio intestinal do inseto que atuando na adesao do
parasita (D’AVILA-LEVY et al., 2006; PEREIRA et al., 2009). E possivel ainda que,
devido a ampla especificidade de substratos que a gp63 pode interagir, ela também
pode desempenhar um papel nutricional para o parasita, atuando como uma
endopeptidase (D’AVILA-LEVY et al., 2014; SANTOS; BRANQUINHA; D’AVILA-
LEVY, 2006). Alternativamente é possivel que a gp63 possa ainda atuar na

protecao da Leishmania contra as defesas dos insetos (D’AVILA-LEVY et al., 2014).

2.4.2.3 ORGANIZACAO GENOMICA E EXPRESSAO DA GP63

A organizagcdo gendmica observadas para os genes codificantes de gp63
demonstra uma variagado consideravel no numero de genes que codificam essas
proteinas entre diferentes espécies de Leishmania. Em L. major foi observado que
esses genes estédo presentes em mais de um cromossomo ao longo do genoma e
varias copias foram detectadas dispostas em sequéncia (em tandem) (IVENS et al.,
2005). O mesmo arranjo de multiplas cépias génicas foi encontrado nos genomas
de L. infantum e L. braziliensis (PEACOCK et al., 2007). Contudo foi identificado

uma diferenga significativa no numero de genes codificantes de gp63 entre
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espécies pertencentes aos dois principais subgéneros de Leishmania (Leishmania
e Viannia) (STEINKRAUS et al., 1993; VICTOIR et al., 1995; VOTH et al., 1998).
Esses dados foram originalmente obtidos em estudos iniciais de hibridizagdo, mas
posteriormente também se confirmaram nos sequenciamentos mais recentes
realizados com espécies de Leishmania pertencentes a estes dois subgéneros
(GONZALEZ-DE LA FUENTE et al., 2017; LLANES et al., 2015).

Em relagcédo a expressédo dos genes de gp63, estudos em L. donovani, L.
mexicana e L. major demonstraram que alguns grupos desses genes sao
diferencialmente expressos durante as fases do ciclo de vida do parasita
(amastigota, fase logaritmica da forma promastigota e fase estacionaria) (YAO;
DONELSON; WILSON, 2003). Essa regulacdo diferencial ndo parece estar
relacionada a sua organizacdo e estudos tém demonstrado que o fator
determinante para esta regulagcdo sao sequéncias caracteristicas presentes nas
regides intergénicas e nas extremidades 3’ ndo traduzidas dos seus mRNAs

(KELLY; NELSON; MCMASTER, 2001; YAO; DONELSON; WILSON, 2003).

2.5 RESULTADOS ANTERIORES E EMBASAMENTO DESTE TRABALHO

Os principais desafios para o controle da leishmaniose sao a criagcdo de um
diagnostico sorologico eficaz para utilizagdo em areas endémicas € um maior
conhecimento sobre a biologia do parasito e sua interagdo com o hospedeiro, que
pode gerar conhecimento para novos alvos de drogas ou vacinas. O presente
trabalho se propds a fazer contribuicdes em ambos a partir do estudo de diferentes
proteinas antigénicas de espécies de Leishmania.

No que concerne ao diagndstico da leishmaniose, apesar dos avangos
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cientificos e tecnoldgicos realizados até o0 momento para esta doenga, ndo existe
um diagnostico soroldgico unico capaz de identificar ambas as formas, humana e
canina, dessa patologia. Nesse sentido, trabalhos prévios levaram a identificagao
de possiveis novos antigenos de L. infantum a partir da triagem de bibliotecas de
expressao de cDNA e gendbmica. Como resultado destas triagens, foram obtidas 13
proteinas, denominadas Lci1 a Lci13. As Lci1 a Lci5 foram expressas em
Escherichia coli e submetidas a analises de sensibilidade e especificidade através
de técnicas de ELISA, também com soros de humanos e caes com leishmaniose,
positivos no teste parasitoldgico. Essas proteinas analisadas individualmente
apresentaram sensibilidade de 67,4-93% e 36,4-97,2% frente a soros de céaes e
humanos, respectivamente. Mas nenhuma proteina sozinha foi capaz de
diagnosticar satisfatoriamente concomitantemente a leishmaniose humana e
canina (OLIVEIRA et al., 2011). Nesse trabalho buscamos avaliar algumas das
mais promissoras entre as demais proteinas originalmente identificadas, Lci6 a
Lci13, de forma individual e em misturas proteicas.

Dentro do esforgo de compreender melhor a patogénese das leishmanioses,
este trabalho buscou contribuir também no entendimento sobre o principal antigeno
de superficie de Leishmania sp., a proteina gp63. Para isso optou-se por investigar
suas caracteristicas génicas e proteicas e avaliar sua importéncia para a biologia
do parasito e na interagdo com seus hospedeiros, gerando assim subsidios para o
desenvolvimento de novas alternativas de controle dos diferentes tipos de

leishmaniose.
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3 OBJETIVOS

3.1

OBJETIVO GERAL

Avaliar e caracterizar proteinas antigénicas e de superficie de Leishmania

sp. quanto a seu potencial uso no diagndstico da leishmaniose e na patogénese do

parasita.

3.2

OBJETIVOS ESPECIFICOS

Avaliar a antigenicidade de proteinas selecionadas de uma biblioteca
genbmica frente a soros de caes e humanos acometidos com leishmaniose
visceral quanto ao seu potencial diagndstico

Buscar novos paralogos, possivelmente ndo anotados, codificantes para a
proteina de viruléncia gp63 de L. braziliensis

Analisar a evolugdo dos genes de gp63 de Leishmania sp. e outros
cinetoplastideos avaliando as diferencas e semelhancas e suas implicagdes
para a funcéo destas proteinas

Caracterizar os ortdlogos e paralogos de gp63 de Leishmania sp., quanto a
inferéncia do seu momento de expressao, caracteristicas proteicas e
localizag&o subcelular

Avaliar o potencial de peptideos de gp63 estimularem a produgédo de
anticorpos, in silico, sua localizagao na proteina modelada e a influéncia

dessa localizagao no escape do sistema imune
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4 ARTIGO 1

Avaliagdo de novos antigenos de Leishmania infantum quanto ao seu potencial

para o diagndstico da leishmaniose visceral

De treze proteinas antigénicas de L. infantum inicialmente identificadas em
trabalhos que precederam a presente Tese de Doutorado, denominadas de Lci1 a
Lci13, cinco ja haviam sido devidamente avaliadas, as proteinas Lci1 a Lcib
(Oliveira et al. 2011). Neste trabalho, demos continuidade ao estudo dessas
proteinas, com foco nas Lci6 a Lci13. Destas, a Lci13, uma HSP70 mitocondrial, ja
havia sido previamente caracterizada (CAMPOS et al., 2008). A Lci1, que ja
demonstrou resultados razoaveis no estudo prévio Oliveira et al. 2011, foi também
incluida nos nossos ensaios para compor as analises de misturas proteicas.

Com a excegéao da Lci8, fragmentos de todas as proteinas recombinantes
dos genes citados foram obtidas através de expressao em Escherichia coli e
purificadas por cromatografia de afinidade em coluna de niquel. Para avaliar o
potencial antigénico das proteinas recombinantes selecionadas para este estudo,
realizamos ensaios de ELISA com soro de humanos infectados com L. infantum, e
com diagnostico de LV confirmado através de testes parasitologicos, e soros
controle de individuos saudaveis provenientes de area endémica. Os resultados
obtidos através dos ensaios de ELISA demonstraram que quando testadas frente a
soros de humanos infectados, as proteinas apresentaram uma sensibilidade
considerada baixa para o diagndstico. Seus valores variaram entre 26 e 72%, que

€ consideravelmente inferior ao desempenho observado com o lisado total de
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parasitas (LAg - 96 %) ou o antigeno recombinante comercial rK39 (84%).

Embora tenha apresentado uma baixa sensibilidade, as proteinas
apresentaram alta especificidade, quando avaliadas com soros de humanos sadios
(98 a 100%). Em relacao a especificidade soros de humanos acometidos com LC
e Doenca de Chagas, houve uma queda na especificidade de algumas proteinas
(60 a 100%), embora outros antigenos ainda apresentem bons resultados.

A partir da analise individual dos soros nos ensaios de ELISA com o soro
humano, foi possivel observar que cada soro reconheceu pelo menos um dos
antigenos estudados (dados n&o apresentados). Entdo, optamos por avaliar uma
mistura (“Mix”) das melhores proteinas antigénicas com o intuito de aprimorar as
sensibilidades dos testes. Este “Mix” foi composto pelas proteinas Lci1, Lci12 e
Lci13 e foi avaliado frente a soros de humanos e caes infectados com L. infantum.
Quando testado frente a soros humanos, o “Mix” apresentou uma melhora
significativa na sensibilidade (84%), quando comparado as proteinas individuais e
que se mostrou equivalente a obtida com o sistema comercial de diagndéstico e
baseado na proteina recombinante rK39.

Os soros de cao apresentaram uma sensibilidade de 88%, que foi menor que
a sensibilidade apresentada individualmente pelas proteinas componentes do “Mix”
mas ainda assim bastante superior a observada pelo sistema baseado na rK39
(68%). Em relacéo a especificidade, o “Mix” demonstrou bons resultados frente aos
soros humanos e de céo, com valores de 98 a 100%, respectivamente. A conclusao
desse conjunto de experimentos € que a utilizacdo de um sistema baseado em
multiplas proteinas antigénicas € viavel e pode ser a solugdo para o
desenvolvimento de um sistema unico de diagnéstico da leishmaniose visceral. Os

resultados obtidos dentro deste objetivo foram incluidos em artigo publicado em
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2017 onde o autor desta tese divide a primeira autoria (MAGALHAES et al., 2017).



@ PLOS |oxe

)

Check for
updates |

ﬁ OPENACCESS

Cilation: Magalhaes FB, Castro Neto AL,
Mascimento MB, Santos WJT, Medeiros ZM, Lima
Neto AS, et al. (2017) Evaluation of a new set of
recambinant antigens for the serological diagnosis
of human and canine visceral lpishmaniasis. PLoS
ONE 12(9): e0184867. https./dolorg10.1371)
joumal.pone 0184867

Editor: Henk D. F. H. Schallig, Academic Medical
Cenfre, NETHERLANDS

Received: April 5, 2017
Accepled: September 3, 2017
Published: September 28, 2017

Copyright: © 2017 Mapalhaes et al. This is an open
access article distributed under the terms of the
Creative Commans Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited,

Data Availability Statement: The L. infantum and
Leishmania major genomes are available from the
TriTrypDB (htto:itritrypdb.orgfiritrypdby) and
GeneDB (wwnw.genedh org) databases. The final
sequence has been deposited to GenBank and
received the accession number KX018626.

Funding: The wark in Dr. de Melo Neto's laboratory
was more recently funded with grants provided by
the Brazilian funding agency CNPg and the Brazilian
Ministry of Health (Grant MCTLCNPg/MS-SCTIE

48

RESEARCH ARTICLE

Evaluation of a new set of recombinant
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Abstract

Current strategies for the control of zoonotic visceral leishmaniasis (VL) rely on its efficient
diagnosis in both human and canine hosts, The most promising and cost effective approach
is based on serologic assays with recombinant proteins. However, no single antigen has
been found so far which can be effectively used to detect the disease in both dogs and
humans. In previous works, we identified Leishmania infantum antigens with potential for
the serodiagnosis of VL. Here, we aimed to expand the panel of the available antigens for
VL diagnosis through another screening of a genomic expression library. Seven different
protein-coding gene fragments were identified, five of which encoding proteins which have
not been previously studied in Leishmania and rich in repetitive motifs. Poly-histidine tagged
polypeptides were generated from six genes and evaluated for their potential for diagnosis
of VL by ELISA (Enzyme Linked ImmunoSorbent Assay) with sera from infected humans
and dogs. None of those was valid for the detection of human VL (26-52% sensitivity)
although their performance was increased in the canine sera (48-91% sensitivity), with one
polypeptide useful for the diagnosis of canine leishmaniasis. Next, we assayed a mixture of
three antigens, found to be best for human or canine VL, among 13 identified through differ-
ent screenings. This "Mix" resulted in similar levels of sensitivity for both human (84%) and
canine (88%) sera. With improvements, this validates the use of multiple proteins, including
antigens identified here, as components of a single system for the diagnosis of both forms of
leishmaniasis.

PLOS ONE | https://doi.org/10.1371/joumnal.pone.0184867 September 28, 2017
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Introduction

Visceral leishmaniasis (VL) is a systemic and chronic disease caused by an intracellular proto-
zoan parasite of the genus Leishmania and transmitted via sand flies. It is usually characterized
by long duration fever, weight loss, weakness, lethargy, splenomegaly, and pancytopenia,
among other manifestations [1-4]. In epidemiological terms, VL is classified into anthropono-
tic and zoonotic types, with the predominant causal agent for the anthroponotic type being
Leishmania donovani and for the zoonotic type being Leishmania infantum, previously known
as Leishmania chagasi in Latin America [1,5]. In Brazil, this disease is a public health problem
with high transmission and case fatality rates [6,7].

The domestic dog is considered to be the main reservoir of L. infantum, whereas the possi-
bility remains for wild animals such as foxes and marsupials acting as sylvatic reservoirs [8,9].
In general, the clinical signs of the canine leishmaniasis and its diagnosis in sick dogs are rela-
tively clear, although the same cannot be said of animals displaying few signs or those which
are apparently healthy [10]. Afflicted animals can display signs of the disease soon after infec-
tion or remain subclinically infected for significant lengths of time, but both are infectious to
the sandfly vector [11].

Detection of the parasite through direct microscopic visualization or culturing from biolog-
ical samples derived from infected individual is the gold standard of VL diagnosis but this is
not practical on a large scale. Early serological methods used for VL serodiagnosis (e.g. the
direct agglutination test or DAT and immunofluorescence-based tests), relied on the use of
whole extracts and fixed parasites. Diagnostic tests based on the detection of the parasite DNA
by PCR have also been implemented and they have the advantage of being able to discriminate
an active infection from those in which the parasite has been eliminated. All, however, have
cost related issues, require a more complex infrastructure and cannot be implemented in the
field [11-15].

An alternative for improving the serological techniques used for VL diagnosis is the use of
specific molecules that are readily recognized by most sera from infected individuals. For this
purpose several recombinant antigens have been tested and the most promising antigen for
VL diagnosis so far, is the rK39 [15,16]. This antigen is based on a 39 amino acid repeat
derived from a L. infantum kinesin-related polypeptide [17] and early studies indicated its
potential for the diagnosis of human VL and the evaluation of its progression [18]. Extensive
field tests have been carried out since then using this antigen in different formats and an rK39
strip test, readily applicable in the field, has been shown to be a sensitive and a reliable indica-
tor of VL in human patients. In a meta-analysis study evaluating the data from independent
studies using this rK39 strip test, the results were overall seen to be quite uniform with very
high sensitivity and specificity [19]. In Eastern Africa, however, its performance was seen to be
inferior to what was observed elsewhere [ 16—21] and in general it was seen to be positive in a
significant proportion of healthy individuals from endemic regions and for extended periods
after cure of the disease [14.,22]. Another relevant aspect is that tests made in the field focusing
on the diagnosis of VL in dogs did not show equivalent results to those seen with human sam-
ples and suggest that a rK39-based test may not be suitable for the identification of infected
dogs on its own[23-25].

The humoral immune responses generated during an infection by L. infantum in infected
dogs and humans are quite distinct and the antigens most suitable for the diagnosis of VL in
humans are not necessarily valid to use with canine samples [26]. In a previous study our
group identified and evaluated five antigens obtained through the screening of a L. infantum
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cDNA library for their potential for the diagnosis of both human and canine VL. Although
some of the antigens displayed high sensitivity and specificity to one or the other species, none

of them were effective for the serodiagnosis in both humans and dogs [23]. Within this con-
text, we aimed at expanding the panel of available antigens for the diagnosis of VL through the
evaluation of newly selected antigens, as well as a mixture of some of the best among those
evaluated, for the diagnosis of both canine and human forms of the disease.

Materials and methods
Parasites

Leishmania infantum (MHOM/BR2000/Merivaldo2, 2240) promastigotes were maintained at
26°C in modified LIT medium, pH 7.2 [0.2% sucrose (w/v), 0.36% liver broth (w/v), 0.1% tryp-
tose (w/v), 0.002% haemin (w/v)], or Schneider medium, pH 7.2 (Sigma-Aldrich), containing
10% fetal bovine serum, ampicilin (10 U/ml) and streptomycin (10 pg/ml). Parasites were kept
on log phase growth by passaging to new culture media every 3 to 4 days. Total parasite lysate
(LAg) was obtained by sonication of log-phase parasites. The protein content of the lysate was
quantified by the Bradford method.

Sera

The human sera panel was composed of: 50 clinically and parasitologically diagnosed VL
patients obtained from an endemic area in Piaui State, Brazil, independently of sero-reactivity;
50 negative sera samples obtained from healthy individuals of various ages from Pernambuco
State, also endemic for VL; 26 parasitologically confirmed cutaneous leishmaniasis patients; 40
serologically confirmed patients with chronic Chagas’ disease. The canine serum samples were
obtained from: 46 dogs with parasitologically confirmed VL, from the endemic area of Jequié
(Bahia state, Brazil); 15 healthy young dogs of various ages and breeds from non-endemic
areas; and sera from 31 dogs afflicted with other infectious diseases (4 with babesiosis, 20 with
erhlichiosis, and 7 with demodicosis) were also used.

Ethical approval

All dogs were handled in agreement with the Oswaldo Cruz Foundation guidelines for experi-
mentation on animals and the collection of the sera used in this study was approved by the eth-
ics committee for the use of animals in research (CPqGM-FIOCRUZ, Ceua, license N.040/
2005). All human sera were collected after approval of their use by the appropriate ethics com-
mittees, as follows: use of the sera from VL patients was approved by the ethics committee
from the Federal University of Piaui (0116/2005); the negative control sera were included in
the study approved by the ethics committee of the Brazilian Ministry of Health (25000.119007/
2002-03); sera from patients with cutaneous leishmaniasis were included in the project CAEE
0014.0.095.000—-05, approved by the ethics committee from CPqAM-FIOCRUZ (03/08/2008);
and the samples from chagasic patients used in this study were obtained from the serum bank
at the Reference Laboratory for Chagas Disease at CPqQAM-FIOCRUZ. Written informed con-
sent was obtained from all adults or legal guardians of children before blood was collected.

Leishmania infantum genomic library and serological screening

A L. infantum genomic library was constructed with reagents from the Stratagene Corporation
(La Jolla, USA) using total L. infantum DNA partially digested with Tsp5091 and ligated into
the A-ZAP Express bacteriophage, previously digested with EcoRI. Library amplification and
screening was carried out as previously described [27], using a pool of six sera from patients
with VL, at a 1:1000 dilution, to screen approximately 30.000 clones. The inserts were
sequenced and compared with sequences from the L. infantum and Leishmania major
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genomes available at the TriTrypDB (http://tritrypdb.org/tritrypdb/) and GeneDB (www.
genedb.org) databases. Sequences obtained from the ends of each insert were then used for
BLAST searches against genomic nucleotide sequences of L. infantum available at TriTrypDB.
For the 5’ ends of nearly all selected clones (except Lci9), sequences identical in nearly 100% of
the nucleotides were found within regions predicted as protein coding regions whereas the
corresponding 3’ ends matched nearby sequences within the same open reading frame or
withintheneighboringintergenicregions. For Lci9, notfound withinthe available L. infantum
databases, the sequence forthe whole 2.4 kb insert was generated by direct sequencing. The
finalsequencehasbeendepositedto GenBankandreceivedtheaccessionnumber KX018626.

Subcloning strategies

For recombinant protein expression, a distinct strategy was used for each insert, depending on
the occurrence of internal restriction sites compatible with the subcloning strategy into the
expression plasmids of the pRSET series (A, B or C—Invitrogen), as follows: the Lci6 insert
(3.8 Kb) was recovered after digestion with BamHI/Kpnl and the insert ligated into the same
sites of pRSET C; Lci7 (2.4 Kb) was recovered using BamHI/Sall and the insert was ligated into
the BamHI/Xhol sites of the pRSET B; Lci9 (2.4 Kb) was recovered with BamHI/Xhol and
ligated into the same sites of pRSET B; Lcil0 (0.9 Kb) was also recovered with BamHI/Xhol
but the insert was ligated into the same sites of pRSET C; Lcill (1.9 Kb) was first recovered
using the enzymes BamHI/Notl and subcloned into the same sites of the vector pET21a (Nova-
gen), followed by a second subcloning event where the Lcil 1 fragment was recovered from the
resulting plasmid using BamHI/Xhol and the insert ligated into the same sites of pRSET A;
Lcil2 (2.8 Kb) was subcloned in pRSET B after digestion with the enzymes BamHI/Pstl. In all
cases, the resulting constructs encode for fusion proteins containing a common 32 amino acid
segment at their N-terminuses, derived from the pRSET vector and which includes a polyhisti-
dine tract MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKD) plus, eventually, a few
further amino acids encoded by the vector’s multiple cloning sites immediately before and
after the antigen coding segment. For Lcil3 it was generated after two sets of subcloning reac-
tions, where first a 1 Kb Pstl fragment from the previously described Lc2.2 clone [28] was sub-
cloned into the Pstl site of the pTZ18R vector, with its 5’ end facing the vector’s T7 promoter.
For the second subcloning reaction, the insert was recovered from the pTZ18R vector through
digestion with BamH I/Hind IIT and subcloned into the same sites of pRSET A. For Lcil, the
plasmid used for its expression has been described before [23].

Expression and purification of recombinant proteins

For the expression of His-tagged recombinant proteins, Escherichia coli BL21(DE3) pLysS
(Invitrogen) bacteria were transformed with the pRSET derived plasmids, grown in LB
medium and expression induced by IPTG. Induced cells were harvested, resuspended in 0.15
M phosphate buffered saline, pH 7.2 (PBS) and lysed by sonication. Protein purification was
performed with Ni-NTA Agarose (Qiagen). Protein products were analysed by 15% polyacryl-
amide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS-PAGE), followed by
staining of the proteins with Coomassie blue R-250. For estimation of the recombinant pro-
teins concentrations, the densities of their stained bands in Coomassie blue stained gels were
compared with those of known concentrations of bovine serum albumin (BSA).

ELISA

The ELISA assays were essentially carried out as previously described at [23]. Briefly, ~400 ng
of the individual recombinant proteins or mixes of three proteins consisting of 300 ng of each
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protein were added to each well of ELISA plates. The wells were then incubated with the
selected sera at a dilution of 1:200 (canine sera) or 1:900 (human sera), followed by incubation
with the secondary antibody, namely peroxidase-conjugated goat anti-dog IgG (1:1200) or
anti-human IgG (1:10000), depending on the tested sera. For the rK39 ELISA assays, the com-
mercial recombinant rK39 antigen was purchased from Rekom Biotech (Granada, Spain) and
the assays were carried out following the manufacturer’s specifications.

Statistical analysis

The cutoff values for the ELISAs were defined as means of results obtained with serum samples
from 50 healthy donors plus three standard deviations. The ROC curves and the sensitivity
and specificity values were generated with the Medcalc Software version 15.8. The graphs were
generated by the GraphPad Prism 3.

Results

Serological screening and identification of novel Leishmania infantum
antigens

A total of 60 positive clones from a genomic L. infantum expression library were identified
after an immunoscreening with a pool of six sera from Brazilian VL patients. Inserts from 50
clones were sequenced and seven different protein-coding gene fragments were identified and
their protein products named as Lci6, Lci7, Lci8, Lci9, Leil0, Leil 1, and Leil 2, to avoid confu-
sion with the five antigens previously described by us from L. infantum [23]. Thirty-three
clones were found to contain fragments of the Lci6 gene, three encoded Lci7, two encoded
Lci8 and the remaining genes (encoding Lci9, Lcil0, Lcill and Lcil2) were represented by one
clone each. When compared with L. infantum and L. major sequences, five of the identified
antigens (Lci6, Lci8, Lci9, Lcil0 and Lcil2) are either annotated as hypothetical or have not
been properly studied in Leishmania. Lcil 1 has been previously described from Leishmania
amazonensis as a phosphoprotein which binds specifically to a homologue of the translation
initiation factor eIF4E, named as Leish4E-IP (for 4E interacting protein) [29]. This is a hydro-
philic protein conserved in L. infantum and L. major but with limited conservation in Trypa-
nosoma spp and which is very rich in the amino acids proline, glutamine, alanine and serine.
The seventh polypeptide, Lci7, is the L. infantum orthologue of the stress-inducible protein
stil, originally described in L. major [30]. Table 1 lists the L. infantum accession numbers from
TriTrypDB for the genes encoding most of the identified proteins. For Lci9, its gene hasn’t
been properly annotated within the L. infantum genomic sequences, although sequences
resembling parts of this gene can be found split within two distinct segments of chromosome
28, suggesting an assemblage error perhaps due to the shotgun nature of the sequencing of this

Table 1. TriTrypDb accession numbers for the newly identified antigenic proteins.

Protein Accession number in TriTrypDB
Lci6 LinJ.26.1950
Lci7 LinJ.08.1020
Lci8 Lind.32.2420
Lci9 LmjF.28.3010
Lci10 LinJ.34.2360
Lci11 LinJ.35.4030
Lci12 LinJ.29.0110

https://doi.org/10.1371/journal.pone.0184867.t001
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genome [31]. An orthologue for the Lci9 gene is clearly identifiable in L. major, however, and
its accession number is also listed in Table 1.

Sequence analysis of the novel L. infantum antigens

All five novel Leishmania antigens identified in the L. infantum screening (Lci6, Lci8, Lci9,
Lcil0 and Lcil2) have in common the presence of tracts of in tandem repetitive motifs (Fig 1).
Most of these (Lci6, Lci8, Lcil0 and Lcil2) are predicted to be large proteins. The length of
their repeats varies significantly, from only 8 (Lcil2) to more than 50 (Lci6 and Lcil0) amino
acid residues, but little similarity in sequence between the repeats is observed, with the excep-
tion of those from Lci8 and Lcil2, which seem to be related. Lci6 is composed by a non-repeti-
tive N-terminal region (=450 residues long), followed by 21 non-identical repeats of variable
length (varying from 95 to 135 residues) and a very short C-terminus. It is the L. infantum
orthologue of a microtubule-associated protein, described from Trypanosoma brucei as GB4
[32]. Lci8 consists of 61 identical repeats of 10 amino acid residues, flanked by short N and C-
terminal regions of 331 and 242 residues in length, respectively. It is an orthologue of a T. bru-
cei membrane associated protein possibly involved with vesicular transport, Tb-291 [33].
Based upon the gene sequence of its L. major orthologue, the full-length Lci9 is shorter than
the other antigens discussed here and consists of two sets of related repeats of 25 (14 copies)
and 34 (11 copies) residues, flanked by very short N and C-terminal regions (169 and 97 resi-
dues long, respectively). This is the orthologue of the protein named nucleoporin (TbNup140)
[34]. Lcil 0 encodes a hypothetical protein that has orthologues in other Leishmania species
but is absent from Trypanosoma, although it might be related to a protein found within the fla-
gellar attachment zone in 7. brucei. The sequence available from the L. infantum genome
appears to be incomplete but the Lcil0 clone contains multiple related repetitive motifs of dif-
ferent sizes (varying from 68 to 198 residues) which follow a non-repetitive N-terminal region.
Lcil2, also defined as a hypothetical protein, is the Leishmania orthologue of the membrane-
associated protein Tb-292 from T. brucei, related to the Lci8 orthologue Tb-291 [33]. The

L. infantum protein was also identified in a bioinformatic screening for proteins with tandem
repeat domains [35]. It is composed by an N-terminal region containing approximately 160
amino acids, followed by a region containing 30 repeats of an 8 amino acids-long motifand a
carboxi-terminal region containing the #rans-membrane segments.

Recombinant antigen expression

With the exception of Lci8, all the other antigens identified here were efficiently expressed in
E. coli and purified by affinity chromatography on nickel columns. Results of representative
analysis by SDS-PAGE of the various recombinant proteins are shown in Fig 2a. For Lci6,
based on the subcloned fragment, the recombinant protein would encompass residues 246 to
1548 of'the original polypeptide with a predicted molecular weight of 286 kDa. However, a sin-
gle band of ~40 kDa (a likely result of internal proteolytic cleavage) is seen after expression
and purification; it includes the His-tag at the N-terminus and approximately the first one-
third of the protein. The Lci7 subcloned fragment encodes for a polypeptide consisting of
most of the protein (residues 69 to 547), generating a 54 kDa recombinant protein. For Lci9,
the recombinant polypeptide consists of 799 residues and includes all elements identified
within its L. major orthologue, expressed as a 71 kDa band. Lci10 was only expressed as a poly-
peptide encompassing residues 404 to 717 of the full-length protein and a predicted molecular
weight of ~35 kDa (Fig 1d). The recombinant protein, nevertheless, migrates with an apparent
molecular weight greater than 50 kDa. Recombinant Lcil 1 encompasses residues 47 to 688 of
the original protein with a predicted molecular weight of 63 kDa, but also migrates in gel with
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Fig 2. Polyacrilamide gel electrophoresis showing the affinity purified polypeptides evaluated in this
study. (A) His-tagged, recombinant fragments of Lci6, Lci7, Lci9, Lc¢i10, Lci11 and Lci12 in denaturing 15%
SDS-PAGE stained with Coomassie Blue. All lanes shown are from a single gel but selected regions were
removed for clarity. For some of these polypeptides, especially the larger ones, bands of lower molecular
weightcan be generally seen, butthese are likely degradation products due to proteolysis within the bacteria
thatvary in intensity between different batches of purification. (B) The same for Lci1 and Lci13. The numbers
on the leftindicate the sizes of molecular weight markers.

https://doi.org/10.1371/journal.pone.0184867.9g002

an apparent molecular weight higher than predicted, ~100 kDa. For Lcil2, the recombinant
polypeptide expressed comprises residues 153 to 1081 of the full-length protein, with a pre-
dicted size of ~106 kDa and a compatible migration in gel.

Two other proteins obtained in previous works were added to this study for comparative
purposes and shown in Fig 2b. Lcil encodes a L. infantum homologue of the cytoplasmic heat
shock protein HSP70 [23] and the recombinant protein migrates with an apparent molecular
weight of ~80 kDa. The second protein, named Lcil3 here for clarity, encodes part of the
L. infantum mitochondrial HSP70. The recombinant fragment evaluated was described before
[28] and migrates in gel with an apparent molecular weight of ~45 kDa. Despite the fact that
both Lcil and Lcil3 belong to the family of HSP70 proteins, the identity between the two in
terms of amino acid sequence is less than 50% and a rabbit polyclonal serum produced against
recombinant Lcil3 does not recognize Lcil (unpublished data).

Recognition of the L. infantum recombinant proteins by human sera

To evaluate the antigenicity of the recombinant antigens selected for this study, we performed
ELISA assays with serum from humans infected with L. infantum and with VL diagnosis con-
firmed through parasitological tests (Fig 3 and Table 2). With the exception of Lcil, previously
tested [23], none of the others recombinant polypeptides had been evaluated before in similar
assays. The different antigens produced ELISA reactions with variable intensities but the sensi-
tivity values for the novel antigens were low, varying between 26 and 48%, and much inferior
to the performance seen with Lcil (72%), also insufficient, or with either the total parasite
lysate (LAg— 96%) or the commercial recombinant rK39 antigen (84%). As before [23], and in
order to minimize the possibility of false positive results and increase specificity, for these
experiments we opted to define a cutoff based on the mean plus three standard deviations of
the results generated with control sera from healthy individuals. Indeed, most of the antigens
did not produce false positive reactions and the specificity values calculated based on these
sera were equal to or very close to 100% (the data also summarized in Fig 3 and Table 2). The
various antigens were also tested with sera from patients with cutaneous leishmaniasis and
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leishmaniasis was tested through an Enzyme-Linked ImmunoSorbent Assay (ELISA) with the recombinant
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antigens produced in this study, the rK39 and the total L. infantum lysate (LAg). The panel was composed of 50
serum samples from individuals with visceral leishmaniasis (VL), 50 serum samples from healthy individuals
(Healthy), 23 serum samples from individuals with cutaneous leishmaniasis (CL) and 40 serum samples from
individuals with Chagas disease (Chagas). Each symbol corresponds to the result obtained with an individual
serum. The horizontal lines indicate cutoff values, calculated by the means of results obtained with serum
samples from healthy donors plus three standard deviations.

https://doi.org/10.1371/journal.pone.0184867.9g003

Chagas’ disease in order to evaluate their cross-reactivity for VL diagnosis. Remarkably, Lci9
produced very strong cross-reactions with sera from Chagas’ disease patients and only Lcil0
and Lcil2 did not display cross-reactions to sera from either cutaneous leishmaniasis or Cha-
gas’ disease individuals. With the exception of Lci9 (60%), the specificity values calculated
based on these sera were all above 95%. Overall, among the new recombinant polypeptides
tested, antigens Lcil and Lci7 produced a better performance (greater sensitivity with very
high specificity), but their low sensitivity compromises their use as single antigens for the diag-
nosis of human VL (Table?2).

Recognition of the L. infantum recombinant proteins by canine sera

Next, we assayed the same set of antigens for their potential to identify positive sera from dogs
with parasitologically confirmed leishmaniasis. Again, only Lcil had been previously been
tested in similar assays [23]. In general, these antigens had a performance with the canine sera
better than that seen for the positive human samples. The ELISA’s sensitivity varied between
49 and 91%, for the novel antigens described here, and 93 and 97%, for Lcil and Lcil3,

Table 2. Summary of the ELISA assays carried out with human serain order to evaluate the performance of the recombinant antigens for the iden-
tification of positive cases of human VL. LAg represents the total L. infantum lysate used as positive control. C.I. stands for confidence interval. NE—Not

Evaluated.

Recombinant
antigens
LAg
Lci1
Lci6
Lci7
Lci9
Lci10
Lci11

Lci12

Lci13

Mix (Lci1, Lci12 and

Lci13)
rK39

Sera from confirmed VL infected humans

% of sensitivity
(99% C.1.)
96%
(86.3%—-99.5%)
72%
(57.5%—83.8%)
48%
(33.7%—62.6%)
52%
(37.4%—66.3%)
26%
(14.6%—40.3%)
48%
(33.7%—62.6%)
32%
(19.5% -46.7%)
46%
(31.8% -60.7%)
44%
(30% -58.8%)
84%
(70.9%-92.8%)
84%
(70.9%-92.8%)

Serafrom related diseases (% of cross-reactive sera with positive

results)
% of specificity/ healthy Cutaneous Chagas’ % of specificity/ related
sera (99% C.1.) Leishmaniasis disease diseases (99% C.l.)
100% 52% 20% 74%
(92.9%—-100%) (62.7%—82.6%)
100% 26% 2.5% 94%
(92.9%—-100%) (87.65%—-97.47%)
100% 13% 0% 97%
(92.9%—-100%) (92.4%—-99.4%)
100% 17% 2.5% 96%
(92.9%—-100%) (89.98%—-98.55%)
98% 56% 77.5% 60%
(89.2%—-100%) (50.4%—69%)
100% 0% 0% 100%
(92.89%—-100%) (92.9%-100%)
98% 25% 7.5% 90%
(89.2%—100%) (82.5%—94.5%)
100% 0% 0% 99%
(92.9%—-100%) (95.2%—-100%)
98% 12.5% 12.5% 93%
(89.4%—-100%) (86.5%—-96.9%)
98% NE NE NE
(86.8%—99.9)
100% NE NE NE

(92.89%—100%)

https://doi.org/10.1371/journal.pone.0184867.t002
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respectively, comparable to that from the total parasite lysate (LAg— 93%). In contrast, the sen-
sitivity for the commercial 1K39 was 68%. Again no false positive results were seen when sera
from healthy control dogs were evaluated, with the specificity values calculated based on these
equal to 100% for the different polypeptides tested. When sera from dogs afflicted with other
infectious diseases (erhlichiosis, babesiosis or demodicosis) were evaluated, however, some
positive cross-reactions, with moderate intensity were observed, leading to reduced specificity
values calculated with these sera (76%—100%) (Fig4 and Table 3). Lcil3 displayed the best per-
formance between the various antigens tested, with 97% sensitivity and very high specificity.
Its performance was even superior to the one seen with the assays using total parasite lysate
(Lag), which displayed some false negative results as well as strong cross-reactions with the
sera from dogs with other infectious diseases. Other antigens also produced strong reactions
with the positive dogs’ sera (Lcil and the novel antigen Lcil2), but their performance was infe-
rior to Lcil3. Nevertheless, with the dog sera at least, all three antigens performed much better
than the commercial recombinant rK39 and can be potentially useful as part of novel tests for
the diagnosis of canine leishmaniasis.

Evaluation of a mix of three recombinant proteins against both human
and canine sera

When the results from the ELISA assays with the VL positive human sera were analyzed in
more detail, all were seen to recognize at least one of the recombinant antigens evaluated (data
not shown). This led us to test in similar assays, with the VL positive sera from humans and
dogs, a mix of recombinant proteins with complementary reactivities (Lcil, Lcil2, Lcil3). This
“Mix” consists of the best three proteins evaluated here in terms of sensitivity and specificity
with human and/or canine sera. The results from the assays with the human sera are shown in
Fig 5a. The “Mix” produced a strong reaction with the positive sera, displaying a greater sensi-
tivity when compared with the individual antigens (84% sensitivity—also shown in Table 2),
and an overall performance more similar to the total parasite lysate or to recombinant rK39
when the results were analyzed through a ROC curve (Fig 5b). A great number of cross-reac-
tive reactions, however, were seen with the sera from Chagas’ disease and cutaneous leishman-
iasis individuals. The assays using the canine sera also resulted in a significant proportion of
positive results for the animals with confirmed leishmaniasis (88% sensitivity—Fig 5c and
Table 2). The “Mix”, however, produced a lower performance than the one observed for Lcil 3
and the total parasite lysate, although no significant difference was seen when these results
were analyzed through a ROC curve (Fig 5d), with all three samples showing strong sensitivity
and specificity for the diagnosis of the canine leishmaniasis. In comparison with rK39, how-
ever, the “Mix” still behaved much better than the commercially produced recombinant pro-
tein when tested with the dog sera.

Discussion

An early and accurate diagnosis of VL is of great importance to the administration of an effec-
tive treatment, screening of endemic areas and consequent interruption of the parasite life
cycle[15,16]. In this study, a panel of novel L. infantum antigens was evaluated for their poten-
tial use for the diagnosis of both human and canine forms of VL. ELISA was chosen for this
evaluation since it is a preferred choice for the serodiagnosis of the disease in the laboratory
[36] and it has been shown to be more reliable and sensitive than other rapid tests [37]. Several
of the antigens tested showed very good potential for the canine form, with one of them
(Lcil3), demonstrating a better capacity to detect the canine leishmaniasis than the total para-
site lysate. This protein is a promising antigen, since some recent studies did not find a single
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Fig 4. Evaluation of the novel Leishmania infantum recombinant antigens for the diagnosis of canine
visceral leishmaniasis. The ELISA assay described in the previous Figure was performed also with a panel of
canine sera from animals confirmed with visceral leishmaniasis. Serum samples from 46 dogs with
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leishmaniasis confirmed through parasitological tests (CanL—canine leishmaniasis), 31 dogs with other
infections (4 with babesiosis, 20 with erhlichiosis, and 7 with demodicosis—Others) and 15 healthy control
animals (Healthy) were assayed with the recombinant antigens, the rK39 and the total L. infantum lysate (LAQ).
Each symbol corresponds to the result obtained with an individual serum. The horizontal lines indicate cutoff
values, calculated as described in Materials and Methods.

https://doi.org/10.1371/journal.pone.0184867.9004

protein capable of such diagnostic efficiency in dogs [38.39]. In contrast, none of the antigens
tested were as effective for human VL, highlighting the differences in immune response
between the two different disease targets, as highlighted previously [23,26]. In the assays
described here, the commercial rK39 antigen was included in order to facilitate the compari-
son of the newly identified antigens with other previously described and also to evaluate the
immune response level from the sera selected for this study. The results for the rK39 were
indeed consistent with what has been reported in the literature and confirming that it is effec-
tive for the diagnosis of human VL but performs much less satisfactorily with the canine form
of the disease [19,24].

Most of the antigens tested here were proteins bearing repetitive motifs. Such proteins have
been reported in the literature to be present in various organisms, from viruses to humans,
and are characterized by the presence of at least two or more copies of an amino acid sequence.
Several studies show that they are particularly antigenic and it is believed that this occurs due
to stimulation of B cells by binding these repetitive antigens, by a route independent of the T-
lymphocyte stimulation [40—43]. For these reasons, these proteins are strong candidates for
the development of serological assays and vaccine targets. Here, the evaluated proteins bearing
repetitive motifs did not show good sensitivity in humans. However, when tested against dog

Table 3. Performance of the recombinant antigens with dog sera. LAg represents the total L. infantum lysate used as positive control. C.I. stands for con-
fidence interval. NE—Not Evaluated.

Recombinant
antigens
LAg
Lci1
Lci6
Lci7
Lci9
Lci10
Lci11

Lci12

Lci13

Mix (Lci1, Lci12 and

Lci13)
rK39

Sera from dogs with confirmed leishmaniasis

% of sensitivity
(99% C.1.)
93%
(80.9%-98.5%)
93%
(80.9%-98.5%)
67%
(561.5%—-80.9%)
49%
(33.3%—64.6%)
85%
(71.1%-93.7%)
77%
(61.4%—88.2%)
83%
(68.6%—-92.2%)
91%
(77.9% -97.4%)
97%
(85.8%—-99.9%)
88%
(72.6%—-96.7%)
68%
(50.2%—-82%)

Sera from related diseases
(% of cross-reactive sera with positive results)

Ehrlichia | Babesiosis | Demodicosis % of specificity/ related

diseases (99% C.l.)

% of specificity/ healthy
sera (99% C.1.)

100% 15% 50% 0% 89%
(76.8%—100%) (76.4%—96.4%)
100% 50% 0% 14% 76%
(76.8%—100%) (61.2%—87.4%)
100% 0% 0% 0% 100%
(76.8%—100%) (76.8%—100%)
100% 15% 0% 0% 94%
(76.8%—100%) (82.1%—98.6%)
100% 10% 0% 14% 92%
(76.8%—100%) (78.6%-98.3%)
100% 15% 0% 14% 91%
(76.8%—100%) (79.2%-97.6%)
100% 30% 0% 28% 79%
(76.8%—100%) (62.7%—90.4%)
100% 35% 50% 0% 80%
(76.8%—100%) (66.1%-90.6%)
100% 5% 0% 0% 98%
(76.8%—100%) (88.5%-99.9%)

100% NE NE NE NE
(76.8%—100%)
100% NE NE NE NE

(78.2%—100%)

https://doi.org/10.1371/journal.pone.0184867.t003
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Fig 5. Reactivity of an antigenic mix with human and canine sera positive for visceral leishmaniasis. (A) Reactivity of an antigenic
mix with human sera from individuals with confirmed visceral leishmaniasis (VL), cutaneous leishmaniasis (CL), Chagas’disease (Chagas)
and healthy controls (Healthy). (B) ROC curves displaying the performance with the human sera of the protein “Mix”, the individual
recombinant proteins that were included in the “Mix”, rK39 and the total L. infantum lysate (LAg). (C) Serum reactivity of dogs with canine
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canine sera of the protein “Mix”, the individual recombinant proteins that were included in the “Mix”, rK39 and the total L. infantum lysate.

https://doi.org/10.1371/journal.pone.0184867.9005

sera, they displayed high sensitivity, corroborating previously published data where a repetitive
protein showed higher sensitivity than non-repetitive proteins with canine samples [44].

The tested recombinant antigens displayed major differences in sensitivity when tested in
human and dog sera, as previously seen by us and others using different recombinant polypep-
tides in the same type of assay [23,26]. This variance may be due to the differentiated way that
the vertebrate hosts react to the parasite, mainly regarding the recognition and presentation of
the distinct antigens studied to the immune system or, as has been proposed [26], this response
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may be due to different mechanisms for parasite survival in each host (man and dog). On the
other hand, since it has been shown that variations in sensitivity may be due to the symptom-
atic and asymptomatic phases of the disease, the symptomatic phase displaying the best sensi-
tivity performance in the serological tests [45], these differences may, to some extent, reflect
the stage of the disease in the individuals from whom the sera were collected. In general, the
differential recognition of the studied proteins by the sera from the two hosts highlights the
differences in the immune responses elicited by the parasite and the need to optimize the cur-
rent serological tests.

In order to improve the diagnosis of VL in humans, we proposed the evaluation of an anti-
gen “Mix”, composed by antigens which already had produced good performance with the
dog samples. These antigens were chosen in order to combine the high sensitivity and specific-
ity found in dog sera and improve the tests made with the individual proteins to detect the dis-
ease in dog and humans, resulting in a promising serological test. Recombinant Lcil had been
evaluated before with a good performance for VL immunodiagnosis in dogs [23] and it was
selected as one of the three proteins (with Lcil2 and Lcil3) included in the “Mix”. The use of
this “Mix” led to a substantial increase in the sensitivity for the human disease, with a minor
decrease in performance for the canine leishmaniasis, when compared with Lcil3 alone and
total Leishmania lysate, with no false positive results seen when assayed against the healthy
control sera. The “Mix” was therefore a significant improvement as a tool to detect the disease
in both humans and dogs, although further optimization would still be required in antigen
representation in other to increase sensitivity prior to any considerations regarding a commer-
cial test. Nevertheless, these results contrast with a recent report where a similar mix of three
antigens did not lead to an increase in their diagnostic performance when it was compared
with the individual proteins alone [39]. Lack of significant improvement attempted by a mix-
ture of proteins may be explained by the decrease of the antigenicity of each individual protein,
due to the presence of the antigenic peptide in lower concentration in the solid phase. An alter-
native serological method that could be used to deal with the limitations presented by the pro-
tein mixture is the development of chimeric proteins, containing the regions of the proteins
that presented the best performance in serological evaluations. Some studies in this area have
already been done and they showed a significant improvement in the sensitivity of the serolog-
ical test [46—49].

In summary, the recombinant antigens tested individually in this study in human and dog
sera, displayed different sensitivities for the serodiagnosis of VL, with a better performance in
dogs. In fact, Lcil3 displayed a sensitivity for the dog sera higher than the current field tests,
which demonstrates the potential for this recombinant antigen to detect CVL on its own. The
goal of identifying a single natural antigen valid for the diagnosis of both forms of the disease
does not seem viable. Recently, the use of chimeric proteins based on multiple antigenic pep-
tides for the diagnosis of the canine leishmaniasis has been tried with promising results. The
performance seen with the protein mix tested here indicates that, with improvement, the
inclusion of selected epitopes from these antigens into novel chimeric proteins could be a
good option to obtain serological tests with higher sensitivity and which would simultaneously
be effective for both species.
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5 ARTIGO 2

Caracterizagao in silico de multiplos genes codificadores da proteina de viruléncia
gp63 de Leishmania braziliensis: identificagcdo de fontes de variagdo e provaveis

acdes na evasao imune

A gp63, principal proteina de viruléncia de Leishmania sp., tem sido
amplamente estudada quanto a suas funcbes de protease para o escape do
sistema imune, no hospedeiro vertebrado, e para a manutencdo do parasita, no
hospedeiro invertebrado (SANTOS et al. 2006; OLIVIER et al. 2012). Contudo,
apesar de anos de estudo, pouco se sabe sobre a base molecular do surgimento
dos multiplos genes de gp63 presentes em diferentes espécies de Leishmania e
em especial qual a razdo do seu grande numero de copias encontradas no
subgénero Viannia, em comparagao as espécies do subgénero Leishmania.
Momentos de expressao génica, variagao de sequéncia e sua provavel influéncia
na relacao parasita hospedeiro sao entdo todas questbes levantadas e que
nortearam este estudo.

Primeiramente, observamos em bancos de dados que de fato existe uma
grande variagao na quantidade de genes codificantes de gp63 entre as sequéncias
depositadas pertencentes a espécies dos dois principais subgéneros de
Leishmania (Viannia e Leishmania). Enquanto que 39 genes foram anotados para
a L. (V.) braziliensis, apenas seis e oito genes foram identificados em L. (L.) major
e L. (L.) infantum, respectivamente. A partir desses dados, buscamos investigar a
importancia dessa quantidade de genes para a célula de Leishmania e suas

possiveis implicagcdes na interagdo com o sistema imune.
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O préximo passo foi realizar uma busca por possiveis paralogos ainda néao
anotados no genoma de L. braziliensis. Para isso, realizamos uma busca através
da metodologia de modelos ocultos de Markov (Hidden Markov Models - HMMs),
criados a partir de grupos de ortdlogos de diferentes espécies de Leishmania. Nesta
analise foram utilizados os dados da cepa 2904, que € a cepa descrita com a maior
quantidade de genes de gp63 e melhor qualidade do genoma anotado. Apds a
busca, ndo foram encontrados novos paralogos de gp63 nos bancos de dados e
todas as sequéncias de gp63 anotadas foram identificadas, com exce¢cado de um
unico gene que nao parecer realmente ser de gp63. Ainda com o objetivo de
identificar o maior numero de genes de gp63 possivel, decidimos realizar
amplificagdes desses genes utilizando oligonucleotideos construidos para regides
conservadas em suas sequéncias. Apdés amplificagdo, clonagem e
sequenciamento, foram obtidos da L. braziliensis 2904 um total de 40 fragmentos
de genes de gp63 diferentes. Desses 32 se mostraram distintos dos descritos nos
bancos de dados, ressaltando uma diversidade ainda maior de genes de gp63
nessa espécie do que a predita apenas baseado nos dados genémicos.

Para esclarecer a relagao entre os multiplos genes gp63 em Leishmania,
optamos entdo por rever a sua organizagdo cromossOmica nas suas principais
linhagens patogénicas e novamente tomando como base os dados gendémicos de
cepas de referéncia. Para L. major, que possui o melhor e mais estudado genoma
entre as espeécies de Leishmania, trés conjuntos de genes de gp63 foram
encontrados distribuidos nos cromossomos 10, 28 e 31, com uma organizag&o
gendmica semelhante também foi observada para L. infantum e L. mexicana. Para
L. braziliensis, contudo observou-se uma grande expansdo dos genes no

cromossomo 10, uma menor expansado daqueles encontrados no cromossomo 31



68

e, diferentemente das outras espécies, nenhum gene foi anotado no cromossomo
28. A grande diferengca encontrada no numero de genes pertencentes ao
cromossomo 10, em relacdo ao cromossomo 31, é consistente com nossos dados
de PCR. Em geral, esses resultados sao consistentes com a expansao do numero
de genes de gp63 em L. braziliensis e em outras espécies pertencentes ao
subgénero Viannia, direcionadas principalmente aos genes do cromossomo 10. E
importante ressaltar que uma expansao semelhante foi observada nos genes do
cromossomo 10 de L. tarentolae, um parasita de lagarto.

Em seguida buscamos entender um pouco mais sobre os grupos de genes
relacionados aos cromossomos, 10, 28 e 31. Como os genes de gp63 estdo
presentes em outros tripanossomatideos e cinetoplastideos mais distantes
evolutivamente, investigamos se existiria alguma relagao entre eles e os genes de
Leishmania e se alguma fung¢ao pode ser inferida com base nos genes encontrados
em cada organismo. Diferentes quantidades de genes de gp63 foram descritas
variando ao longo das varias linhagens de cinetoplastideos e reforgando os
multiplos papéis que esta proteina possui, independentemente do organismo
envolvido. Comparamos entéo, através de analise filogenética, as sequéncias mais
divergentes e representativas dos trés principais grupos de genes de gp63 de
Leishmania (dos cromossomos 10, 28 e 31), com genes de organismos mais
evolutivamente distantes. Esta analise p6de demonstrar a clara divergéncia de
genes de gp63 mapeados no cromossomo 10 de Leishmania, dos genes mapeados
nos cromossomos 28 e 31. Também observamos que 0s genes nos cromossomos
28 e 31 da Leishmania sp. provavelmente surgiram antes dos cinetoplastideos
colonizarem vertebrados e podem nao estar envolvidos na sua patogénese neles.

O fato de que alguns genes de L. pyrrhocoris e C. fasciculata, parasitas de insetos,
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estdo relacionados aos genes de gp63 no cromossomo 10 de L. braziliensis, pode
ainda indicar a existéncia de genes que tenham atividades relacionadas as acdes
dessas proteinas no inseto. Avaliamos também a multiplicagdo dos genes ocorrida
no cromossomo 10 em Leishmania, investigando se este era um evento
independente, dentro de cada espécie ou linhagem e evolutivamente mais recente,
ou se ocorreu antes da separagao destas linhagens. A analise demonstrou uma
expansao independente do numero de genes de gp63 em diferentes espécies de
Leishmania, especialmente dos genes presentes no cromossomo 10 de L.
braziliensis.

Ap0ds essas analises, decidimos nos aprofundar no estudo de caracterizagao
dos genes do cromossomo 10 de L. braziliensis. A partir de dados da literatura e de
comparagao entre sequéncias na extremidade C-terminal das proteinas e das
regides 3’ nao traduzidas (3' UTR) preditas dos seus mRNAs, foi possivel
correlacionar alguns dados de expressao para algumas das sequéncias e desta
forma agrupa-las em classes distintas. Para L. majore L. infantum trés grupos foram
identificados no total, com possiveis diferencas de expressao e diferencas na sua
regidao C-terminal compativeis com alteragdes funcionais ligadas a sua localizagao
na membrana ou secre¢cdo. Em L. braziliensis esta analise revelou seis grupos de
genes de gp63 no cromossomo 10.

Em seguida, direcionamos nosso estudo a entender os motivos da expanséo
dos genes de gp63 encontrados no cromossomo 10 de L. braziliensis, através de
pesquisa de eventos de recombinacdo. Nestas analises, observou-se que os genes
de gp63 presentes no cromossomo 31, utilizados como parametro de comparagéo,
nao apresentaram eventos de recombinacgao detectaveis. Ja em relagdo aos genes

do cromossomo 10 (obtidos por PCR e presentes nas bases de dados), de um total
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de 67 sequéncias analisadas, 40 deles (60% do total) foram relatados como genes
recombinantes. A maioria dos eventos de recombinagdo ocorre na regiao do
terminal N e/ou C-terminal do gene com apenas um unico caso de recombinagao
na area central da proteina.

Investigamos, entdo, se as variagbes encontradas nas diferentes gp63
codificadas no cromossomo 10 eram suficientes para alterar significativamente a
estrutura da proteina. Para isso foi feita a modelagem de sequéncias selecionadas
com base na estrutura descrita para uma gp63 da membrana de células
promastigota de L. major. A partir das proteinas modeladas demonstramos que
algumas tinham estruturas muito similares entre si e outras eram mais divergentes.
Mapeamos em seguida as regides variaveis identificadas pelos alinhamentos
multiplos anteriores. Esta andlise mostrou que a maioria das regides variaveis se
posicionavam externamente nas estruturas proteicas.

Como ultimo ponto de investigagdao, buscamos avaliar se as regides
variaveis nas proteinas estariam envolvidas na sua interagdo com células B do
sistema imunoldgico e seriam potencialmente capazes de gerar anticorpos. Assim,
realizamos predi¢cdes de epitopos de células B lineares e conformacionais das
proteinas modeladas. De uma forma geral a analise revelou que boa parte dos
epitopos foram mapeados para as regides externas das proteinas e coincidiam com
motivos que exibem variagdo de sequéncia. Este conjunto de resultados, relatados
de forma mais detalhada no manuscrito a seguir, em fase final de redag&o para
publicagdo, constituem uma contribuicdo significativa no entendimento da
diversidade dos genes de gp63 em Leishmania, e geram pontos a se investigar que
dizem respeito ao papel desta proteina ao longo do ciclo de vida do parasita e na

sua patogenia.
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Abstract

The leishmaniasis are parasitic diseases caused by protozoans of the genus
Leishmania. The parasites of this genus produce proteases that aid the Leishmania
against the immune response from their host during early stages of infection. The
main representative protein from this group is gp63, a membrane protein able to
evade actions of the host immune system that would lead to destruction of
Leishmania. Concerning their gene organization, there is a noticeable difference in
the number of gp63 genes throughout the Leishmania species. This study sought to
identify and characterize gp63 orthologs and paralogs in silico, evaluating their
differences and similarities and the implications for the protein’s function. Through
our analysis we could identify a large number of gp63 gene paralogs in Leishmania
and related species, categorized into distinct groups and localized on chromosomes
10, 28 and 31. The genes of the latter two groups appear to be more related to
genes found in insect or plant parasites, whereas those in chromosome 10 have
experienced an expansion in the number of paralogs in Leishmania and especially
in L. braziliensis. These were better studied and presented distinct expression
moments, independent expansion in evolution and intragenic recombination events.
Sequence variations and regions predicted to bind antibodies were mapped on the
external surface of the proteins. These data suggest a relevant role for the antigenic

variation of gp63 in the parasite biology and in the pathogenesis of the disease.

Key Words: Leishmania braziliensis, Gp63, virulence proteins
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Introduction

The leishmaniasis are parasitic infectious diseases caused by flagellated
protozoa of the genus Leishmania and which are transmitted by sandflies of the
Phlebotomus or Lutzomyia genera (David and Craft, 2009). These diseases are
found as three main clinical forms, named as cutaneous leishmaniasis (CL),
mucocutaneous leishmaniasis (CML) and visceral leishmaniasis (VL) or kala-azar
(Salotra et al., 2003; Selvapandiyan et al., 2012), with an annual incidence of 0.7 to
1.2 and 0.2 to 0.4 million new cases for CL and VL, respectively (Alvar et al., 2012).
The Leishmania species have developed effective mechanisms to escape the
mammalian host immune response during the early stages of infection. Some of
these evasion mechanisms are made by proteases, which help ensure that the
parasite can invade the mammalian tissue, survive, proliferate and differentiate
(Silva-Almeida et al., 2012).

The gp63 protease was first discovered in 1980, when it was described as
the major surface antigen of the promastigote form in many species of Leishmania
and later it was identified as an important virulence factor (Matlashewski, 2001;
Olivier et al., 2012). This is a zinc-dependent metalloproteinase, which belongs to
the metzincin class and the peptidase family M8. This class of proteins include
features such as the conserved motif HEXXHXXGXXH, a GPI anchor and a pro-
peptide located in the protein’s N-terminal region that renders the proenzyme
inactive during translation and is removed during its maturation and activation (Yao
et al., 2003). The sequence that encodes the pro-peptide contains a cysteine
residue conserved in the gp63 across the different Leishmania species. This residue
has been shown to contribute to a cysteine switch mechanism of protease activity,

that aids the zinc atom to bind at the active site and inhibit enzyme activity, which
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protects the cell from self-destruction (Macdonald et al., 1995). In addition to the
mentioned characteristics, the gp63 proteins also contain a signal sequence at their
N-terminus, which directs them to the endoplasmic reticulum after its synthesis and
to the Leishmania secretory pathway (Yao et al., 2002).

In mammals, within the extracellular environment, gp63 acts in the
inactivation of the complement cascade, by inhibiting the factor C3b. This
inactivation will prevent the formation of the membrane attack complex (MAC) and
will opsonize the Leishmania, facilitating its phagocytosis, besides it will inhibit the
IL-12 production, which will favour cell growth (Gomez and Olivier, 2010; Gupta et
al., 2014). Studies have also shown that gp63 can facilitate the binding of the
parasite to the macrophage through fibronectin receptors, cleaving proteins from the
host's extracellular matrix, and providing Leishmania with a faster entry into the
macrophage through the activation of a host tyrosine phosphatase (Olivier et al.,
2012; Shio and QOlivier, 2010). It has also been observed that lack of gp63 drastically
reduces the Leishmania’s ability to establish and maintain an infection, since the
hosts are more likely to induce an innate immunity inflammatory responses (Olivier
and Hassani, 2010). Gp63 also acts to reduce the production of TNF, IL-12 and
nitric oxide, which contributes to the protection and survival of the parasite
(Podinovskaia and Descoteaux, 2015).

Gp63 has also been shown to be released through exosomes into the
extracellular medium and this may facilitate its uptake by the macrophage, even
before it internalizes the Leishmania, generating internal cellular inhibitory changes.
In fact, macrophage studies have shown that gp63 can cleave the transcriptional
factor AP-1, which regulates the production of pro-inflammatory cytokines and nitric

oxide (Atayde et al., 2016; Contreras et al., 2010). This protein cleavage action, was
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also shown in another study where gp63 was associated with the inactivation of the
mTOR kinase, an enzyme required for the phosphorylation of the 4E-BP1 inhibitory
protein, a regulator of translation that binds to the cap binding protein, elF4E, and
prevents its recruitment of the translation machinery. When mTOR is cleaved, it
does not phosphorylate 4E-BP1 and this lack of 4E-BP1 phosphorylation prevents
it from blocking the formation of a functional elF4F translation initiation complex.
This gp63 action allows the inhibition of protein synthesis in the macrophage,
providing an ideal environment for the proliferation of the pathogen (Jaramillo et al.,
2011).

In addition to the immune evasion in the mammalian hosts, the gp63 also
perform functions in the insect vector. A potential involvement in the degradation of
protein components that would lead to the adhesion of the parasite in the insect gut
epithelium has been shown (D’Avila-Levy et al., 2006; Pereira et al., 2009). Due to
the gp63 wide substrate specificity, it can also perform a nutritional role for the
parasite, acting as an endopeptidase (D’Avila-Levy et al., 2014; Santos et al., 2006)
or even protecting the Leishmania against insect defences (D’Avila-Levy et al.,
2014).

Concerning the gp63 gene organization, there is a noticeable variation in the
number of gene copies encoding these proteins among different Leishmania
species. In L, major these genes are present in more than one chromosome and
multiple copies have been detected arranged in tandem (lvens et al., 2005) and the
same multi-copy arrangement was found in the L. infantum and L. braziliensis
genomes (Peacock et al., 2007). Indeed, in early hybridization studies a remarkable
difference in gene numbers have been reported between species belonging to the

two major Leishmania subgenus, Leishmania and Viannia (Steinkraus et al., 1993;
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Victoir et al., 1995; Voth et al., 1998). This was confirmed by recent sequencing
performed with Leishmania belonging to the Viannia subgenus (Llanes et al., 2015),
although there is no consensus to the number of genes among them. Regarding the
expression of these genes, it was observed that some clusters of gp63 are
differently regulated during the parasite life cycle stages (amastigote, logarithmic
promastigote, and stationary stage) in L. donovani, L. mexicana e L. major (Yao et
al., 2003). The regulation of the differential expression of these genes does not
seem to be related to the organization of these genes in tandem. Studies have
shown that the determining factor for this regulation are characteristic sequences
present in the intragenic regions and 3 'UTR of the genes (Kelly et al., 2001; Yao et
al., 2003).

Despite all scientific data and studies regarding the gp63, little is known about
the need for a high copy number of the genes encoding these proteins in L.
braziliensis. Therefore, to assess the importance of this group of proteins in the
parasite-host interaction and generate a greater understanding about the biology of
the parasite, as there is a noticeable difference in the number of genes encoding
these proteins throughout the Leishmania species, this study sought to identify and
characterize in L. braziliensis orthologs and paralogs of gp63 in silico and through
genes obtained by PCR assays, evaluating their differences and similarities and the

implications for the protein’s function.

Methods

Parasites and culture conditions

In this study, we used Leishmania (Viannia) braziliensis
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(MHOM/BR/75/M2904) in the promastigote form. The cells were cultured at 26° C
in Schneider (Sigma) pH 7.2 supplemented with 20% fetal bovine serum (FBS),

antibiotics (Streptomycin / Penicillin 0.1%) and 0.1% Hemin.

PCR, cloning and sequencing

Approximately, 108 L. braziliensis promastigotes were used for total genomic
DNA extraction using DNAzol (Invitrogen) and standard procedures. PCR reactions
for the amplification of the gp63 sequences were performed using Phusion® High-
Fidelity DNA Polymerase (New England Biolabs), following the manufacturer's
protocol and with oligonucleotides used as primers listed in the Supplementary
Table 1. After amplification, cloning and sequencing of the PCR products, a
nomenclature was created for the newly generated sequences in order to identify
from which set of primers they were derived, whether from those encoding the
KDELMAP or GPI region and defining which gp63 gene it most closely resembles

and to be used in other analysis.

Search for new gp63 paralogs through Hidden Markov Models

First, the predicted proteomes of the following organisms were downloaded
from TritrypDB in August 25, 2014: L. braziliensis strain 2903 [taxid: 1295825], L.
braziliensis strain 2904 [taxid: 420245], L. infantum [taxid: 435258], L. major [taxid:
347515], L. donovani [taxid: 981087], L. mexicana [taxid: 929439] and L. tarentolae
[taxid: 5689]. For this analysis, only genes annotated as gp63, with more than 30
amino acids and no more than one stop codon per sequence were considered.

All of the protein sequences derived from genes that met the inclusion criteria

described earlier were submitted to the analysis of the OrthoMCL program (Li et al.,
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2003), which uses the MCL (Markov Cluster) algorithm to create groups of
homologous proteins based on sequence similarity (Enright et al.,, 2002). The
protein sequences included in each group were used as input for a multiple
alignment by the MAFFT software (default settings) (Katoh et al., 2002). The
proteins which displayed a low alignment quality were excluded from the analysis.
Finally, a multiple alignment of each group was used as input to hmmbuild, a tool
from the HMMER package, version 3.0 (Eddy, 1998). This tool was used to build
Hidden Markov Models (HMMs) based on the multiple alignments. The HMMs
obtained were used to search for new paralogs within the L. braziliensis strain 2904
proteome utilizing the hmmsearch tool (part of the HMMER package). A cutoff of

0.001 for hit significance (e-value <= 0.001) was applied.

Gp63 phylogenetic analysis and detection of recombination events

A phylogenetic tree was built from all gp63 protein sequences used in the
previous steps, the ones obtained by PCR and gp63 sequences from Leishmania
guyanensis [taxid: 5670] Leishmania panamensis [taxid: 5679], Bodo saltans [taxid:
75058], Trypanossoma cruzi [taxid: 353153] and Trypanossoma brucei [taxid:
185431], that started with a methionine and had no stop codons in the middle of
their sequence, were selected and aligned by MAFFT (default settings). The
alignment was automatically edited by Trimal (Capella-Gutiérrez et al., 2009) to
keep just phylogenetically informative sites. The tool called ProtTest (Abascal et al.,
2005) was used to predict the best evolutionary model which was then used as a
setting to build the phylogenetic tree with PhyML tool, applying the Maximum
Likelihood method (Guindon et al., 2010). The branch support for each tree was

given by non-parametric bootstrap analysis using 1000 replicates. After analysis in
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the tree results, we attempted to make an inference of the gp63 gene expression
profile, using 500 pb of the 3 'UTR regions of the gp63 genes of L. major, L. infantum
and L. braziliensis. The UTRs were aligned, analyzed and used for the construction
of phylogenetic trees in the same parameters as mentioned above. Together with
the UTRS analysis, the C-terminal region of the same genes were also analyzed.
To try to identify some common or differentiated function between the genes on
chromosome 10, 28 and 31, we constructed a phylogenetic tree with gp63
sequences of diverse Leishmania species and other species of Kinetoplastidae
protozoans, like Phytomonas sp. isolate Hart11 [taxid: 134014] Crithidia fasciculata
[taxid: 5656] and Leptomonas pyrrhocoris [taxid: 157538]. The aligned nucleotide
sequences from L. braziliensis, obtained by the TriTryp database and PCR assays,

were analyzed for recombination in the RDP4 program (Martin et al., 2015).

Modelling of gp63 homologs and searches for non-conserved regions

Based on multiple alignments and the groups of proteins found by the
phylogenetic tree analysis, the sequences of the 10 most divergent gp63 homologs
were chosen for the three-dimensional modelling. The modelling was performed for
the amino acid sequences previously obtained from TritrypDB using a threading
method implemented by the I-TASSER (Roy et al., 2011) and Phyre2 (Kelly et al.,
2015) tools. When the models were completed, the results were compared
assessing their qualities through Procheck (Laskowski et al., 1996). Only the models
with the best scores were chosen to be used in subsequent assessments. Specific
regions of the protein models were then evaluated using the initial alignment
information, highlighting the non-conserved regions which were characterized by

amino acid exchanging or by indels.
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B-cell epitope prediction

Linear B-cell epitope predictions were performed for the protein sequences
used in the 3D modeling step. The predictions were carried out using the following
programs: AAP12 (Chen et al., 2007), BCPred12 (EL-Manzalawy et al., 2008) and
BepiPred (Larsen et al., 2006). Only epitopes predicted by at least two programs,
with lengths equal to or greater than 10 amino acids and with scores greater than
0.8 were considered as positive predictions on AAP12 and BCpred12, and epitopes
with scores over 0.5 obtained by BepiPred were included in the analysis.

In addition to the linear prediction, a conformational prediction of epitopes
was also performed to evaluate if the protein structures were also able to generate
interaction with the immune system. The conformational epitopes were predicted by
the CBTOPE web server (Ansari and Raghava, 2010), where only epitopes that had
more than 10 amino acids and had a score above 4 were considered for this study.
After the prediction, an assessment was performed to map the localization of all the

epitopes on the modeled proteins (internal or external).

Results
Search for new L. braziliensis gp63 paralogs

Early studies based on hybridization assays (Llanes et al., 2015; Steinkraus
et al., 1993; Victoir et al., 1995) have suggested that the total number of gp63 genes
found within Leishmania species belonging to the Viannia subgenus is greater than
the number of genes available at the TriTrypDB database and identified after the L.
braziliensis genome sequencing and annotation. Here, to begin to understand the

true diversity of the L. braziliensis gp63 genes, we first sought to reevaluate the
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available L. braziliensis gp63 gene sequences considering that the automatic
annotation methods might have missed further genes. We therefore performed a
reanalysis of the L. braziliensis genome sequences and searched for possible new
gp63 paralogs that might not have been annotated. To do this we performed a
search in the L. braziliensis genome using the Hidden Markov Models (HMMs)
methodology, carried out after a grouping of the entire proteome set from different
Leishmania species (described in methods). Nine subsets of gp63 sequences were
created, as shown in Supplementary Table 2, with the number of genes in each
subset varying in size from 56 to only two. Despite this difference in size, all nine
subsets were used to build HMMs and these were then applied for the search of
new paralogs in the predicted proteome from L. braziliensis 2904. In general, all
HMMs were able to find the gp63 sequences assigned to each subset, however no
new paralogs were found during the search. The genome of L. braziliensis strain
2904 deposited on Tritrypdb lists 39 gp63 genes and, in total, the HMMs identified
the presence of 38 related sequences. A single gene (LbrM.10.1720) was not
recovered using these models and indeed its coding sequence did not provide an
alignment with a score high enough to be considered as a gp63. The results of the
search for each HMM are summarized in Table 1 and confirm the lower number of
gp63 genes derived from the L. braziliensis genome sequencing.

Next, we considered that the shot gun nature of the sequencing strategy used
for the assembly of the best genome available from a Viannia species, from the L.
braziliensis 2904, might have led to the grouping of similar gp63 genes together,
causing in turn a reduction in the number of genes found. In order to obtain as many
natural gp63 sequences as possible, and therefore have a clearer idea of the true

number of genes present in the L. braziliensis genome, we opted to amplify these
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genes using primers directed to conserved regions of representative genes
identified in the genome analysis. The PCR strategy used to amplify the gp63 genes
can be seen in Figure 1, superimposed on a schematic representation of a typical
gp63. The scheme highlights conserved elements found on all gp63 sequences,
such as the zinc-binding motif, multiple cysteine residues, the GPI anchor site and
a nearly universally conserved motif of seven consecutive amino acids we named
KDELMAP. Six oligonucleotides annealing to sequences encoding the N-terminal
ends of the gp63 sequences were used as 5 primers, considering the variation
previously observed within the N-terminus of the various gp63 genes and in order
to maximize the number of genes amplified. As 3’ primers, two sets of two
oligonucleotides annealing to the more conserved KDELMAP or the GPI anchor site
motifs were alternatively used. After amplification, cloning and sequencing a total of
40 different gp63 gene fragments were obtained, with thirty-two of those distinct
from the ones described in the databases. The new gp63 obtained by PCR are listed
in Supplementary Table 3, which also includes the set of oligonucleotides used to
amplify each sequence. The new sequences have all been submitted to GenBank
and were compared with the already known gp63 genes from L. braziliensis and
these analyses will be discussed further below. Nevertheless, they are consistent
with a higher copy number for the L. braziliensis gp63 genes than predicted based
on the genome sequencing alone and more in agreements with the original

estimates based on Southern-blots.

Genomic analysis of known Leishmania gp63 genes
To clarify the relationship between the multiple gp63 genes in Leishmania,

we opted to review their chromosomal organization within the major lineages of
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pathogenic Leishmania. For L. major, the best studied of the available Leishmania
genome sequences, three sets of gp63 genes were found distributed in
chromosomes 28 (one gene), 31 (one gene) and 10 (four genes), (lvens et al.,
2005). Based on the sequences available at the Tritryp database, a similar
organization is also observed for L. infantum (summarized in Figure 2) and L.
mexicana (not shown), represented by two and one genes for chromosome 28 in L.
infantum and L. mexicana, respectively, and one gene gene for chromosomes 31 in
both species, considering that the L. mexicana chromosome 30 is equivalent to the
L. major chromosome 31. Five gp63 genes are also found in chromosome 10 for
both species and in agreement with previously reported data for L. infantum
(Peacock et al., 2007).

In L. braziliensis, based on the available genomic data for the 2904 strain,
major differences in the organization of the gp63 genes are observed when they are
compared with those found in species from the Leishmania subgenus. First, no gp63
gene is found on chromosome 28 despite the presence of orthologues to the same
genes flanking the single gp63 sequence from L. major and L. infantum. In contrast,
six gp63 genes or gene fragments are found on chromosome 31, again generally
flanked by orthologues to the same genes found flanking the gp63 gene found in
the L. major and L. infantum chromosome 31. Even more noteworthy, however, are
the 33 gp63 genes found clustered on chromosome 10. Again these are localized
to the same region seen harboring the other Leishmania chromosome 10 genes, as
confirmed by the presence of neighboring sequences encoding orthologues to those
found flanking the L. major and L. infantum gp63 genes from chromosome 10.
However, the precise gene organization cannot be properly defined and many of the

genes sequenced are assembled in relatively short contigs, as indicated in the
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scheme from Figure 2C. Again, this might be due to the high similarity between the
gene sequences and the nature of the sequencing strategy which might have
prevented a proper assembly of repeated sequences.

The significantly greater number of L. braziliensis gp63 genes from
chromosome 10 is supported by our PCR data where primers sets directed to the
chromosome 10 genes were able to amplify more genes than the ones originally
used for their synthesis. For example, a primer pair designed to amplify the gene
LbrM.10.0470 allowed the amplification of eight different gene fragments (G0510B2;
G0560B1; G0560B2; G1610B3; G1610B4; G1610B5; G1610B6; G1620B1) and
similarly, the primer pair directed to gene LbrM.10.0540 amplified fragments from
six different genes (G0510C1; GO0510C2; G0540C1; G0560C4; G1640C1;
G1640C2). In contrast, two sets of PCR reactions directed to a single gp63 gene
from chromosome 31, using the same 5’ primer and two distinct 3’ primers, only led
to the amplification of the same gene, LbrM.31.2260 (Supplementary Table 3).
Overall these results are consistent with the expansion in the number of gp63 genes
in L. braziliensis and other species belonging to the Viannia subgenus being mainly
directed to the chromosome 10 genes, with a more reduced expansion in

chromosome 31 also observed.

Gp63 evolutionary analyses

Sequences encoding gp63 related genes are also found in other
trypanosomatids and more distantly related kinetoplastids and these include
multiple genes from T. brucei, T. cruzi, and others. The number of genes in these
parasites is quite variable. T. cruzi has over 150 gp63 genes annotated in the

TriTrypDB database, but with many pseudogenes among them. T. brucei and C.
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fasciculata have a smaller amount with 10 and 18 genes respectively. This
multiplicity of gp63 genes along the various kinetoplastids lineages reinforce the
multiple roles this protein has, independent of the life cycle of the organism involved.
Here, we next sought to assess how the Leishmania gp63 genes are related to those
found in more distantly related kinetoplastids and whether some function can be
inferred based on which genes are found in each organism. To do this we built a
phylogenetic tree comparing the most divergent and representative sequences from
the three major sets of Leishmania gp63 genes (from chromosomes 10, 28 and 31)
with genes from different Trypanosoma species (T. brucei, T. cruzi and T. theileri)
and more distantly related organisms. These included species that parasitize
reptiles (L. tarentolae) and plants (Phytomonas sp.), have monoxenous life-cycles
in insects (Crithidia fasciculata and Leptomonas pyrrhocoris) and are free living
(Bodo saltans). As shown in Figure 3, the phylogenetic analysis could separate the
gp63 genes mapped to the Leishmania chromosome 10 from those genes mapped
to chromosomes 28 and 31. We also could observe a clear separation between the
Leishmania subgenus based on the genes located on chromosome 10. The T. cruzi
and T. brucei gp63 sequences were more closely associated with the gp63 genes
from B. saltans and T. theileri. When we observe the clustering of the genes present
in chromosomes 28 and 31 from Leishmania, they show a close relation to the genes
from L. pyrrhocoris, C. fasciculata and Phytomonas sp. Nevertheless, one L.
pyrrhocoris and two C. fasciculata genes are more closely related to those from the
L. braziliensis chromosome 10.

Overall, the gene clusters shown in the tree highlight the higher similarity
between the Leishmania sp. genes from chromosomes 28 and 31 with the gp63

genes found in organisms that live in insects only or parasitize plants. Indeed, the
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number of gp63 genes from Phytomonas, related to other Leishmania chromosome
28 gp63, is greater than any other vertebrates kinetoplastid genome sequenced so
far, with 38 annotated genes. It is then possible to hypothesize that these genes
might me more involved in the insect stage of the parasite life cycle. Genes more
closely related to the chromosome 10 gp63 genes can be found in the insect
parasites L. pyrrhocoris and C. fasciculate, but in general these genes seem to have
suffered a substantial expansion within the Leishmania lineage and may be more

associated with the vertebrate pathogenesis.

Evaluation of the sequence diversity of the Leishmania gp63 genes from
chromosome 10

Considering the expansion of the chromosome 10 gp63 genes in the
Leishmania lineage in general, and even more so in L. braziliensis and other Viannia
species, we then opted to investigate the origins of their diversity further. To do this
we compared the full extent of the chromosome 10 gp63 sequences from relevant
Leishmania species using as outgroups selected genes from chromosomes 28 and
31. For this analysis, we also included sequences from L. tarentolae, where a similar
expansion in the chromosome 10 gp63 genes was noticed, with 49 genes found in
this chromosome while only one gene was found in chromosomes 31 and another
in chromosome 33. L. tarentolae is currently classified within the Sauroleishmania
subgenus, but it is likely to be more closely related to the Leishmania subgenus than
to Viannia (Akhoundi et al., 2016; Mauricio, 2018). The relevance in including the L.
tarentolae sequences is due to the fact that it does not parasitize mammals, only
lizards, meaning that any potential role in pathogenesis associated with the

chromosome 10 gp63 genes is not dependent on their mammalian hosts. We also
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included in this analysis the new L. braziliensis sequences generated by us through
the PCR approach. The phylogenetic tree shown in Figure 4 summarizes the results
from these analyses based on alignments using the full length sequences for all
proteins (or the full length PCR fragments). For clarity, only the most divergent
representative sequences were used to build this tree, with those very similar or
nearly identical to the ones shown purportedly removed from the final figure. In the
original analysis all chromosome 10 sequences from the selected species were
used but with similar results (not shown). Within each of the three Leishmania
subgenera analysed, all gp63 sequences from chromosome 10 are more closely
related to sequences from the same or related species than to sequences found in
species belonging to the other subgenera. Even within the Leishmania clades, the
L. infantum genes seemed to be more closely related to each other than to their L.
major counterparts, although for the two Viannia species analysed (L. braziliensis
and L. guyanensis) genes more closely related between the two species were found.
These results are in agreement with independent expansions on the number of the
chromosome 10 gp63 sequences in each clade, with major expansions occurring
for both Sauroleishmania and Viannia species. For the latter species, at least, the
start of this expansion may have preceded the split between L. braziliensis and L.
guyanensis but has subsequently continued and may be an ongoing process. The
Leishmania braziliensis chromosome 31 has 6 gp63 genes annotated, unlike L.
major and L. infantum chromosomes 31, which has only one gene. We believe that
this number of L. braziliensis gp63 genes may be related to possible genome
assembly errors. From the 6 studied genes, only one (LbrM.31.2260) has gp63-
related protein features such as the propeptide domain (HEXXH), and high similarity

(85%) with L. major and L. infantum chromosome 31 genes. The LbrM.31.2230,
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LbrM.31.2240 and LbrM.31.2250 genes presented stop codons in the middle of their
sequences and in alignments showed identical N-terminal or C-terminal regions
from LbrM.31.2260, which may indicate that these genes would be parts of
LbrM.31.2260 that were not assembled correctly (data not shown). This hypothesis
is consistent with our PCR data, which found only the LbrM.31.2260 gene, unlike
the reactions performed for genes on chromosome 10, which showed that a pair of

oligos was able to detect more than one gene.

Identification of functional differences between the various Leishmania gp63
genes from chromosome 10

So far not much is known regarding possible functional differences between
the various gp63 genes found within any specific trypanosomatid, and even less so
regarding the reasons for the multiple gene copies identified in different organisms.
In Leishmania, with the goal of defining functional differences between multiple
gp63, and even prior to the completion of the first Leishmania genomes, early
studies investigated the expression pattern of selected genes attempting to identify
differences in expression during the parasite life cell cycle (Mccoy et al., 1998;
Ramamoorthy et al., 1992; Yao et al., 2003). The more detailed analysis, using L.
infantum promastigotes, found three growth stage-specific patterns of expression
for the then known gp63 genes, with one gene constitutively expressed, a second
gene expressed during the log phase of growth and the third gene expressed only
in stationary phase cells Ramamoorthy et al., 1992. Here, by comparing their 3’
UTRs with the 3’ intergenic regions from the available L. infantum genome, we were
able to map those genes within chromosome 10 (indicated in Figure 2).

Lind.10.0510 gene is the constitutively expressed gene, characterized by a unique
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3’ UTR and 3’ intergenic region that is absent from the remaining L. infantum
chromosome 10 genes. Two other neighbouring genes, LinJ.10.0490 and
Lind.10.0500, are equivalent to the previously described log phase gene, while both
Lind.10.0520 and LinJ.10.0530 correspond to the stationary phase one. These four
genes have nearly identical sequences within the first ~400 nucleotides of their
3'UTRs but these subsequently diverge into two distinct patterns that correlate with
the previously published log or stationary phase profiles. The five L. infantum
chromosome 10 genes can then be divided into three groups according to both
3'UTR and expression profiles with presumably functional differences that yet need
to be defined: group 1 - Lind.10.0510; group 2 - Lind.10.0490 and LinJ.10.0500;
group 3 - LinJ.10.0520 and LinJ.10.0530. We also investigated conserved features
within their L. major counterparts and found that LmjF.10.0470 has a 3'UTR very
similar to the L. infantum LinJ.10.0510, while LmjF.10.0460 and LmjF.10.0465 have
UTRs more similar to the group 2 genes and LmjF.10.0480 is the sole representative
of the 3'UTR from group 3. These genes and their grouping are highlighted by
different shades of gray in the scheme from Figure 2, with the same shade of gray
indicating genes belonging to the same group. Their conservation implies also a
conservation of function between different Leishmania species, at least those
belonging to the subgenus Leishmania.

Next, we attempted to identify conserved and divergent elements within the
3’'UTRs available for the L. braziliensis chromosome 10 genes, the main focus of
this study. Thirty genes were analyzed based on the sequences available from the
reference genome sequence and these were classified in six groups according to
their 3’'UTR, with the first two groups represented by 8 and 15 genes, respectively,

while the remaining groups included only one or two genes. We then tried to
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compare the various L. braziliensis groups with the three different groups identified
in L. infantum and L. major but no clear correlation was possible, possibly due to a
large sequence variation between species from the two distinct subgenus.

We opted then to try to find protein features within the chromosome 10 gp63
genes that could be correlated with the 3'UTR groups from all three species.
Searches for features such as signal peptide, transmembrane domains and
isoelectric points were carried out but we also could not find any correlation between
the clustered UTRs and these features. For the L. infantum and L. major proteins
we did find a clear distinction between the C-terminus of the group 1 proteins with
those from group 2 and 3, with a near complete lack of homology between these
proteins starting near the GPI anchor attachment site. Indeed the longer group 1 C-
terminus is absent from the remaining proteins and include several tryptophan,
proline, cysteine and lysine residues conserved in both L. major and L. infantum
proteins. In contrast the shorter C-terminus from the group 2 and 3 proteins all end
in a 12 residue stretch of mostly hydrophobic residues consisting only of leucine,
valine and alanine residues (Figure 5). We then compared the C-terminus from the
chromosome 10 gp63 sequences from L. braziliensis and could separate the C-
terminal regions into six groups (Table 3) related to their sequence similarity. A clear
correlation between each 3’'UTR group and the C-terminal ends of the proteins is
seen, perhaps with the exception of the LbrM.10.0550 gene, but groups 4, 5 and 6
consists of truncated proteins and will not be considered further here. When the C-
terminus of each of the remaining L. braziliensis group were compared with the L.
infantum and L. major groups, a clear correlation between the two proteins from the
L. braziliensis group 3 and the L. major/L. infantum group 1 can be seen, since they

share nearly identical C-terminus. The group 1 genes from L. braziliensis also share
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conserved elements with the L. major/L. infantum group 2, such as the motif
‘MRQWRERMTALATVT” found in the L. braziliensis sequences which is very
similar to the “MQRWNDRMAGLATAA” motif found in L. infantum Lind.10.0510
gene. Only the L. braziliensis group 2 genes, characterized by a shorter C-terminus,
do not seem to have counterpart in L. infantum nor L. major. These correlations may
indicate that, as observed in L. infantum, different groups of L. braziliensis
chromosome 10 gp63 genes may also be differentially regulated during the parasite
growth in culture and this agrees with the different 3’'UTRs seen associated with

each group.

Gene recombination in gp63 sequences from chromosome 10

Through analyzes of the alignments generated in this study, we identified that
specific regions of certain gp63 gene sequences were very similar to equivalent
regions from other gp63 genes which otherwise were more divergent. For example,
certain small motifs generally seen only on the L. braziliensis group 1 genes were
also found in one or more of the group 2 genes and vice-versa, an indication of gene
recombination. Indeed, the locus for these genes is reported as having high
plasticity (Victoir et al., 1995; Victoir and Dujardin, 2002) and the data from the
literature shows that this gene family of can be influenced by mosaic or fragmental
gene conversion (Mauricio et al., 2007). Here, in order to understand why the
expansion of the gp63 genes occurs mainly on chromosome 10, we next performed
an in silico search for recombination events targeting these genes so as to better
evaluate whether their variability was related to intragenic recombination. The
software chosen to find the recombination events (RDP4) uses several tools to

determine events such as the likely position of recombination breakpoints and the
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identity of sequences most closely related to the gene being evaluated. In this study
we only considered recombination events that were detected by at least two of the
tools tested. Therefore, we decided to perform a gene recombination analysis with
all the gp63 genes of L. braziliensis present in databases and the ones generated
by us through PCR. We first targeted the chromosome 31 gp63 genes, but no
recombination events were detected by the software. In contrast, from a total of 67
gp63 sequences analyzed from chromosome 10, generated by PCR or retrieved
from the L. braziliensis reference genome, 40 of them or 60% were reported as
recombinant genes. As shown in Figure 6, most of recombination events occur in
the N-terminal and/or C-terminal regions of the genes, with only a single case of
recombination predicted to target the area coding the central part of the protein.
Gene duplication and recombination events then are possibly the major source of
the novel gp63 sequences seen in the chromosome 10 from L. braziliensis and

closely related sequences.

Protein structural modeling, mapping of variable regions and B-cell epitope
prediction

Based on the crystallized structure of a membrane gp63 from L. major
promastigotes, gp63 was identified as a compact protein consisting predominantly
of B sheet secondary structure elements divided into three distinct domains (N-
terminus, Central domain and C-terminus) and with features typical of the catalytic
modules of zinc proteases (Schlagenhauf et al.,, 1998). After observing the
recombination events and sequence variations observed between the multitudes of
L. braziliensis gp63 genes, we decided to investigate where these variations were

seen along the 3D structure of the protein. Through three-dimensional protein
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structure predictions using the threading method, we were able to predict the
structure of number of gp63 sequences with high modeling scores, as can be seen
in Figure 7. After a structural comparison between the generated models, we
mapped the most variable motifs identified by the previous multiple alignments.
These non-conserved motifs were also highlighted in blue in the structures from
Figure 7, where the motifs that showed sequence variations among the various
proteins are labeled in blue and the red markings display the predicted site for the
GPI anchor. As can be observed, most of the variable regions were positioned
externally on the structures.

We next sought to evaluate how the various gp63 sequence would be
recognized by the B cells from the mammallian immune system and also to predict
their ability to induce de production of specific antibodies. Linear and conformational
B-cell epitope predictions were carried out using the various chromosome 10 gp63
sequences from L. braziliensis. The linear epitope predictions returned 100 epitopes
from the sequences of the modeled proteins (Supplementary Table 3). Regarding
their localization within the various structures, from a total of 100 epitopes 81 were
mapped to the proteins’ external regions, whereas 19 were localized internally. Out
of the 100 epitopes, 59 coincide with motifs that display sequence variation, while
22 are found in regions conserved between the different gp63 sequences.
Considering only the epitopes that were predicted to localize internally, 14 coincide
with variable sequences while 5 are associated with conserved regions. As for the
prediction of conformational B-cell epitopes, the analysis returned 54 epitopes, with
40 mapped to the proteins’ external region. Twenty-seven of those were in motifs
with sequence variation, while 13 were in conserved regions. Regarding the 14

epitopes localized internally, eight coincided with variable sequence motifs and six
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were in conserved motifs. We also identified 30 epitopes that were present in both
linear and conformational predictions. Again, with most of the epitopes coincided

with variable motifs localized externally, as shown in Table 4.

Discussion

Proteinases are important virulence factors due to their participation in
biological processes associated with the start and maintenance of infection by
pathogens. The gp63 is a major protease present on the surface of Leishmania sp.
and other trypanosomes (Silva-Almeida et al., 2012). In this study, orthologs and
paralogs of gp63 were identified and characterized in order to evaluate their
differences and similarities and their implications for the protein’s function. Due to
the large number of gp63 genes in L. braziliensis 2904 found by our PCR and
databases, and to achieve a more complete characterization of these genes, we
carried out a search for possible new paralogs not yet annotated. The lack of new
paralogs identified in our search is probably due to the shotgun nature of the L.
braziliensis genome (Peacock et al., 2007).

Phylogenetic analysis with orthologs and paralogs of gp63 is consistent with
other published data that demonstrate the phylogenetic relationship among the
species of Leishmania, where genes from the subgenus Viania, Leishmania and
Sauroleishmania are clustered in separate clades, regardless of the genes used to
build the tree (Jackson, 2014; Ma et al.,, 2011; Schonian et al., 2013). The
distribution of these genes on chromosome 10 shows their independent expansion
throughout the Leishmania species, particularly among the Sauroleishmania and
Viannia subgenera. Such expansion of multiple genes arranged in tandem,

originated from duplication and recombination events, demonstrates the adaptability
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of Leishmania species to the environment, associated with the evolutionary
pressure suffered by these gp63 genes (Rogers et al., 2011). As a result, the
presence of these multi-copy arrays may lead to speciation (Lynch and Conery,
2003) or indicate the possible need for stage-specific genes, due to the large
amount of generated transcripts from the multi-copy genes (Rogers et al., 2011).

There is considerable difference in the number of gp63 genes between the
Leishmania subgenus (Leishmania, Viannia and Sauroleishmania) (Isnard et al.,
2012; Raymond et al., 2012). Among the pathogenic species, the Leishmania
Viannia braziliensis strain 2904 possesses the greatest number of these genes on
chromosome 10. This variation may be explained by the evolutionary pressure
mentioned above, as it evolved only in the New World. As the other species from
the subgenus Viannia also have a great number of these genes on chromosome 10
(Steinkraus et al., 1993), it is believed that the smaller number of genes on the
Leishmania subgenus gene is linked to the fact that the event that led to their
expansion occurred only after the formation of the subgenus Viannia (Valdivia et al.,
2015).

The genes present in chromosomes 28 and 31 of Leishmania sp, were more
related to the genes of C. fasciculata and L. pyrrhocoris, which are monoxenous
trypanosomatids that mainly infect insects (Vickerman, 1994). Since these proteins
of monoxenous trypanosomatids are more related to the survival within the insect,
performing adhesion and nutrition functions (Santos et al., 2006; Vickerman, 1994),
we can suggest that the Leishmania genes located on chromosomes 28 and 31 are
more related to these same functions within the insect. The genes located on
chromosome 10, which have a large number of genes in Leishmania, possibly would

be more involved in actions against the vertebrate immune system. These actions
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may vary according to the subcellular location of these proteins, determined by the
characteristics found in the C-terminal groups and the presence or absence of the
GPI anchor. C-terminal group 2 presented a more hydrophilic region when
compared to the other groups and the absence of the GPI anchor signal peptide,
which is consistent with proteins that are directly secreted into the extracellular
medium, as reported in a L. mexicana Gp63 study from Ellis et al., 2002. This
release into the extracellular environment contributes at the early stages of infection,
due to the ability of Gp63 to digest the extracellular matrix proteins, which facilitates
parasite mobility and invasion (Ellis et al., 2002; Mcgwire et al., 2003). Although
group 1 possesses a characteristic GPI anchor attachment C-terminal, with a
hydrophilic region followed by a hydrophobic region, we did not find a binding
domain as clear as that of group 3. But we cannot rule out that group 1 proteins can
be bound to membrane, as group 3 are.

After this analysis, we focused on understanding the great expansion of
genes on chromosome 10 that may be caused by a great genetic variability,
commonly associated with events of mosaicism (Mauricio et al., 2007). In studies
performed with L. guyanensis, it was suggested that the genes may be generated
by events of mosaicism between the combination of 5 and 3’ UTR and protein
coding regions (Steinkraus et al., 1993). The data obtained by us corroborate with
other gp63 recombination studies that showed this event mainly related to the N-
terminus and C-terminus regions of the gene (Mauricio et al., 2007; Victoir and
Dujardin, 2002).

A study by Ma et al., (2011) evaluated the structure variability of the zinc
binding site in gp63 and found great variety in this region. This contrasts with what

was reported by Nocua et al., (2014), which evaluated structures from L. braziliensis
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homologous proteins that were involved in DNA replication processes and showed
well preserved structures. This conservation can be justified by the fact that the
proteins studied by Nocua et al., (2014) were associated with key structural
processes required for the cell duplication, unlike to the gp63, which the main focus
is the interaction with the host and escape the immune system. In a study by Sutter
et al., 2017, it was suggested that this structural difference between multiple gp63
sequences may be related to the parasite’s ability to interact with several substrates,
favoring the processes of infection and interaction with the host immune system. A
differentiated protein structure also would help the parasite cell in this interaction,
mainly because the host would need to produce different antibodies to neutralize a
single group of proteins. To reinforce this idea, we performed epitope predictions for
B cells and observed that most of the epitopes were found in the protein’s external
region and coincided with motifs having sequence variation. This result was also
corroborated by Victoir and Dujardin, 2002, that analyzed the crystallized structure
of L. major gp63 and also identified regions with sequence variation in the surface
of the protein and suggested that it is related to structural flexibility, which may have
implications for the host-parasite relationship. The same study also evaluated the
presence of B cell epitopes in gp63 proteins from L. major and L. infantum. As our
results showed in L. braziliensis, they also found a great variety of epitopes. The
large amount of proteins and epitopes found in these analyses possibly are due to
a selective pressure on these proteins due to a probable evasion of the immune
system.

Overall, the data presented here suggest that the Leishmania gp63 proteins
evolved independently from different species generating a wide range of paralogs,

which display sequence variations and may be generated by recombination. These
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variations might help the parasite to evade the recognition by the host immune
system, making it more effective during the early stages of infection, and its
maintenance within their vertebrate hosts. However, more studies are needed to
better understand the recognition of these different paralogs by the host immune

system.



698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

99

References

Abascal, F., Zardoya, R., Posada, D., 2005. ProtTest: Selection of best-fit models
of protein evolution. Bioinformatics 21, 2104-2105.
doi:10.1093/bioinformatics/bti263

Akhoundi, M., Kuhls, K., Cannet, A., Votypka, J., Marty, P., Delaunay, P., Sereno,
D., 2016. A Historical Overview of the Classification, Evolution, and
Dispersion of Leishmania Parasites and Sandflies. PLoS Negl. Trop. Dis. 10,
1-40. doi:10.1371/journal.pntd.0004349

Alvar, J., Vélez, |.D., Bern, C., Herrero, M., Desjeux, P., Cano, J., Jannin, J., de
Boer, M., 2012. Leishmaniasis worldwide and global estimates of its
incidence. PLoS One 7. doi:10.1371/journal.pone.0035671

Ansari, H.R., Raghava, G.P., 2010. Identification of conformational B-cell Epitopes
in an antigen from its primary sequence. Immunome Res. 6, 6.
doi:10.1186/1745-7580-6-6

Atayde, V.D., Hassani, K., da Silva Lira Filho, A., Borges, A.R., Adhikari, A.,
Martel, C., Olivier, M., 2016. Leishmania exosomes and other virulence
factors: Impact on innate immune response and macrophage functions. Cell.
Immunol. 309, 7-18. doi:10.1016/j.cellimm.2016.07.013

Capella-Gutiérrez, S., Silla-Martinez, J.M., Gabaldon, T., 2009. trimAl: A tool for
automated alignment trimming in large-scale phylogenetic analyses.
Bioinformatics 25, 1972-1973. doi:10.1093/bioinformatics/btp348

Chen, J., Liu, H., Yang, J., Chou, K.C., 2007. Prediction of linear B-cell epitopes
using amino acid pair antigenicity scale. Amino Acids 33, 423-428.
doi:10.1007/s00726-006-0485-9

Contreras, ., G??mez, M.A., Nguyen, O., Shio, M.T., McMaster, R.W., Olivier, M.,



724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

100

2010. Leishmania-induced inactivation of the macrophage transcription Factor
AP-1 Is Mediated by the Parasite Metalloprotease GP63. PLoS Pathog. 6.
doi:10.1371/journal.ppat.1001148

D’Avila-Levy, C.M., Altoé, E.C.F., Uehara, L.A., Branquinha, M.H., Santos, A.L.S.,
2014. GP63 Function in the Interaction of Trypanosomatids with the
Invertebrate Host: Facts and Prospects, in: Proteins and Proteomics of
Leishmania and Trypanosoma. doi:10.1007/978-94-007-7305-9

D’Avila-Levy, C.M., De Almeida Dias, F., De Melo, A.C.N., Martins, J.L., De
Carvalho Santos Lopes, A.H., Dos Santos, A.L.S., Vermelho, A.B.,
Branquinha, M.H., 2006. Insights into the role of gp63-like proteins in lower
trypanosomatids. FEMS Microbiol. Lett. 254, 149-156. doi:10.1111/j.1574-
6968.2005.00022.x

David, C., Craft, N., 2009. Cutaneous and Mucocutaneous Leishmaniasis.
Dermatol. Ther. 22, 491-502.

Eddy, S., 1998. Profile hidden Markov models. Bioinformatics 14, 755-763.
doi:btb114 [pii]

EL-Manzalawy, Y., Dobbs, D., Honavar, V., 2008. Predicting linear B-cell epitopes
using string kernels Yasser. J Mol Recognit 21, 243—-255.
doi:10.1126/scisignal.2001449.Engineering

Ellis, M., Sharma, D.K., Hilley, J.D., Coombs, G.H., Mottram, J.C., 2002.
Processing and trafficking of Leishmania mexicana GP63. Analysis using
GPI8 mutants deficient in glycosylphosphatidylinositol protein anchoring. J.
Biol. Chem. 277, 27968-27974. doi:10.1074/jbc.M202047200

Enright, A.J., Dongen, S. Van, Ouzounis, C.A., 2002. An efficient algorithm for

large-scale detection of protein families. Nucleic Acids Res. 30, 1575-84.



101

749 doi:10.1186/s12864-015-2091-2
750 Gbémez, M.A., Olivier, M., 2010. Proteases and phosphatases during Leishmania-
751 macrophage interaction: paving the road for pathogenesis. Virulence 1, 314—
752 318. doi:10.4161/viru.1.4.12194

753  Guindon, S., Dufayard, J.F., Lefort, V., Anisimova, M., Hordijk, W., Gascuel, O.,

754 2010. New algorithms and methods to estimate maximum-likelihood
755 phylogenies: Assessing the performance of PhyML 3.0. Syst. Biol. 59, 307—-
756 321. doi:10.1093/sysbio/syq010

757  Gupta, G., Oghumu, S., Satoskar, A.R., 2014. Mechanisms of Immune Evasion in
758 Leishmaniasis. Adv. Appl. Microbiol. 82, 1-23. doi:10.1016/B978-0-12-

759 407679-2.00005-3.Mechanisms

760 Isnard, A., Shio, M.T., Olivier, M., 2012. Impact of Leishmania metalloprotease
761 GP63 on macrophage signaling. Front. Cell. Infect. Microbiol. 2, 72.

762 doi:10.3389/fcimb.2012.00072

763 lvens, A.C., Peacock, C.S., Worthey, E.A., Murphy, L., Berriman, M., Sisk, E.,

764 Rajandream, M., Adlem, E., Anupama, A., Apostolou, Z., Attipoe, P., Bason,
765 N., Beck, A., Beverley, S.M., Bianchettin, G., Borzym, K., Bothe, G., Bruschi,
766 C.V, Collins, M., Cadag, E., Ciarloni, L., Clayton, C., Coulson, R.M.R.,

767 Cronin, A., Cruz, A.K., Robert, M., Gaudenzi, J. De, Dobson, D.E.,

768 Duesterhoeft, A., Fosker, N., Frasch, A.C., Fraser, A., Fuchs, M., Goble, A.,
769 Goffeau, A., Harris, D., Hertz-fowler, C., Horn, D., Huang, Y., Klages, S.,
770 Knights, A., Kube, M., Matthews, K., Michaeli, S., Mottram, J.C., Mdller-, S.,
771 Munden, H., Nelson, S., Norbertczak, H., Oliver, K., Neil, S.O., Pentony, M.,
772 Pohl, T.M., Price, C., Purnelle, B., Quail, M.A., Rabbinowitsch, E., Reinhardt,

773 R., Rieger, M., Rinta, J., Robben, J., Robertson, L., Ruiz, J.C., Rutter, S.,



774

775

776

7

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

102

Saunders, D., Schafer, M., Schein, J., Schwartz, D.C., Seeger, K., Seyler, A,
Sharp, S., Shin, H., Sivam, D., Squares, R., Squares, S., Tosato, V., 2005.
The Genome of the Kinetoplastid Parasite, Leishmania major. Science (80-. ).
309, 436-442.

Jackson, A.P., 2014. Genome evolution in trypanosomatid parasites. Parasitology
1-17. doi:10.1017/S0031182014000894

Jaramillo, M., Gomez, M.A., Larsson, O., Shio, M.T., Topisirovic, I., Contreras, I.1.,
Luxenburg, R., Rosenfeld, A., Colina, R., McMaster, R.W., Olivier, M., Costa-
Mattioli, M., Sonenberg, N., 2011. Leishmania repression of host translation
through mTOR cleavage is required for parasite survival and infection. Cell
Host Microbe 9, 331-341. doi:10.1016/j.chom.2011.03.008

Katoh, K., Misawa, K., Kuma, K., Miyata, T., 2002. MAFFT: a novel method for
rapid multiple sequence alignment based on fast Fourier transform. Nucleic
Acids Res. 30, 3059-3066. doi:10.1093/nar/gkf436

Kelly, B.L., Nelson, T.N., Mcmaster, W.R., 2001. Stage-specific expression in
Leishmania conferred by 3’ untranslated regions of L . major leishmanolysin
genes ( GP63 ). Mol. Biochem. Parasitol. 116, 101-104.

Kelly, L.A., Mezulis, S., Yates, C., Wass, M., Sternberg, M., 2015. The Phyre2 web
portal for protein modelling, prediction, and analysis. Nat. Protoc. 10, 845—
858. doi:10.1038/nprot.2015-053

Larsen, J.E.P., Lund, O., Nielsen, M., 2006. Improved method for predicting linear
B-cell epitopes. Immunome Res. 2, 2. doi:10.1186/1745-7580-2-2

Laskowski, R. a, Rullmannn, J. a, MacArthur, M.W., Kaptein, R., Thornton, J.M.,
1996. AQUA and PROCHECK-NMR: programs for checking the quality of

protein structures solved by NMR. J. Biomol. NMR 8, 477-486.



799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

103

doi:10.1007/BF00228148

Li, L., Stoeckert, C.J.J., Roos, D.S., 2003. OrthoMCL.: Identification of Ortholog
Groups for Eukaryotic Genomes -- Li et al. 13 (9): 2178 -- Genome Research.
Genome Res. 13, 2178-2189. doi:10.1101/gr.1224503.candidates

Llanes, A., Restrepo, C.M., Del Vecchio, G., Anguizola, F.J., Lleonart, R., 2015.
The genome of Leishmania panamensis: insights into genomics of the L.
(Viannia) subgenus. Sci. Rep. 5, 8550. doi:10.1038/srep08550

Lynch, M., Conery, J.S., 2003. The Origins of Genome Complexity. Science (80-.
). 302, 1401-1404. doi:10.1126/science.1089370

Ma, L., Chen, K., Meng, Q., Liu, Q., 2011. An evolutionary analysis of
trypanosomatid GP63 proteases. Parasitol Res 109, 1075-1084.
doi:10.1007/s00436-011-2348-x

Macdonald, M.H., Morrison, C.J., Mcmaster, W.R., 1995. Analysis of the active
site and activation mechanism of the Leishmania. Biochim. Biophys. Acta
1253, 199-207.

Martin, D.P., Murrell, B., Golden, M., Khoosal, A., Muhire, B., 2015. RDP4:
Detection and analysis of recombination patterns in virus genomes. Virus
Evol. 1, 1-5. doi:10.1093/ve/vev003

Matlashewski, G., 2001. Leishmania infection and virulence. Med. Microbiol.
Immunol. 37—42. doi:10.1007/s004300100076

Mauricio, I.L., 2018. Leishmania Taxonomy, in: Brusch, F., Gradoni, L. (Eds.), The
Leishmaniases : Old Neglected Tropical Diseases. Springer International
Publishing, pp. 15-30. doi:10.16026/j.cnki.iea.2015050472

Mauricio, I.L., Gaunt, M.W., Stothard, J.R., Miles, M.A., 2007. Glycoprotein 63

(gp63) genes show gene conversion and reveal the evolution of Old World



104

824 Leishmania. Int. J. Parasitol. 37, 565-576. doi:10.1016/].ijpara.2006.11.020
825 Mccoy, J.J., Beetham, J.K., Ochs, D.E., Donelson, J.E., Wilson, M.E., 1998.

826 Regulatory sequences and a novel gene in the msp ( GP63 ) gene cluster of
827 Leishmania chagasi. Mol. Biochem. Parasitol. 95, 251-265.

828 Mcgwire, B.S., Chang, K., Engman, D.M., 2003. Migration through the

829 Extracellular Matrix by the Parasitic Protozoan Leishmania Is Enhanced by
830 Surface Metalloprotease gp63. Infect. Immun. 71, 1008-1010.
831 doi:10.1128/1A1.71.2.1008

832 Nocua, P.A., Ramirez, C.A., Barreto, G.E., Gonzalez, J., Requena, J.M., Puerta,

833 C.J., 2014. Leishmania braziliensis replication protein A subunit 1 : molecular
834 modelling , protein expression and analysis of its affinity for both DNA and
835 RNA. Parasit. Vectors 7, 573. doi:10.1186/s13071-014-0573-8

836  Olivier, M., Atayde, V.D., Isnard, A., Hassani, K., Shio, M.T., 2012. Leishmania
837 virulence factors : focus on the metalloprotease GP63. Microbes Infect. 14,
838 1377-1389. doi:10.1016/j.micinf.2012.05.014

839 Olivier, M., Hassani, K., 2010. Protease inhibitors as prophylaxis against

840 leishmaniasis: new hope from the major surface protease gp63. Future Med.
841 Chem. 2, 539-42. doi:10.4155/fmc.10.17

842 Peacock, C.S., Seeger, K., Harris, D., Murphy, L., Ruiz, J.C., Quail, M.A., Peters,

843 N., Adlem, E., Tivey, A., Aslett, M., Kerhornou, A., Ivens, A., Fraser, A.,

844 Rajandream, M., Carver, T., Norbertczak, H., Chillingworth, T., Hance, Z.,
845 Jagels, K., Moule, S., Ormond, D., Rutter, S., Squares, R., Whitehead, S.,
846 Rabbinowitsch, E., Arrowsmith, C., White, B., Thurston, S., Baldauf, S.L.,
847 Faulconbridge, A., Jeffares, D., Depledge, D.P., Oyola, S.O., Hilley, J.D.,

848 Brito, L.O., Tosi, L.R.O., Barrell, B., Cruz, A.K., Mottram, J.C., Smith, D.F.,



849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

105

Berriman, M., 2007. Comparative genomic analysis of three Leishmania
species that cause diverse human disease. Nat. Genet. 39, 839-847.
doi:10.1038/ng2053

Pereira, F.M., Bernardo, P.S., Dias Junior, P.F.F., Silva, B.A., Romanos, M.T.V.,
D’Avila-Levy, C.M., Branquinha, M.H., Santos, A.L.S., 2009. Differential
influence of gp63-like molecules in three distinct Leptomonas species on the
adhesion to insect cells. Parasitol. Res. 104, 347-353. doi:10.1007/s00436-
008-1202-2

Podinovskaia, M., Descoteaux, A., 2015. Leishmania and the macrophage: a
multifaceted interaction. Future Microbiol. 10, 111-129.
doi:10.2217/fmb.14.103

Ramamoorthy, R., Donelson, E., Paetz, E., Maybodi, M., Roberts, S.C., Wilson,
M.E., 1992. Three Distinct RNAs for the Surface Protease gp63 Are
Differentially Expressed during Development of Leishmania donovani chagasi
Promastigotes to an Infectious Form. J. Biol. Chem. 267, 1888-1895.

Raymond, F., Boisvert, S., Roy, G., Ritt, J.F., L??gar??, D., Isnard, A., Stanke, M.,
Olivier, M., Tremblay, M.J., Papadopoulou, B., Ouellette, M., Corbeil, J., 2012.
Genome sequencing of the lizard parasite Leishmania tarentolae reveals loss
of genes associated to the intracellular stage of human pathogenic species.
Nucleic Acids Res. 40, 1131-1147. doi:10.1093/nar/gkr834

Rogers, M.B., Hilley, J.D., Dickens, N.J., Wilkes, J., Bates, P.A., Depledge, D.P.,
Harris, D., Her, Y., Herzyk, P., Imamura, H., Otto, T.D., Sanders, M., Seeger,
K., Dujardin, J., Berriman, M., Smith, D.F., Hertz-Fowler, C., Mottram, J.C.,
2011. Chromosome and gene copy number variation allow major structural

change between species and strains of Leishmania. Genome Res. 21, 2129-



874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

106

2142. doi:10.1101/gr.122945.111.Freely

Roy, A., Kucukural, A., Zhang, Y., 2011. I-TASSER: a unified platform for
automated protein structure and function prediction. Nat Protoc 5, 725-738.
doi:10.1038/nprot.2010.5.1-TASSER

Salotra, P., Sreenivas, G., Beena, K.R., Mukherjee, A., Ramesh, V., 2003.
Parasite detection in patients with post kala-azar dermal leishmaniasis in
India: a comparison between molecular and immunological methods. J. Clin.
Pathol. 56, 840—3. doi:10.1136/jcp.56.11.840

Santos, A.L.S., Branquinha, M.H., D’Avila-Levy, C.M., 2006. The ubiquitous gp63-
like metalloprotease from lower trypanosomatids: In the search for a function.
An. Acad. Bras. Cienc. 78, 687—714. doi:10.1590/S0001-
37652006000400006

Schlagenhauf, E., Etges, R., Metcalf, P., 1998. The crystal structure of the
Leishmania major surface proteinase leishmanolysin (gp63). Structure 6,
1035-1046. doi:10.1016/S0969-2126(98)00104-X

Schonian, G., Cupolillo, E., Mauricio, 1., 2013. Molecular Evolution and Phylogeny
of Leishmania, in: Drug Resistance in Leishmania Parasites. Springer Wien
Heidelberg New York Dordrecht London, pp. 15—44.

Selvapandiyan, A., Dey, R., Gannavaram, S., Lakhal-Naouar, I., Duncan, R.,
Salotra, P., Nakhasi, H.L., 2012. Immunity toVisceral LeishmaniasisUsing
GeneticallyDefined Live-Attenuated Parasites. J. Trop. Med. 1, 12.
doi:10.1017/CBO9781107415324.004

Shio, M.T., Olivier, M., 2010. Leishmania survival mechanisms: the role of host
phosphatases. J. Leukoc. Biol. 88.

Silva-Almeida, M., Pereira, B.A., Ribeiro-Guimaraes, M., Alves, C., 2012.



899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

107

Proteinases as virulence factors in Leishmania spp. infection in mammals.
Parasit. Vectors 5, 160. doi:10.1186/1756-3305-5-160

Steinkraus, H., Greer, J., DC., S., PJ, L., 1993. Sequence heterogeneity and
polymorphic gene arrangements of the Leishmania guyanensis gp63 genes.
Mol Biochem Parasitol 62, 173—186.

Sutter, A., Antunes, D., Silva-Almeida, M., Costa, M.G. de S., Caffarena, E.R.,
2017. Structural insights into leishmanolysins encoded on chromosome 10 of
Leishmania (Viannia) braziliensis. Mem. Inst. Oswaldo Cruz 112, 617—-625.
doi:10.1590/0074-02760160522

Valdivia, H.O., Scholte, L.L.S., Oliveira, G., Gabaldoén, T., Bartholomeu, D.C.,
2015. The Leishmania metaphylome: a comprehensive survey of Leishmania
protein phylogenetic relationships. BMC Genomics 16, 887.

Vickerman, K., 1994. The Evolutionary Expansion Of The Trypanosomatid
Flagellates. Internarional J. Parasitol. 24, 1317-1331.

Victoir, K., Dujardin, J.C., 2002. How to succeed in parasitic life without sex?
Asking Leishmania. Trends Parasitol. 18, 81-85. doi:10.1016/S1471-
4922(01)02199-7

Victoir, K., Dujardin, J.C., de Doncker, S., Barker, D.C., Arevalo, J., Hamers, R.,
Le Ray, D., 1995. Plasticity of gp63 gene organization in Leishmania (Viannia)
braziliensis and Leishmania (Viannia) peruviana. Parasitology 111, 265-273.
doi:10.1017/S0031182000081828

Voth, B.R., Kelly, B.L., Joshi, P.B., Ivens, A.C., McMaster, W.R., 1998.
Differentially expressed Leishmania major gp63 genes encode cell surface
leishmanolysin with distinct signals for glycosylphosphatidylinositol

attachment. Mol. Biochem. Parasitol. 93, 31—41.



924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

108

Yao, C., Donelson, J.E., Wilson, M.E., 2003. The maijor surface protease (MSP or
GP63) of Leishmania sp. Biosynthesis, regulation of expression, and function.
Mol. Biochem. Parasitol. 132, 1-16. doi:10.1016/S0166-6851(03)00211-1

Yao, C., Leidal, K.G., Brittingham, A., Tarr, D.E., Donelson, J.E., Wilson, M.E.,
2002. Biosynthesis of the major surface protease GP63 of Leishmania
chagasi. Mol. Biochem. Parasitol. 121, 119-128. d0i:10.1016/S0166-

6851(02)00030-0



109

§§é Supplementary Table 1. Oligonucleotides used for the PCR reactions
Oligonucleotide Sequences
0470-F 5-ATGTCCCGCGACCGCAGCGT-3’
0540-F 5-ATGTCCCGCGACCGCAGCAG-3
0590-F 5-ATGCCCCTCGACAGCAGCAG-3
1516-F 5-ATGTCCCGCGACCGCAGCAGC-3
0456-F 5’- ATGYCCCKCGACMGCAGCAG-3’
GPI-R 5-GGCCTGGCACACCTCCACGTA-3’
KDELMAP-R 5’- GGCCTGGCACACCTCCACGTACGGC-3
31-F 5- ATGTCGCGCGTACCCGTAGCGT-3’
31-GPI-R 5’- CGCGTAGCACACATCGTCGTAGGGC-3
31-KDELMAP-R 5-AGGTGCCATCAGCTCGTCCTTCGC-3

954
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955  Supplementary Table 2. Subsets of Gp63 sequences used to build the Hidden Markov Models
956 (HMMs). Lbr (Leishmania braziliensis), Lmj (L. major), Lin (L. infantum), Ldn (L. donovani), Lmx (L.
957  mexicana), Lta (L. tarentolae).

958
Subset Number of genes Leishmania species
(chromosome)
1 56 Lbr (Chr. 10), Lmj (Chr. 10), Lin
(Chr. 10), Lmx(Chr. 10), Lta (Chr.
10)
2 5 Lmj (Chr. 28), Lin (Chr. 28), Ldn
(Chr. 28), Lmx (Chr. 28)
3 9 Lbr (Chr. 31), Lmj (Chr. 31), Lin
(Chr. 31), Ldn (Chr. 31), Lmx
(Chr. 30), Lta (Chr. 31)
4 3 Lbr (Chr. 31)
5 2 Lbr (Chr. 10)
6 2 Lta (Chr. 10)
7 2 Lta (Chr. 10)
8 2 Lta (Chr. 10)
9 2 Lta (Chr. 10)
959

960
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961 Table 1. Table showing the number of gp63 genes identified by each HMM after the search for new

962  paralogs in the proteome from L. braziliensis 2904.

963
HMM Number of Gp63 identified in L.
braziliensis strain 2904
1 38
2 38
3 38
4 34
5 30
6 31
7 31
8 31
9 31
964

965
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966 Supplementary Table 3. Set of oligonucleotides and respective sequences obtained by PCR.
Oligonucleotide pair Sequences obtained

A - 10.0540 (oligo forward); K1610A1; K1610A2; K1650A1
KDELMAP (oligo reverse)

B - 10.0470 (oligo forward); GPI G0510B2; G0560B1; G0560B2;
(oligo reverse) G1610B3; G1610B4; G1610B5;
G1610B6; G1620B1

C - 10.0540 (oligo forward); GPI G0510C1; G0510C2; G0540C1;
(oligo reverse) G0560C4; G1640C1; G1640C2

D -10.0590/0610 (oligo forward); G0590D1; G0590D2

GPI (oligo reverse)

F - 10.0406 (oligo forward); KO0510F4; K1630F1; K1650F2;
KDELMAP (oligo reverse) K1650F3

G - 10.1516 (oligo forward); GPI G0510G2; G0520G1; G0560G3

(oligo reverse)

H - 10.1516 (oligo forward); K1620H2; K1620H3; K1650H4
KDELMAP (oligo reverse)

1 -10.0470 (oligo forward); K0510I3; K162012; K1640I3;
KDELMAP (oligo reverse) K165015
J - 31.2260 (oligo forward); K312260J1

KDELMAP (oligo reverse)

K - 31.2260 (oligo forward); GPI G312260K1

(oligo reverse)

L - 10.0590/0610 (oligo forward); K0590L3
KDELMAP (oligo reverse)

967 ST3. In the nomenclature, the "K" indicates that the sequence is extended to the conserved KDELMAP region,
968 while the "G" indicates that the sequence ends close to the GPI binding area on the protein. The four-digit
969 sequence after "K" or "G" represents the last four numbers referring to the gp63 genes present in the databases,
970 which most closely resembled the obtained sequences. The letters that follow the nomenclature, which
971 represent from which oligo pair the sequence was originated is shown in the oligonucleotide section of the table.
972 The last number of the nomenclature identifies the number of genes already described in the databases, since

973 in this work different sequences with high identity of the same gene were obtained.
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Figure 1
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978
979 Figure 1. PCR strategy used to amplify the gp63 superimposed on a schematic representation of a
980 typical gp63. The scheme highlights conserved elements found on all gp63 sequences, such as the
981 zinc-binding motif, multiple cysteine residues, the GPI anchor site and a nearly universally conserved
982  motif of seven consecutive amino acids we named KDELMAP.
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Figure 2. Genomic organization of gp63 genes from Leishmanis sp., showing the general distribution
and location of these genes along the chromosomes 10, 28 and 31. The arrows indicate the
transcription sense of the genes and the shades of grey show the UTR group that each gene is
related.
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Figure 3. Tree constructed with several Gp63 sequences from Kinetoplastids, demonstrating the
close relation of the gp63 genes from Leishmania chromosomes 28 and 31, with the monoxenes
trypanosomatids genes. Bs: Bodo saltans, Tt. Trypanosoma theileri, Tb: Trypanosoma brucei, Tc:
Trypanosoma cruzi, Lp: Leptomonas pyrrhocoris, Cf: Crithidia fasciculata, Lb: Leishmania
braziliensis strain 2904, Lmj: Leishmania major, Lmx: Leishmania mexicana, Li: Leishmania
infantum, Lt: Leishmania tarentolae.
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Figure 4. Phylogenetic tree showing the clear separation of gp63 genes on chromosome 10
according to their main subgenera (Sauroleishmania, Leishmania and Viannia). It is also possible to
observe the independent expansion of the chromosome 10 genes from the subgenus Viannia, when
compared to the other subgenus. Lb: Leishmania braziliensis strain 2904, Lmj: Leishmania major,
Lmx: Leishmania mexicana, Li: Leishmania infantum, Lt: Leishmania tarentolae, Lg: Leishmania
guyanensis.
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Table 2. Sets of the 3 'UTR groups among the species of L. infantum, L. major and L. braziliensis,
based on their sequence similarity.

Group

L. braziliensis 3’'UTRs

LbrM.10.1540, LbrM.10.0600, LbrM.10.0530,
LbrM.10.1580, LbrM.10.0610, LbrM.10.0510,
LbrM.10.0560, LbrM.10.0580

LbrM.10.1570, LbrM.10.0500, LbrM.10.0540,
LbrM.10.1610, LbrM.10.1620, LbrM.10.1630,
LbrM.10.0570, LbrM.10.1640, LbrM.10.1650,
LbrM.10.0600, LbrM.10.1680, LbrM.10.0470,
LbrM.10.0520, LbrM.10.1590, LbrM.10.0480

LbrM.10.0590, LbrM.10.1690

LbrM.10.1720, LbrM.10.0550

LbrM.10.0490, LbrM.10.1700

LbrM.10.1550

LbrM.31.2200, LbrM.31.2220

LbrM.31.2230

©O© 0 N o O | b~ W

LbrM.31.2250, LbrM.31.2260
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Table 3. Table showing the Gp63 gene groups, based on the sequence similarity of their C-terminus

regions.

C-terminus
Group

L. braziliensis
Gp63

1

10.1580
10.0510
10.0610
10.0550
10.0560
10.1540
10.0600
10.0530

10.0540
10.0500
10.0520
10.1570
10.0570
10.1630
10.1620
10.1640
10.1650
10.1610
10.1590
10.1660
10.1680
10.0470

10.1690
10.0590

10.1720

b

10.0490
10.1700

10.1550




Lin100490
Lin100500
Lin100520
Lin100530
Lin100510

Lin100490
Lin100500
Lin100520
Lin100530
—————+ Lin100510

Lin100490
Lin100500

Ln100460
Lmj100465
Ln100480
Lni100470

Lni100460
Lmi100465
Lmi100480
} Lng100470

Lmj100460
Lmi100465
Ln100480
Lmi100470
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Alignment showing the C-terminal region of the Gp63 of L. infantum and L. major.
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Figure 5. Alignment showing the difference in the C-terminal regions of the sequences of the proteins
that present divergent UTRs between the sequences present in chromosome 10.
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Figure 6. Demonstrative figure of some gp63 genes, which had recombination events, obtained by
the RDP4 program. Each graph represents the recombination of a gene. In green, the gene that has
recombined is represented. In purple and yellow, genes involved in recombination are represented,
classified according to their identity with the recombinant gene, as shown in the graph.
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Modeled proteins, variable regions and B-cell epitopes location

Lbr.10.0540

Lta.10.0480

Figure 7. Modeled structures of Gp63 orthologs and paralogs from Leishmania sp. The blue labelled
regions display the sequence variation region between these proteins, the yellow regions represent
the predicted linear B-cell epitopes and the green markings show sequence variation sites among
the predicted epitopes.
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Table 4. Table showing the distribution of the predicted epitopes in the studied Gp63.

1121
Total number Conserved Sequence Type of epitopes Protein
of epitopes region variation region Region
81 22 59 Linear External
19 5 14 Linear Internal
40 13 27 Conformational External
14 6 8 Conformational Internal

1122

1123
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6 DISCUSSAO GERAL

6.1 AVALIACAO DE UM NOVO GRUPO DE ANTIGENOS RECOMBINANTES
PARA O DIAGNOSTICO SOROLOGICO DE LEISHMANIOSE VISCERAL

HUMANA E CANINA.

As leishmanioses sdo doengas negligenciadas que acometem milhdes de
pessoas anualmente. A utilizagdo de testes diagnosticos eficazes e o estudo da
patogenia da doenga, importante para a identificagdo de novos alvos terapéuticos
ou vacinais, sdo essenciais para contribuir com o controle da doenca (DAVIES et
al., 2003; SRIVIDYA et al., 2012).

Neste estudo, primeiramente avaliamos novos alvos antigénicos quanto ao
seu potencial diagndstico, frente a soros humanos e caninos infectados com L.
infantum. A maioria desses antigenos testados aqui eram proteinas compostas por
uma série de motivos repetitivos, caracterizadas pela presenca de pelo menos duas
ou mais cépias de uma sequéncia repetida de aminoacidos. Na literatura, elas
foram relatadas em varios organismos, de virus a humanos, e geralmente
apresentam alta antigenicidade. Foi sugerido que esta antigenicidade estaria
relacionada provavelmente devido a estimulagcao da producéo de anticorpos pelas
células B, através da ligacao direta destes antigenos repetitivos, por uma via
independente das agdes padrbes de estimulagao de linfécitos T (VOS et al., 2000;
GOTO et al., 2008; GOTO et al. 2010; VALIENTE-GABIOUD et al., 2011).

Os antigenos testados apresentaram grande variagao de antigenicidade
entre os caes e humanos, com melhor resultado associado a detec¢cdo da doenca

em caes. Isso também foi encontrado no estudo de FONSECA et al. 2014, que
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testou a eficiéncia de trés antigenos em detectar a leishmaniose canina e humana
e apresentou melhor resultado em cées. Nos nossos testes, varios antigenos
testados mostraram 6timo potencial para o diagndstico da forma canina da doenca,
com um deles (Lci13), demonstrando a capacidade de detectar a leishmaniose
canina melhor do que o lisado total de parasitas. Esta proteina € um antigeno
promissor, uma vez que alguns estudos n&o encontraram uma unica proteina com
sensibilidade tao alta para o diagndstico canino (FRAGA et al., 2014; FONSECA et
al., 2014). No entanto, nenhum dos antigenos testados apresentou um resultado
de sensibilidade suficiente para diagnosticar satisfatoriamente a LV humana. Isso
corrobora os achados de GOTO et al., 2009 e OLIVEIRA et al., 2011, que destacam
as diferencas na resposta imune entre esses dois diferentes alvos da doenca.

Nos ensaios descritos aqui, o antigeno comercial rK39 foi incluido para
facilitar a comparacdo dos antigenos recentemente identificados com outros
descritos anteriormente e também para avaliar o nivel de resposta imune dos soros
selecionados para este estudo. Os resultados da rK39 se apresentaram
consistentes com o que foi relatado na literatura, confirmando que ele é eficaz para
o diagnostico de LV humana, mas nao apresenta boa performance com a forma
canina da doenga (MAIA et al., 2012; QUINNELL et al. 2013).

Os antigenos recombinantes testados apresentaram diferengas importantes
na sensibilidade quando testados em soros de humanos e de caes, como ja foi visto
por nés e outros usando diferentes proteinas recombinantes no mesmo tipo de
ensaio (GOTO et al. 2009; OLIVEIRA et al., 2011). Essa variagado pode ser devido
a maneira diferenciada que os hospedeiros vertebrados reagem ao parasita,
principalmente no que diz respeito ao reconhecimento e apresentacdo dos

antigenos distintos estudados ao sistema imunoldgico ou, como foi proposto
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(GOTO et al., 2009), essa resposta pode ser devido a diferentes mecanismos de
sobrevivéncia parasitaria em cada hospedeiro (homem e c&o). Por outro lado, uma
vez que foi demonstrado que as variagbes na sensibilidade podem ser devido a
fases sintomaticas e assintomaticas da doenga, com a fase sintomatica
demostrando o melhor desempenho de sensibilidade nos testes soroldgicos
(METTLER et al., 2005), essas diferengas podem, até certo ponto, refletir o estagio
da doenca dos individuos de quem os soros foram coletados. Em geral, o
reconhecimento diferencial das proteinas estudadas pelos soros dos dois
hospedeiros destaca as diferencas nas respostas imunes induzidas pelo parasita e
a necessidade de otimizar os testes soroldgicos atuais.

Como uma alternativa para melhorar o diagnostico da LV em seres
humanos, propusemos a avaliacdo de um "Mix" de antigenos, composto por
proteinas que ja produziram os melhores resultados com as amostras de caes. Eles
foram escolhidos para compor o “Mix’, baseado em sua alta sensibilidade e
especificidade em soros de caes, com o objetivo de combinar suas melhores
caracteristicas e poder criar um teste sorolégico que fosse capaz de detectar a
leishmaniose visceral nos dois hospedeiros. Neste “Mix”, foi adicionada a proteina
Lci1, ja descrita e bem avaliada previamente (OLIVEIRA et al., 2011), juntamente
com as Lci12 e Lci13, avaliadas neste estudo. Como os resultados mostraram o
“Mix” apresentou uma melhoria significativa para o diagnéstico em humanos,
quando comparado a performance das proteinas individuais. Mas em caes, ele nao
se mostrou tao eficiente quando a proteina Lci13. Apesar disso, nossos resultados
ainda apresentaram melhores resultados, quando comparado com outro estudo em
que uma mistura semelhante de trés antigenos, ndao levou a um aumento no

desempenho do teste diagnéstico, quando comparada com as proteinas individuais
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sozinhas (FONSECA et al., 2014). Essa falta de melhoria significativa em uma
mistura de proteinas pode ser explicada pela diminui¢do da antigenicidade de cada
proteina individual, devido a uma menor disposicdo dos peptideos antigénicos em
meio a uma mistura proteica.

Uma alternativa que poderia ser usada para lidar com as limitagbes
apresentadas pela mistura de proteina é o desenvolvimento de proteinas
quiméricas, contendo as regides proteicas que apresentaram o melhor
desempenho em avaliagdes soroldgicas. Alguns estudos nesta area ja foram
realizados e mostraram uma melhora significativa na sensibilidade do teste
soroldgico (BOARINO et al., 2005; CAMUSSONE et al. 2009; CASTRO-JUNIOR et
al., 2014).

Em resumo, os antigenos recombinantes testados individualmente neste
estudo em soros humanos e de caes mostraram diferentes sensibilidades para o
diagnéstico sorologico da LV, com melhor desempenho em cédes. A Lci13 mostrou
uma sensibilidade mais alta para o soro canino do que os testes de comerciais
atuais e o lisado total de Leishmania, o que demonstra o potencial desse antigeno
recombinante para detectar a leishmaniose visceral canina por conta proépria. O
objetivo de identificar um uUnico antigeno ou uma combinacédo deles, capaz de
diagnosticar ambas as formas da doenca ndo se mostrou vidvel com nossas
proteinas. No entanto, o desempenho observado com a mistura de proteinas
testada indica que, com a melhoria, ensaios utilizando proteinas quiméricas
derivadas de multiplos antigenos podem ser uma boa opg¢éo para a obtengao de
testes soroldgicos com alta sensibilidade e que seriam simultaneamente eficazes

para ambas as espécies.
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6.2 CARACTERIZAGAO IN SILICO DE MULTIPLOS GENES CODIFICANTES DA
PROTEINA DE VIRULENCIA GP63 DE LEISHMANIA BRAZILIENSIS:
IDENTIFICACAO DE FONTES DE VARIAGCAO E POSSIVEIS PAPEIS NA

EVASAO DO SISTEMA IMUNE.

Os resultados do diagnostico mostrado por nds e outros estudos citados
aqui, reforcam a variabilidade da reposta imune nas leishmanioses. Dentre os
varios fatores envolvidos na variacdo desta resposta, destacam-se as acdes
modulatérias do sistema imune, pelos fatores de viruléncia das células de
Leishmania sp. (ATAYDE et al., 2016; MATLASHEWSKI, 2001). Dentre esses
fatores, a protease Gp63 é considerado o principal deles, presente na superficie da
Leishmania sp. e outros tripanosomatideos (SILVA-ALMEIDA et al., 2012). Entao,
ortélogos e paralogos de gp63 foram identificados e caracterizados para avaliar
suas provaveis implicagdes para a fungao da proteina. Devido ao grande numero
de genes que codificam a gp63 na L. braziliensis cepa 2904 encontrados por nossas
PCRs e em bancos de dados, e com o objetivo de realizar uma completa
caracterizacdo desses genes, realizamos a busca in silico de novos paralogos
possivelmente ainda ndo anotados no genoma. A falta de novos paralogos
identificados em nossa pesquisa provavelmente deve-se a metodologia shotgun
aplicada para sequenciar o genoma da L. braziliensis (PEACOCK et al., 2007). Nos
genomas montados a partir desta metodologia, a quantidade real de genes
localizados em arranjos em tandem pode nao estar bem determinada. Isso
acontece devido a dificuldade de montar contigs com um grande numero de genes

relacionados, com alta similaridade, usando leituras curtas. Portanto, espera-se que
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o numero anotado desses genes pode ser menor do que o real (KELLY et al., 2017).

A analise filogenética com ortélogos e paralogos de gp63 se mostrou
consistente com outros dados publicados que demonstram a relacao filogenética
entre as espécies de Leishmania, onde genes do subgénero Viania, Leishmania e
Sauroleishmania estdo agrupados em clados separados, independentemente dos
genes usados para construir a arvore (JACKSON, 2014; MA et al., 2011;
SCHONIAN et al., 2013). A distribuicido desses genes no cromossomo 10 mostra
sua expansao independente em toda a espécie de Leishmania, particularmente
entre os subgéneros Sauroleishmania e Viannia. Essa expansao génica, disposta
em tandem, que pode ser originada por eventos de duplicagdo e/ou recombinacao,
demonstra a adaptabilidade das espécies de Leishmania a0 meio ambiente,
associada a pressao evolutiva sofrida pelos genes de gp63 (ROGERS et al., 2011).
Como consequéncia, esses eventos podem levar a especiacdao (LYNCH &
CONERY, 2003) ou indicar a possivel necessidade de genes estagio-especificos,
devido a grande quantidade de transcritos geradas a partir de genes com multiplas
copias (ROGERS et al., 2011).

Um outro resultado gerado a partir dos eventos mencionados acima, foi a
existéncia da notavel variabilidade no numero de genes gp63 entre os subgéneros
de Leishmania (Leishmania, Viannia e Sauroleishmania) (ISNARD et al., 2012;
RAYMOND et al., 2012). Entre as espécies patogénicas, a cepa 2904 de
Leishmania Viannia braziliensis possui 0 maior numero desses genes no
cromossomo 10. Essa variagdo pode ser explicada pela pressao evolutiva
mencionada acima, pois a evolugao da L. braziliensis aconteceu apenas no Novo
Mundo. Como as outras espécies do subgénero Viannia também possuem um

grande numero desses genes no cromossomo 10 (STEINKRAUS et al., 1993),
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acredita-se que o menor numero de genes nas espécies do subgénero Leishmania
esta ligado ao fato de que o evento que levou a sua expansao ocorreu somente
apo6s a formacéao do subgénero Viannia (VALDIVIA et al., 2015).

Em relagcdo aos genes de gp63 presentes nos cromossomos 28 e 31 de
Leishmania sp, identificamos que eles estavam mais relacionados aos genes de C.
fasciculata e L. pyrrhocoris, que sao tripanossomatideos monoxénos que infectam
insetos (VICKERMAN, 1994). Uma vez que estas proteinas de tripanossomatideos
monoxeénos estdo mais relacionadas a sobrevivéncia dentro do inseto, realizando
fungdes de adesao e nutricdo (SANTOS et al., 2006; VICKERMAN, 1994), podemos
sugerir que os genes de Leishmania localizados nos cromossomos 28 e 31 podem
estar mais relacionados com essas mesmas fung¢des dentro do inseto. Os genes
localizados no cromossomo 10, que tém um grande numero de genes em
Leishmania, possivelmente estariam mais envolvidos em acdes contra o sistema
imunolégico de vertebrados. Essas acbes podem variar de acordo com a
localizacdo subcelular dessas proteinas, determinadas pelas caracteristicas
encontradas nos grupos de C-terminais e na presenga ou auséncia da ancora GPI.
O grupo 2 de C-terminal apresentou uma regido mais hidrofilica em comparagao
com os demais grupos e a auséncia do peptideo sinal de ancora GPI, que é
consistente com proteinas que sédo diretamente secretadas no meio extracelular,
conforme relatado em um estudo com Gp63 (Ellis et al., 2002). Esta liberagao no
ambiente extracelular contribui nos estagios iniciais da infeccdo, devido a
capacidade de Gp63 digerir as proteinas da matriz extracelular, o que facilita a
mobilidade e a invasao dos parasitas (ELLIS et al., 2002; MCGWIRE et al., 2003).
Embora o grupo 1 possua uma C-terminal caracteristica de ligagdo a ancora de

GPI, com uma regidao hidrofilica seguida por uma regidao hidrofébica, nao
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encontramos um dominio de ligacdo tdo claro como o do grupo 3. Mas nao
podemos descartar que as proteinas do grupo 1 possam estar ligadas a membrana,
como as do grupo 3 estao.

Apos esta analise, focamos na compreensao da grande expansao dos genes
no cromossomo 10, que pode ser causada por uma grande variabilidade genética,
comumente associada a eventos de mosaicismo (MAURICIO et al., 2007). Em
estudos realizados com L. guyanensis, sugeriu-se que estes genes podem ser
gerados por eventos de mosaicismo entre a combinagao de regides 5' e 3' UTR e
regides codificadoras das proteinas (STEINKRAUS et al., 1993). Os dados obtidos
por nés corroboram o de outros estudos em que a recombinagdo dos genes gp63
foi encontrada e esta relacionada principalmente as regides N-terminal e C-terminal
do gene (MAURICIO et al., 2007; VICTOIR;DUJARDIN, 2002).

Em analises estruturais, o estudo de MA et al., (2011) avaliou a variabilidade
no local de ligagao do zinco a gp63 e encontrou grande variedade nessa regiao.
Isso contrasta com o que relatou NOCUA et al. (2014), que avaliou estruturas de
proteinas homodlogas de L. braziliensis que estavam envolvidas em processos de
replicacdo de DNA e apresentaram estruturas bem preservadas. Esta conservagao
pode ser justificada pelo fato de que as proteinas estudadas por NOCUA et al.,
(2014) foram associadas aos principais processos estruturais necessarios para a
duplicagao celular, ao contrario do gp63, cujo principal foco é a interagdo com o
hospedeiro e a fuga o sistema imunolégico. Em um estudo de SUTTER et al., 2017,
sugeriu-se que essa diferencga estrutural entre multiplas sequéncias de gp63 pode
estar relacionada a capacidade do parasita de interagir com varios substratos,
favorecendo os processos de infeccdao e interacdo com o sistema imune do

hospedeiro. Uma estrutura proteica diferenciada também ajudaria a célula do
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parasita nessa interagao, principalmente porque o hospedeiro precisaria produzir
diferentes anticorpos para neutralizar um unico grupo de proteinas. Para reforgar
essa ideia, realizamos predicdes de epitopos para células B e observamos que a
maioria dos epitopos foram encontrados na regiao externa da proteina e coincidiu
com motivos com variacdo de sequéncia. Este resultado também foi corroborado
por VICTOIR;DUJARDIN, 2002, que analisaram a estrutura cristalizada de gp63 de
L. major e também identificaram regides com variagado de sequéncia na superficie
da proteina e sugeriram que ela estaria relacionada a flexibilidade estrutural, o que
pode ter implicagdes para a interacdo. O mesmo estudo também avaliou a presenca
de epitopos de células B em proteinas gp63 de L. major e L. infantum. Como nossos
resultados mostraram em L. braziliensis, eles também encontraram uma grande
variedade de epitopos. A grande quantidade de proteinas e epitopos encontrados
nessas analises pode ser devido a uma pressao seletiva sobre essas proteinas
devido a provaveis interagcdes com o sistema imune.

Em geral, os dados apresentados aqui sugerem que as proteinas gp63 de
Leishmania podem ser divididas em classes, baseados em sua localizagédo nos
cromossomos. Além de uma evolugao independente dos genes do cromossomo 10
em diferentes espécies gerando uma ampla gama de paralogos, que podem
apresentar diferentes localizagcbes celulares ou serem excretadas em diferentes
momentos de expressao durante o ciclo celular, que apresentam variacbes de
sequéncia possivelmente geradas por recombinacdo. Essas variagbes podem
ajudar o parasita a evadir o reconhecimento pelo sistema imune do hospedeiro,
tornando-o mais efetivo durante os estagios iniciais € na manutencao da infecgao

em hospedeiros vertebrados.
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7 CONCLUSOES

e Os antigenos Lci6 a Lci13 apresentaram uma melhor performance na
detecgdo da leishmaniose visceral canina, quando testados de forma
individual

e Foi possivel encontrar novos genes de gp63 por técnicas moleculares,
ao contrario da busca in silico

e Genes de gp63 dos cromossomos 28 e 31 se relacionaram a agdes
exercidas nos insetos vetores, enquanto que os do cromossomo 10 a
acdes no hospedeiro mamifero

e Grupos de C-terminal das proteinas de gp63 apresentaram-se
relacionados com momentos de expressao determinados pelas UTRs e
sugerem localizacao subcelular diferente para cada grupo de proteinas

e Os multiplos paralogos de Gp63 presentes no cromossomo 10 foram
originados por eventos de recombinacgao, que levam a diversidade génica
desse grupo de proteinas, que estdo mais localizados na parte externa
da proteina e em sua maioria sdo regides preditas como epitopos de

células B
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ANEXO B - TABELA DEMONSTRANDO OS PEPTIDEOS LINEARES PREDITOS

Lbr10.0610
Position Programas Sequéncias Posicdo na proteina Variabilidade de
modelada sequéncia
1:12 1,3 MPLDSSSTHRRR Externo Nao
90:104 1,2 ADSTSPSVVRAADWG Externo 90: 95
180: 192 1,2 VTGMTGPICGDFK Externo 184
249: 265 1,2 SRYDQGTTRTVTHEVAH Interno 254
319:332 1,3 VEDQGGSGSAGSHL Externo 325
400: 435 1,2 EMFCNTTERRYRCPTDRLKLGTCGIRTYSTPMPTYF Externo 406:09; 421;
428:9
461: 473 2,3 SNGACNQDPSMASP Interno 460: 63
Lbr10.0590
Position Programas Sequéncias Posi¢do na proteina Variabilidade de
modelada sequéncia
1:10 1,3 MPLDSSSTHR Externo Ndo
58:68 1,3 RDSAAHRRMPP Interno N3do
239:55 1,2 SRYDQGTTRTVTHEVAH Interno Nao
290:301 1,3 TAVAKAREQYGC Externo Nado
309:22 1,3 VEDQGGSGSAGSHL Externo Ndo
394:406 1,2 NTDENALRCPTDR Externo 396:99
445:64 1,3 VVPYDDGSCAQRASETSSDM Externo 449:64
445:57 1,2,3 VVPYDDGSCAQRA Externo 449:57
475:95 1,2 RCLDGAFRPTTTREDVTYAGM Externo/Interno 484:494
517:27 2,3 GYVACTPGESV Externo Ndo
564:74 2,3 AAAGRRGPRAA Externo 564:74
Lm;j10.0480
Position Programas Sequéncias Posi¢cdo na proteina Variabilidade de
modelada sequéncia
62:72 2,3 ADHHKAPGAVS Externo 63:67
87:98 1,2,3 AAAADPRPGSAR Externo 87:98




143

281:93 1,3 RIVASVPNVRGKN Externo 281:87
303:13 1,3 TAVAKAREQYG Externo Nao
322:33 1,3 MEDQGSAGSAGS Externo/Interno Nado
379:90 1,2 PWGQNAGCAFLT Externo N3do
426:42 1,2 GVTRHPGLPPYWQYFTD Externo 426:35
491:503 1,2 DGAFRPKATNGIV Externo 495:503
527:42 1,2 HGSNDYTNCTPGLRVE Externo 530:31
576:88 2,3 NTAAGRRGPRAA Externo 581:88
Lm;j10.0470
Position Programas Sequéncias Posi¢do na proteina Variabilidade de
modelada sequéncia
62:72 2,3 ADHHKAPGAVS Externo 63:67
87:98 1,2,3 AAAADPRPGSAR Externo 87:98
97:108 1,2 ARSVVRDVNWGA Externo/Interno 96:99/103:08
303:13 1,3 TAVAKAREQYG Externo Nado
322:33 1,2,3 VEDQGGAGSAGS Externo Nado
379:90 1,2 PWGQNAGCAFLT Externo Ndo
461:73 1,2 DYADGSCNQDASS Externo 461:73
464:74 1,3 DGSCNQDASSA Externo 464:74
492:506 1,2 DGAFRPKATNGIVKS Externo 496:506
527:537 1,2,3 VHGSNDYTNCT Externo/Interno 531:32
527:43 1,2 VHGSNDYTNCTPGLRVE Externo/Interno 531:32
572:84 2,3 AAKDFDGDSDSSS Externo/Interno 572:84
Lta10.0480
Position Programas Sequéncias Posi¢do na proteina Variabilidade de
modelada sequéncia
31:42 1,3 AAATSAAAEPGK Externo 31:42
35:48 1,2 SAAAEPGKFKVVRS Externo 35:44
156:70 1,2 VIYVTSVPSRPGVVA Interno Ndo
244:63 1,2 IEANRVVVRAREQYGCDNLK Externo 245:48
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268:80 1,2 EDQGGEGSVQSHI Externo Nado
359:70 1,2 RCPTNRLGIGSC Externo/Interno Nao
402:21 1,3 PVVEDEGEGSCAQNASQAPA Interno/Externo 405:21
439:52 1,2,3 DFRPKGMQSPAKSH Externo 444:52
434:68 1,2 RCIDGDFRPKGMAQSPAKSHAGLCANVRCDPATRTY Interno 444:54
511:24 1,2,3 CQGNAGAVKGVGNG Interno
511:27 2,3 CQGNAGAVKGVGNGVPS Interno
Linj10.0520
Position Programas Sequéncias Posicdo na proteina Variabilidade de
modelada sequéncia
1:10 1,3 MKTAGTQRVS Externo 1:10
29:46 1,2 GHITVRPCTDIPPSQRRG Externo 29:46
36:46 1,2,3 CTDIPPSQRRG Externo 36:46
49:59 1,3 RLTEPHTHLPP Externo 49:59
80:97 1,2,3 SGAYTTPTTSSSFRSPSP Interno/Externo 80:97
109:33 1,2,3 LSPPSPDPPTHPIPLHPPLPRPHAR Externo 109:33
149:67 1,2 LATTPHCPQRPRACRAMSYV Externo/Interno 149:64
249:66 1,2 AAADRRPGSAPTVVRAAN Interno/Externo 249:66
249:62 1,2,3 AAADRRPGSAPTVV Interno/Externo 249:62
293:304 1,2,3 ISTHDSGSTTCT Externo 293:302
289:310 1,2 VGQRISTHDSGSTTCTAEDILT Externo 293:302
356:67 1,3 KVPPAHITDGLS Externo Nado
484:94 1,2,3 EDQGGAGSAGS Externo Ndo
538:50 1,2 VMPWGRNAGCAFL Interno 542:44
619:38 1,2,3 VEPYGDGSCAQRASEAGAPF Externo 623:38
611:38 1,2 AFMDCCPVVEPYGDGSCAQRASEAGAPF Interno/Externo 623:38
648:61 1,2 ARCIDGAFRPKTSH Interno/Externo 656:61
688:700 1,2 HGGSGYANCTPGL Externo Nado
735:748 1,2 DGGNAAAGRRGPRA Externo 735:36/743:48

Lbr10.0470
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Position Programas Sequéncias Posi¢cdo na proteina Variabilidade de
modelada sequéncia
47:63 1,2 LQSVAQQRRPPGSVSAL Interno/Externo Nao
84:97 1,2,3 ADSTSPSVAHSPDW Externo 84:89/93:4
237:49 1,2 PAANIRSPYDQLM Interno 240:44
317:28 1,3 GGGSAAGSHLKG Externo/Interno 317:21
412:29 1,2 KIGRCSITTYDDPMPTYF External Ndo
458:69 1,2,3 CNQDPSTASPTV External 458:59
488:98 1,2,3 PKHNTGPSDHY External 488:98
Lbr10.0540
Position Programas Sequéncias Posi¢cdo na proteina Variabilidade de
modelada sequéncia
37:52 1,2 QSVAQQHRPPGSVSAL Externo/Interno Nao
63:75 1,2,3 LADSTSPSVAHSA Externo 63:8/73:4
63:81 1,2 LADSTSPSVAHSADWGTLR Externo 63:8/73:4
266:78 1,2 EVPVLNSPTVVAK Interno 266
316:27 1,2 MAPVMGAGYYTA Interno N3do
374:99 1,2 EMFCNSTESSYRCPTQRLKIGRCSIA Externo 380:3
438:52 1,2 CNQDPSTASPALMEF Externo 448:51
465:77 1,2,3 TLTPKHNTGPYEQ Externo 467:77
503:13 2,3 GYVACTPGERV Externo Ndo
Lbr.2093.1003472001
Position Programas Sequéncias Posi¢do na proteina Variabilidade de
modelada sequéncia
6:22 1,2 MCQAFPDDRPAVGVVNI Externo 6/13:14
121:35 1,2 LMAPASDAGYYTNLT Interno 126:127
140:52 1,2 QDFGFYKADFTKA Externo Ndo
180:92 1,2 EMFCNTTDSRYRC Externo 187:189
240:55 2,3 SDGACNQDPSTASPSL Externo 240:245
272:86 1,2,3 FTPKHSTGPPGPYNG Externo Ndo
266:305 1,2 RCLDGAFTPKHSTGPPGPYNGLCANVKCDRVHHTYSVQVY Externo/Interno 295:98
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L. gu.293063

Position Programas Sequéncias Posi¢do na proteina Variabilidade de
modelada sequéncia
58:68 1,2,3 AQQRRPPGSVS Externo 59:62
92:102 1,2,3 DSTSPSVVRAG Externo 92:96/102
289:305 1,2 GRNYYVPVLNSPTVVAK Interno/Externo 293
322:33 2,3 DTGGTSTAGSHL Externo Ndo
399:414 1,2 WPWMFCNTTESSYRCP Externo 407:10
461:476 2,3 SNGACNQDPSTASPSL Externo 461:66/471:76
493:507 1,2,3 HSTGPPG Externo N3do
490:514 1,2 DGTFRPKHSTGPPGPYNGLCANVKC Externo/Interno N3o

Anexo 2. Tabela demonstrando os epitopos de célular B lineares preditos a partir dos programas
AAP12(1), BCPred (2), Bepipred (3). A tabela também demonstra a posigao dos epitopos nas
proteinas, a regiao do epitopo nas proteinas modeladas e em negrito as variagdes de sequéncia
dentro dos epitopos. Nesta analise s6 consideramos como uma sequéncia variante, os epitopos
que apresentaram mais de quatro aminoacidos n&o conservados.

ANEXO C - TABELA DEMONSTRANDO OS PEPTIDEOS CONFORMACIONAIS

PREDITOS
Lbr 10.0470
Posicdo Sequéncia Posicdo na proteina Variabilidade
modelada de Sequéncia
47:61 LQSVAQQRRPPGSVS Interno/Externo N3o
112:22 PDCYCSYVGQL Externo Sim
330:39 NAKDELMAPV Interno N3o
396:422 FCNTTEPSYRCTSDRLKIGRCSITTYD Externo Sim
475:513 FSDSSRCLDGNFAPKHNTGPSDHYNSLCANVKCDRAHHT Interno/Externo Variacdo de
sequéncia na
regido externa
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Lbr 10.0540
Posigdo Sequéncias Posigdo na proteina Variabilidade
modelada de Sequéncia
131:42 IIPQALQLHTER Externo Ndo
259:69 NLRGKDYEVPV Externo Sim
307:23 KRRNAKDELMAPVMGAG Interno Nao
346:59 AEVMPWAEHASCDF Externo Sim
461:70 CFDGTLTPKH Interno /Externo Sim
474:93 PYEQYNALCANVMCDRAHHT Externo / Interno Sim
Lbr 10.0590
Posicdo Posi¢cdo na proteina Variabilidade
Sequéncias modelada de Sequéncia
114:31 RVGQRVSNHADEIVTCTA Externo Sim
290:303 TAVAKAREQYGCPT Externo N3o
542:56 ITCAPYVEVCQANVQ Externo Ndo
Lbr 10.0610
Posigdo Posi¢do na proteina Variabilidade
Sequéncias modelada de Sequéncia
123:35 SYVGQRVSNHAGA Externo Sim
300:13 TVVAKAREQYGCPT Externo Ndo
374:92 VMPWGRNASCDFITNKCME Interno/ Externo Sim
491:502 VFQPRNSNARSE Externo Sim
505:19 NALCANVMCDTAART Interno Sim

LinJ 10.0520
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Posicdo Posi¢cdo na proteina Variabilidade
o modelada de Sequéncia
Sequéncias
590:609 RHPDLPPYWQYFTDPSLAGI Externo Sim
614:25 CCPVVEPYGDG Interno/ Externo Variacdo de
sequéncia na
regidao externa
LmjF 10.0470
Posigdo Posi¢do na proteina Variabilidade
. modelada de Sequéncia
Sequéncias
51:67 DAMQARVRQSVADHHKA Externo/Interno Variagdo de
sequéncia na
regido externa
95:107 GSARSVVRDVNWG Externo Sim
121:29 PAYHCARVG Externo N3do
293:316 NFDVPVINSSTAVAKAREQYGCDT Externo Nao
382:95 QNAGCAFLTNKCME Externo Ndo
442:54 TNASLGGYSPFLD Externo Sim
458:68 FVIDYADGSCN Externo Sim
518:37 TATRTYSVQVHGSNDYTNCT Interno Sim
LmjF 10.0480
Posigdo Posi¢do na proteina Variabilidade
. modelada de Sequéncia
Sequéncias
51:67 DAMQARVRQSVADHHKA Externo Sim
95:107 GSARSVVRDVNWG Externo Sim
289:316 VRGKNFDVPVINSSTAVAKAREQYGCDT Externo Nao
344:57 LMAAASGAGYYTAL Interno Sim
381:95 QNAGCAFLTNKCME Externo Ndo
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429:41 RHPGLPPYWQYFT Externo Sim
517:36 TATRTYSVQVHGSNDYTNCT Externo Sim
563:72 EVCQGNVQAA Interno Ndo
Lbr.2903.10034720010
Posi¢ao Posi¢do na proteina Variabilidade
o modelada de Sequéncia
Sequéncias
115:28 RNAKDELMAPASDA Interno Sim
230:44 LDYCPIIVGSSDGAC External Sim
247:56 DPSTASPSLK External Sim
283:99 PYNGLCANVKCDRVHHT Interno/External Variagdo de
sequéncia na
regidao externa
335:46 MCAPYVEVCQAN External Ndo
Lta 10.0480
Posicdo Posi¢cdo na proteina Variabilidade
. modelada de Sequéncia
Sequéncias
251:70 VRAREQYGCDNLKYLELEDQ External Ndo
275:295 SVQSHIKMRNAQDELMAADAS Interno Sim
328:340 NTGCAFLSEKCME External Ndo
358:369 FRCPTNRLGIGS External Sim
452:67 HAGLCANVRCDPATRT Interno Sim
470:81 QVRGSSGYMNC Interno Nao
L.gu293063
Posicdo Posi¢cdo na proteina Variabilidade
L modelada de Sequéncia
Sequéncias
54:68 LQSVAQQRRPPGSVS External Sim
336:48 RNAKDELMAPAVT Interno Sim
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419:32 RLGTCRIVSYDNPM External Sim
436:77 FQYFTNSALGGRSSFLDYCPIIVGSSNGACNQDPSTASPSLK External Sim
500:21 GPPGPYNGLCANVKCDRDHHRY External/Interno N3o
555:67 TCPSYVEVCQAN External Nao

Anexo 3. Tabela demonstrativa dos epitopos conformacionais preditos pelo programa CBTOPE.
Nesta analise os peptideos foram escolhidos da mesma forma que a tabela anterior.
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removal or rearrangement. In the case of addition or removal of authors, this includes
confirmation from the author being added or removed.

Only in exceptional circumstances will the Editor consider the addition, deletion or
rearrangement of authors after the manuscript has been accepted. While the Editor
considers the request, publication of the manuscript will be suspended. If the manuscript
has already been published in an online issue, any requests approved by the Editor will
result in a corrigendum. Article transfer service. This journal is part of our Article Transfer
Service. This means that if the Editor feels your article is more suitable in one of our other
participating journals, then you may be asked to consider transferring the article to one of
those. If you agree, your article will be transferred automatically on your behalf with no need to
reformat. Please note that your article will be reviewed again by the new journal. More
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information.

Upon acceptance of an article, authors will be asked to complete a 'Journal Publishing
Agreement’ (see more information on this). An e-mail will be sent to the corresponding
author confirming receipt of the manuscript together with a 'Journal Publishing Agreement’
form or a link to the online version of this agreement.

Subscribers may reproduce tables of contents or prepare lists of articles including abstracts
for internal circulation within their institutions. Permission of the Publisher is required for
resale or distribution outside the institution and for all other derivative works, including
compilations and translations. If excerpts from other copyrighted works are included, the
author(s) must obtain written permission from the copyright owners and credit the source(s)
in the article. Elsevier has preprinted forms for use by authors in these cases.

For open access articles: Upon acceptance of an article, authors will be asked to complete
an 'Exclusive License Agreement' (more information). Permitted third party reuse of open
access articles is determined by the author's choice of user license.

Author rights
As an author you (or your employer or institution) have certain rights to reuse your work.
More information.

You are requested to identify who provided financial support for the conduct of the
research and/or preparation of the article and to briefly describe the role of the sponsor(s),
if any, in study design; in the collection, analysis and interpretation of data; in the writing of
the report; and in the decision to submit the article for publication. If the funding source(s)
had no such involvement then this should be stated.

Funding body agreements and policies

Elsevier has established a number of agreements with funding bodies which allow authors
to comply with their funder's open access policies. Some funding bodies will reimburse the
author for the Open Access Publication Fee. Details of existing agreements are available
online.

This journal offers authors a choice in publishing their research:

Subscription

= Articles are made available to subscribers as well as developing countries and patient
groups through our universal access programs.

= No open access publication fee payable by authors.

Open access

= Articles are freely available to both subscribers and the wider public with permittedreuse.
= An open access publication fee is payable by authors or on their behalf, e.g. by their
research funder or institution.

Regardless of how you choose to publish your article, the journal will apply the same peer
review criteria and acceptance standards.

For open access articles, permitted third party (re)use is defined by the following Creative
Commons user licenses:

Creative Commons Attribution (CC BY)

Lets others distribute and copy the article, create extracts, abstracts, and other revised
versions, adaptations or derivative works of or from an article (such as a translation),
include in a collective work (such as an anthology), text or data mine the article, even
for commercial purposes, as long as they credit the author(s), do not represent the
author as endorsing their adaptation of the article, and do not modify the article in such
a way as to damage the author's honor orreputation.

Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)
For non-commercial purposes, lets others distribute and copy the article, and to include in a
collective work (such as an anthology), as long as they credit the author(s) and provided

they do not alter or modify the article.
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The open access publication fee for this journal is USD 2200, excluding taxes. Learn more
about Elsevier's pricing policy: http://www.elsevier.com/openaccesspricing.

Green open access

Authors can share their research in a variety of different ways and Elsevier has a number
of green open access options available. We recommend authors see our green open
access page for further information. Authors can also self-archive their manuscripts
immediately and enable public access from their institution's repository after an embargo
period. This is the version that has been accepted for publication and which typically
includes author-incorporated changes suggested during submission, peer review and in
editor-author communications. Embargo period: For subscription articles, an appropriate
amount of time is needed for journals to deliver value to subscribing customers before an
article becomes freely available to the public. This is the embargo period and it begins from
the date the article is formally published online in its final and fully citable form. Find out
more.

This journal has an embargo period of 12 months.

Language (usage and editing services)

Please write your text in good English (American or British usage is accepted, but not a
mixture of these). Authors who feel their English language manuscript may require editing
to eliminate possible grammatical or spelling errors and to conform to correct scientific
English may wish to use the English Language Editing service available from Elsevier's
WebShop.

Submission to this journal proceeds totally online and you will be guided stepwise through the
creation and uploading of your files. The system automatically converts source files to a single
PDF file of the article, which is used in the peer-review process. Please note that even though
manuscript source files are converted to PDF files at submission for the review process,
these source files are needed for further processing after acceptance. All correspondence,
including notification of the Editor's decision and requests for revision, takes place by e-mail
removing the need for a paper trail. Submitted manuscripts are first reviewed by a specialist
editor to assess significance and general suitability for the journal. Approximately half of all
submissions progress to peer review.

The final pdf should be no larger than 5 MB.
If file size cannot be reduced to less than 10 MB, the author should contact the IJP Editorial
Office for instructions (editor@IJP.org.au).

Required Information:

Name, affiliation, email, telephone and fax numbers and mail address information for one
corresponding author.

This must be the same person nominated as corresponding author on the manuscript title
page and this person must submit the manuscript on-line.

The corresponding author, through the web access, is responsible for actions with respect
to each paper. E-mail prompts will be delivered only to the corresponding author. Articles
can also be tracked by the corresponding author via the online system.

Name and affiliations of all other authors.

Cover letter is mandatory for all submissions and should address the novelty, significance of
the work.

Note: Current Opinions and Invited Reviews are by invitation only).

Order of files

Manuscript should contain (in order) Title, Authors and addresses, Corresponding Author
and address, Abstract, Keywords. In numbered sections: 1. Introduction; 2. Materials and
methods; 3. Results; 4. Discussion; then Acknowledgements; References; Legends to
Figures. Tables with their legends (in separate or combined files, numbered, in order).
Figures (in separate files); preferred formats: JPEG, EPS or PDF. Supplementary and
multimedia files.

Format

The preferred format for the text is Microsoft Word. The title page, abstract and text

should be formatted with line numbers. The manuscript should be formatted to A4 size
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paper, in English, double spaced and with 2 cm margins.
Further journal requirements
During submission you will also have to:

Confirm that all authors have read the manuscript and accept responsibility for its
contents. Agree to an ' Ethics in Publishing’ document.

Referees

Please submit the names and institutional e-mail addresses of several potential referees.
For more details, visit our Support site. Note that the editor retains the sole right to decide
whether or not the suggested reviewers are used.

Statistical Analysis

Authors should seek advice on data analysis prior to submission. A commentary (Morrison,
D.A., 2002. How to improve statistical analysis in parasitology research publications. Int. J.
Parasitol. 32, 1065-1070) may also be consulted. Papers may be sent to referees with
particular expertise in statistics and modelling.

PREPARATION

This journal operates a single blind review process. All contributions will be initially
assessed by the editor for suitability for the journal. Papers deemed suitable are then
typically sent to a minimum of two independent expert reviewers to assess the scientific
quality of the paper. The Editor is responsible for the final decision regarding acceptance or
rejection of articles. The Editor's decision is final. More information on types of peer review.

Use of word processing software

It is important that the file be saved in the native format of the word processor used. The
text should be in single-column format. Keep the layout of the text as simple as possible.
Most formatting codes will be removed and replaced on processing the article. In particular,
do not use the word processor's options to justify text or to hyphenate words. However, do
use bold face, italics, subscripts, superscripts etc. When preparing tables, if you are using a
table grid, use only one grid for each individual table and not a grid for each row. If no grid
is used, use tabs, not spaces, to align columns. The electronic text should be prepared in a
way very similar to that of conventional manuscripts (see also the Guide to Publishing with
Elsevier). Note that source files of figures, tables and text graphics will be required whether
or not you embed your figures in the text. See also the section on Electronic artwork.

To avoid unnecessary errors you are strongly advised to use the 'spell-check' and 'grammar-
check' functions of your word processor.

Subdivision - numbered sections

Divide your article into clearly defined and numbered sections. Subsections (only in sections
2 and

3) should be numbered 2.1 (then 2.1.1, 2.1.2, ...), 2.2, etc. (the abstract is not included in
section numbering). Use this numbering also for internal cross-referencing: do not just refer
to 'the text'. Any subsection may be given a brief heading. Each heading should appear
on its own separate line.

Introduction
State the objectives of the work and provide an adequate background, avoiding a detailed
literature survey or a summary of the results.

Material and methods

Provide sufficient details to allow the work to be reproduced by an independent researcher.
Methods that are already published should be summarized, and indicated by a reference. If
quoting directly from a previously published method, use quotation marks and also cite the
source. Any modifications to existing methods should also be described.

A Theory section should extend, not repeat, the background to the article already dealt with
in the Introduction and lay the foundation for further work. In contrast, a Calculation section

represents a practical development from a theoretical basis.
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Results
Results should be clear and concise.

Discussion

This should explore the significance of the results of the work, not repeat them. A
combined Results and Discussion section is often appropriate, however it is not a standard
format for this journal; reasons for using the combined format must be provided in the
submission cover letter. Avoid extensive citations and discussion of published literature.

Appendices

This journal does not publish appendices. Information should be included within the
manuscript text or provided as supplementary material. If there is more than one appendix,
they should be identified as A, B, etc. Formulae and equations should be given separate
numbering: Eq. (A.1), Eq. (A.2), etc.; in a subsequent section, Eq. (B.1) and so on.

= Title. Concise and informative. Titles are often used in information-retrieval systems.
Avoid abbreviations and formulae where possible.

= Author names and affiliations. Please clearly indicate the given name(s) and family
name(s) of each author and check that all names are accurately spelled. You can add your
name between parentheses in your own script behind the English transliteration. Present
the authors' affiliation addresses (where the actual work was done) below the names.
Indicate all affiliations with a lower- case superscript letter immediately after the author's
name and in front of the appropriate address. Provide the full postal address of each
affiliation, including the country name and, if available, the e-mail address of each author.

= Corresponding author. Clearly indicate who will handle correspondence at all stages of
refereeing and publication, also post-publication. This responsibility includes answering any
future queries about Methodology and Materials. Ensure that the e-mail address is
given and that contact details are kept up to date by the corresponding author.

= Present/permanent address. If an author has moved since the work described in the
article was done, or was visiting at the time, a 'Present address' (or 'Permanent
address') may be indicated as a footnote to that author's name. The address at which
the author actually did the work must be retained as the main, affiliation address.
Superscript Arabic numerals are used for such footnotes.

A concise and factual abstract is required. The abstract should state briefly the purpose of
the research, the principal results and major conclusions. An abstract is often presented
separately from the article, so it must be able to stand alone. For this reason, References
should be avoided, but if essential, then cite the author(s) and year(s). Also, non-standard
or uncommon abbreviations should be avoided, but if essential they must be defined at
their first mention in the abstractitself.

Authors should supply a thumbnail image for all types of manuscripts. Articles accepted for
publication will be featured via a copy of the article abstract together with a thumbnail image to
direct people to the manuscript. An image that serves to illustrate the theme of the paper
is desired. It can be a figure from the paper or a related image that typifies the content of
the paper. Authors must supply the thumbnail image separately as an electronic file. The
maximum final dimensions of the thumbnail image will be 5 cm x 5 cm. Please consider
readability after reduction, especially if using one of the figures from the article itself.

Highlights

Highlights are mandatory for this journal. They consist of a short collection of bullet points
that convey the core findings of the article and should be submitted in a separate editable
file in the online submission system. Please use 'Highlights' in the file name and include 3
to 5 bullet points (maximum 85 characters, including spaces, per bullet point). You can
view example Highlights on our information site.

Immediately after the abstract, provide a maximum of 6 keywords, using UK spelling and
avoiding general and plural terms and multiple concepts (avoid, for example, "and", "of"). Be
sparing with abbreviations: only abbreviations firmly established in the field may be eligible.
These keywords will be used for indexing purposes.
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Avoid the use of abbreviations, but if necessary, authors should use the list (click here to
see list) as a guide to those terms that need not be given in full, or define each
abbreviation on first use.

Authors should provide confirmation of consent from persons acknowledged in manuscripts
eg. personal communications. This can be provided in a covering letter or by e-mail to the
editorial office.

Formatting of funding sources
List funding sources in this standard way to facilitate compliance to funder's requirements:

Funding: This work was supported by the National Institutes of Health [grant numbers xxxx,
vyyyl; the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and the United
States Institutes of Peace [grant number aaaal.

It is not necessary to include detailed descriptions on the program or type of grants and
awards. When funding is from a block grant or other resources available to a university,
college, or other research institution, submit the name of the institute or organization that
provided the funding.

If no funding has been provided for the research, please include the following sentence:

This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Units
Follow internationally accepted rules and conventions: use the international system of units
(SI). If other units are mentioned, please give their equivalent in SlI.

Math formulae

Please submit math equations as editable text and not as images. Present simple
formulae in line with normal text where possible and use the solidus (/) instead of a
horizontal line for small fractional terms, e.g., X/Y. In principle, variables are to be
presented in italics. Powers of e are often more conveniently denoted by exp. Number
consecutively any equations that have to be displayed separately from the text (if referred
to explicitly in the text).

Footnotes should only be used in tables.
Table footnotes
Indicate each footnote in a table with a superscript lowercase letter.

Electronic

artwork General

points

= Make sure you use uniform lettering and sizing of your original artwork.

= Embed the used fonts if the application provides that option.

= Aim to use the following fonts in your illustrations: Arial, Courier, Times New Roman,
Symbol, or use fonts that look similar.

= Number the illustrations according to their sequence in the text.

= Use a logical naming convention for your artwork files.

= Provide captions to illustrations separately.

= Size the illustrations close to the desired dimensions of the published version.

= Submit each illustration as a separate file.

A detailed guide on electronic artwork is available.

You are urged to visit this site; some excerpts from the detailed information are
given here.

Formats

If your electronic artwork is created in a Microsoft Office application (Word, PowerPoint, Excel)
then please supply 'as is' in the native document format.

Regardless of the application used other than Microsoft Office, when your electronic
artwork is finalized, please 'Save as' or convert the images to one of the following formats

(note the resolution requirements for line drawings, halftones, and line/halftone
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combinations given below):

EPS (or PDF): Vector drawings, embed all used fonts.

TIFF (or JPEG): Color or grayscale photographs (halftones), keep to a minimum of 300 dpi.
TIFF (or JPEG): Bitmapped (pure black & white pixels) line drawings, keep to a minimum of
1000 dpi. TIFF (or JPEG): Combinations bitmapped line/half-tone (color or grayscale), keep to
a minimum of 500 dpi.

Please do not:

= Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); these
typically have a low number of pixels and limited set of colors;

= Supply files that are too low in resolution;

= Submit graphics that are disproportionately large for the content.

Color artwork

lllustrations of all kinds should be listed together under ' Legend to Figures’ numbered
consecutively and their positions indicated in the text. Figures should be high quality, of an
adequate size to ensure clarity, and letters and numbers should be at least 4 mm in height.
Magnification should be indicated by inclusion of a scale bar in the figure and its value
should be indicated on the figure or in the legend. Each figure should be obvious from its file
name. If images have been altered, describe the nature of changes made and software
used. This information should be included in the ' Materials and methods

" section of the manuscript.

In general, figures will be printed and appear on electronic versions of papers in black and
white. Where appropriate, colour figures can be provided on the electronic version, but black
and white in the printed version. In this instance, authors are required to submit both colour
and high quality black and white versions of figures. Authors should note that the figure legend
will be the same in both versions. While there is no charge for colour in electronic versions,
there generally is a fee for printed colour figures. Please contact the Editorial Office for the
current policy.

lllustration services

Elsevier's WebShop offers lllustration Services to authors preparing to submit a manuscript
but concerned about the quality of the images accompanying their article. Elsevier's expert
illustrators can produce scientific, technical and medical-style images, as well as a full
range of charts, tables and graphs. Image 'polishing’ is also available, where our illustrators
take your image(s) and improve them to a professional standard. Please visit the website
to find out more.

Figure captions

Ensure that each illustration has a caption. Supply captions separately, not attached to the
figure. A caption should comprise a brief title (not on the figure itself) and a description of the
illustration. Keep text in the illustrations themselves to a minimum but explain all symbols
and abbreviations used.

Please submit tables as editable text and not as images. Tables can be placed either next
to the relevant text in the article, or on separate page(s) at the end. Number tables
consecutively in accordance with their appearance in the text and place any table notes
below the table body. Be sparing in the use of tables and ensure that the data presented in
them do not duplicate results described elsewhere in the article. Please avoid using vertical
rules and shading in table cells.

Correct references are the responsibility of the author. Please ensure that all references
cited in the text are included in the reference list.

References in the text start with the name of the author(s), followed by the publication date
in brackets, e.g. 'Combes (2001) has shown the importance of ..., or '... has been
described (Combes, 2001; Kumar et al., 2004) ..., using date order. More than one paper
from the same author in the same year must be identified by the letters a, b, c, etc.,
placed after the year of publication. In the text, when referring to a work by two authors,
use (Sangster and Dobson, 2002) or for more than two authors, the name of the first
author should be given followed by et al. There is an output style available for EndNote.
Please refer to the EndNote website or contact the Editorial Office for a copy of this style

file.
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The references in the reference list should be in alphabetical order. References to journal
articles should contain names and initials of all author(s), year of publication, article title,
abbreviation of the name of the journal, volume number and page numbers.

Unpublished data, personal communications and papers ' in preparation’ or ' submitted’ ,
abstracts (whether published or not) and theses should not be listed in the references (but
may be incorporated at the appropriate place in the text); work "in press" may be listed only
if it has been accepted for publication. Personal communications must be accompanied by
a letter or e-mail from the named person(s) giving permission to quote such information.
References to books should also include the title (of series and volume), initials and names
of the editor(s) and publisher and place of publication.

Examples:

Combes, C., 2001. Parasitism. The ecology and evolution of intimate interactions.
University of Chicago Press, Chicago and London.

Kumar, N., Cha, G., Pineda, F., Maciel, J., Haddad, D., Bhattacharyya, M.K., Nagayasu, E.,
2004. Molecular complexity of sexual development and gene regulation in Plasmodium
falciparum. Int. J. Parasitol. 34, 1451-1458.

Pettersson, E.U., Ljunggren, E.L., Morrison, D.A., Mattsson, J.G., in press. Functional
analysis and localisation of a delta-class glutathione S-transferase from Sarcoptes scabiei.
Int. J. Parasitol.

Sangster, N.C., Dobson, R.J., 2002. Anthelmintic resistance. In: Lee, D.L. (Ed.), The
biology of nematodes. Taylor and Francis, London and New York, pp. 531-567.

Citation intext

Please ensure that every reference cited in the text is also present in the reference list (and
vice versa). Any references cited in the abstract must be given in full. Unpublished results
and personal communications are not recommended in the reference list, but may be
mentioned in the text. If these references are included in the reference list they should
follow the standard reference style of the journal and should include a substitution of the
publication date with either 'Unpublished results' or 'Personal communication’. Citation of a
reference as 'in press' impliesthat the item has been accepted for publication.

Web references

As a minimum, the full URL should be given and the date when the reference was last
accessed. Any further information, if known (DOI, author names, dates, reference to a
source publication, etc.), should also be given. Web references to published articles can be
included in the reference list. Other web references such as software programs, databases
and individual web pages, should have the reference details included at the appropriate
place within the text.

Data references

This journal encourages you to cite underlying or relevant datasets in your manuscript by
citing them in your text and including a data reference in your Reference List. Data
references should include the following elements: author name(s), dataset title, data
repository, version (where available), year, and global persistent identifier. Add [dataset]
immediately before the reference so we can properly identify it as a data reference. The
[dataset] identifier will not appear in your published article.

[dataset] Oguro, M., Imahiro, S., Saito, S., Nakashizuka, T., 2015. Mortality data for
Japanese oak wilt disease and surrounding forest compositions. Mendeley Data, v1.
http://dx.doi.org/10.17632/ xwj98nb39r.1.

References in a special issue
Please ensure that the words 'this issue' are added to any references in the list (and any
citations in the text) to other articles in the same Special Issue.

Reference management software
Most Elsevier journals have their reference template available in many of the most popular
reference management software products. These include all products that support Citation

S%/Ie Laﬂ\%ua e styles, such as Mendeley and Zotero, as well as EndNote. Using the word
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processor plug-ins from these products, authors only need to select the appropriate journal
template when preparing their article, after which citations and bibliographies will be
automatically formatted in the journal's style. If no template is yet available for this journal,
please follow the format of the sample references and citations as shown in this Guide.

Users of Mendeley Desktop can easily install the reference style for this journal by clicking the
following link:
http://open.mendeley.com/use-citation-style/international-journal-for-parasitology

When preparing your manuscript, you will then be able to select this style using the Mendeley
plug- ins for Microsoft Word or LibreOffice.

Journal abbreviations source
Journal names should be abbreviated according to the NLM catalogue:
http://www.nlm.nih.gov/tsd/serials/lji.html.

Elsevier accepts video material and animation sequences to support and enhance your
scientific research. Authors who have video or animation files that they wish to submit with
their article are strongly encouraged to include links to these within the body of the article.
This can be done in the same way as a figure or table by referring to the video or animation
content and noting in the body text where it should be placed. All submitted files should be
properly labeled so that they directly relate to the video file's content. . In order to ensure
that your video or animation material is directly usable, please provide the file in one of our
recommended file formats with a preferred maximum size of 150 MB per file, 1 GB in total.
Video and animation files supplied will be published online in the electronic version of your
article in Elsevier Web products, including ScienceDirect. Please supply 'stills’ with your
files: you can choose any frame from the video or animation or make a separate image.
These will be used instead of standard icons and will personalize the link to your video data.
For more detailed instructions please visit our video instruction pages. Note: since video
and animation cannot be embedded in the print version of the journal, please provide text
for both the electronic and the print version for the portions of the article that refer to this
content.

The journal encourages authors to create an AudioSlides presentation with their published
article. AudioSlides are brief, webinar-style presentations that are shown next to the online
article on ScienceDirect. This gives authors the opportunity to summarize their research in
their own words and to help readers understand what the paper is about. More information
and examples are available. Authors of this journal will automatically receive an invitation e-
mail to create an AudioSlides presentation after acceptance of their paper.

For non-integrated supplementary files, a footnote should be typed on the title page of the
manuscript:

" Note: Supplementary data associated with this article’ . A copy of supplementary material
should be submitted at the same time as the manuscript. Preferred formats are Microsoft
Office for text or graphics and avi for movie files. Maximum size of files is 10 MB. If files
cannot be reduced to 10MB, authors should contact the IJP Editorial Office
(editor@IJP.org.au)

This journal encourages and enables you to share data that supports your research
publication where appropriate, and enables you to interlink the data with your published
articles. Research data refers to the results of observations or experimentation that validate
research findings. To facilitate reproducibility and data reuse, this journal also encourages
you to share your software, code, models, algorithms, protocols, methods and other useful
materials related to the project.

Below are a number of ways in which you can associate data with your article or make a
statement about the availability of your data when submitting your manuscript. If you are
sharing data in one of these ways, you are encouraged to cite the data in your manuscript
and reference list. Please refer to the "References" section for more information about data
citation. For more information on depositing, sharing and using research data and other
relevant research materials, visit the research data page.

Data linking
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If you have made your research data available in a data repository, you can link your article
directly to the dataset. Elsevier collaborates with a number of repositories to link articles on
ScienceDirect with relevant repositories, giving readers access to underlying data that
gives them a better understanding of the research described.

There are different ways to link your datasets to your article. When available, you can
directly link your dataset to your article by providing the relevant information in the
submission system. For more information, visit the database linking page.

For supported data repositories a repository banner will automatically appear next to your
published article on ScienceDirect.

In addition, you can link to relevant data or entities through identifiers within the text of your
manuscript, using the following format: Database: xxxx (e.g., TAIR: AT1G01020; CCDC:
734053; PDB: 1XFN).

Open data
This journal supports Open data, enabling authors to submit any raw (unprocessed)
research data with their article for open access publication under the CC BY license. More
information.

Mendeley Data

This journal supports Mendeley Data, enabling you to deposit any research data (including
raw and processed data, video, code, software, algorithms, protocols, and methods)
associated with your manuscript in a free-to-use, open access repository. Before submitting
your article, you can deposit the relevant datasets to Mendeley Data. Please include the
DOI of the deposited dataset(s) in your main manuscript file. The datasets will be listed and
directly accessible to readers next to your published article online.

For more information, visit the Mendeley Data for journals page.

Data statement

To foster transparency, we encourage you to state the availability of your data in your
submission. This may be a requirement of your funding body or institution. If your data is
unavailable to access or unsuitable to post, you will have the opportunity to indicate why
during the submission process, for example by stating that the research data is
confidential. The statement will appear with your published article on ScienceDirect. For
more information, visit the Data Statement page.

The journal encourages authors to create an AudioSlides presentation with their published
article. AudioSlides are brief, webinar-style presentations that are shown next to the online
article on ScienceDirect. This gives authors the opportunity to summarize their research in
their own words and to help readers understand what the paper is about. More information
and examples are available. Authors of this journal will automatically receive an invitation e-
mail to create an AudioSlides presentation after acceptance of their paper.

AFTER ACCEPTANCE

Corresponding authors will receive an e-mail with a link to our online proofing system, allowing
annotation and correction of proofs online. The environment is similar to MS Word: in addition
to editing text, you can also comment on figures/tables and answer questions from the Copy
Editor. Web-based proofing provides a faster and less error-prone process by allowing you to
directly type your corrections, eliminating the potential introduction of errors.

If preferred, you can still choose to annotate and upload your edits on the PDF version. All
instructions for proofing will be given in the e-mail we send to authors, including alternative
methods to the online version and PDF.

We will do everything possible to get your article published quickly and accurately. Please
use this proof only for checking the typesetting, editing, completeness and correctness of
the text, tables and figures. Significant changes to the article as accepted for publication
will only be considered at this stage with permission from the Editor. It is important to
ensure that all corrections are sent back to us in one communication. Please check
carefully before replying, as inclusion of any subsequent corrections cannot be guaranteed.
Proofreading is solely your responsibility.
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The corresponding author will, at no cost, receive a customized Share Link providing 50
days free access to the final published version of the article on ScienceDirect. The Share
Link can be used for sharing the article via any communication channel, including email
and social media. For an extra charge, paper offprints can be ordered via the offprint order
form which is sent once the article is accepted for publication. Both corresponding and co-
authors may order offprints at any time via Elsevier's Webshop. Corresponding authors
who have published their article open access do not receive a Share Link as their final
published version of the article is available open access on ScienceDirect and can be
shared through the article DOI link.

Submission of sequence data to databases

Novel nucleotide or protein sequence data must be deposited in the GenBank™ , EMBL or
DDBJ databases and an accession number obtained before the paper can be accepted for
publication. Submission to any one of the collaborating databanks is sufficient to ensure
entry in all. The accession number should be included as a footnote on the title page of the
manuscript: 'Note: Nucleotide sequence data reported in this paper are available in the
GenBank™ | EMBL and DDBJ databases under the accession number(s)'. If requested the
database will withhold release of data until publication. The usual method for submitting
sequence data is by the World Wide Web to either GenBank (via Banklt:
http://www.ncbi.nlm.nih.gov/Banklt/), EMBL (via Webln:
http://www.ebi.ac.uk/subs/allsubs.html) or to DDBJ (via SAKURA:
http://sakura.ddbj.nig.ac.jp/). Special types of submissions, such as genomes, bulk
submissions, segmented sets, and population/phylogenetic/mutation studies, can be more
easily prepared with the Sequin programme (available from the above Web sites). Authors
are encouraged by the databases to update their entries as the need arises.

GenBank/DNA sequence linking. In order for automatic links to be made between
papers and GenBank, authors should type the accession number in bold, underlined text.
Letters in the accession number should always be capitalised. (See the example). When
published they will appear in normal type.

Example: ' GenBank accession nos. Al631510, AlI631511, Al632198, and BF223228), a
B-cell tumor from a chronic lymphatic leukemia (GenBank accession no. BE675048), and a
T-celllymphoma (GenBank accession no. AA361117)" .

Additionally, any multiple alignments of nucleotide or protein data must be submitted to a
recognised database and must also receive a unique accession number. The accession
number can appear in the text in the relevant section of the Results, as: ' Alignment files
are available by anonymous FTP from FTP.EBI.AC.UK in
directory/pub/databases/embl/align or via the EMBLALIGN database via SRS at
http://srs.ebi.ac.uk; under accession(s)’ . The usual method for submitting alignments is by
the World Wide Web to the European Bioinformatics Institute (via Webin- Align:
http://www.ebi.ac.uk). Microarray data, in MIAME-compliant format, should be submitted to
ArrayExpress (http://www.ebi.ac.uk/arrayexpress/) or GEO
(http://www.ncbi.nlm.nih.gov/geo/). Accession identifiers relating to the data should be
provided in the manuscript text.

Policy on bioinformatics papers. In silico analysis: The following guidelines apply to
papers that exclusively use in silico analysis or rely heavily on this approach for analysis
and conclusions. Such papers should address a significant biological issue or issues.
Bioinformatic data should be supported by novel or published biological data. Work would
typically use information from a number of databases and even from a number of parasite
or host species and use a number of analytical methods. Types of ' metaanalysis’ are
encouraged either across a wide range of parasites or, say, at a number of points in a
metabolic or signalling pathway or an immune cascade. In silico analysis may be especially
suitable for review articles.

Guidelines for the reporting of protein identifications using mass spectrometry: The
following information should be provided for protein or peptide identifications using
massspectrometry:

AUTHOR INFORMATION PACK 8 Feb 2018 www.elsevier.com/locate/ijpara



165

1. The program, and version number, used to create peak lists and the parameters used in
the creation of the list.

2. The program, and version number, of the program used for database searching.
Parameters used for searching should be specified, including, but not limited to, precursor-
ion mass tolerance, fragment- ion mass tolerance, modifications allowed for, missed
cleavages and enzymes used in protein cleavage.

3. The name and version number of the sequence database used in searches. If a custom-
made database is used then complete information on the origin of the sequences and
database size should be disclosed. Given the dependence of scoring on database size, the
use of a small database, or one excluding contaminants, should be justified. 4. A short
description of the methods use to interpret the significance of search results, including any
statistical analysis, confidence thresholds and other values specific to judging the certainty
of the identification.

5. For large-scale experiments a false-positive determination should be reported. This may
be the result of randomized database searches or other approaches.

6. Each protein identification should include the accession number, score generated by the
search algorithm used, sequence coverage and the number of unique peptide sequences
assigned in the protein identification.

7. Single peptide identifications should include an annotated MS/MS spectrum showing
fragment assignments together with the peptide sequence, precursor mass, charge and
error.

8. ldentifications arising from peptide mass fingerprinting should include an annotated
mass spectrum. The number of matched peaks, the number of unmatched peaks and the
sequence coverage should also be reported along with all parameters and thresholds used
to analyse the data. This includes mass accuracy, resolution, calibration methods,
contaminant exclusions along with the scoring scheme used and measure of the false-
positive rate.

Taxonomic publications. Taxonomic papers are considered only if they are of broad
interest, going beyond purely morphological descriptions which are best suited to specialist
journals. Examples of contributions of broader interest include description of new taxa
which do not fit within accepted classifications, analyses which are of phylogenetic or
biogeographic significance employing a range of analysis techniques or which include
information on host-parasite relationships or deleterious effects on the host. Presentations
which include description of new species should conform to a prescribed pattern as follows:
where the new species name is written for the first time, ' n.sp’ should succeed it. The
name should be followed by: (1) a description, in telegraphic style, i.e. without articles and
verbs, of the specific characters; accompanied by illustrations depicting the main
differentiating characters;

(2) a diagnosis, emphasising the characters of the new species or genus; (3) the details of
type material, (host, location in host, geographic locality, collector, place of deposition and
registration). Synopses (a brief summary of a small taxonomic group of parasites) and
checklists (a list of parasites from particular hosts in particular localities) are acceptable,
provided species named are critically evaluated, identifications are sound and the results
are of broad scientific interest. Authors byshould comply with the International Code of
Zoological Nomenclature.

Ecological Papers. Specimens upon which new host or locality records are based must be
deposited in a museum or recognised collection to be available for further study and
registration numbers must be cited.

AUTHOR INQUIRIES

Visit the Elsevier Support Center to find the answers you need. Here you will find
everything from Frequently Asked Questions to ways to get in touch.

You can also check the status of your submitted article or find out when your accepted
article will be published.
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ANEXO E - CURRICULO LATTES ATUALIZADO (CORRESPONDENTE AO

Curriculum Vitae

PERIODO DO CURSO)

Formagao complementar

2015 - 2015

Curso de curta duracdo em Curso de protecao radioldgica para area da pesquisa.
(Carga horaria: 40h).
Universidade Federal de Pernambuco, UFPE, Recife, Brasil

Atuacao profissional

Universidade Federal de Pernambuco - UFPE

Vinculo institucional

2015 - 2017 Vinculo: Professor Visitante , Enquadramento funcional: Estagio a

Docéncia , Carga horaria: 4, Regime: Parcial
Outras informagoes:

Estagio a Docéncia na Disciplina de Bioquimica

Centro de Pesquisa Aggeu Magalhaes, FIOCRUZ-PE - CPQAM

Vinculo institucional

2014 - Atual Vinculo: Colaborador , Enquadramento funcional: Estudante de

Doutorado , Carga horaria: 40, Regime: Dedicagéo exclusiva

2012 - 2014 Vinculo: Colaborador , Enquadramento funcional: Estudante de

Mestrado , Carga horaria: 40, Regime: Dedicacdo exclusiva

Prémios e titulos

2017

2016

2015

2013

Trabalho premiado na categoria pbster na XXIV Semana de Biomedicina da
UFPE., UFPE

Trabalho Premiado na categoria apresentacdo oral "Avaliagdo da expressao
génica de grupos de genes paralogos de Gp63 de Leishmania braziliensis",
FIOCRUZ - PERNAMBUCO. IV Semana de Biociéncias e biotecnologia em saude.

Trabalho premiado, SBBq - Brazilian Society for Biochemistry and Molecular
Biology

Trabalho premiado na categoria de apresentagdo oral, Programa de
Pés-Graduagdo em Genética - UFPE
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Producao

Producao bibliografica

Artigos completos publicados em periédicos

1. MAGALHAES, FRANKLIN B.; CASTRO NETO, ARTUR L.; NASCIMENTO, MARILIA B.; SANTOS,
WAGNER J. T.; MEDEIROS, ZULMA M.; LIMA NETO, ADELINO S.; COSTA, DORCAS L.; COSTA,
CARLOS H. N.; DOS SANTOS, WASHINGTON L. C.; PONTES DE CARVALHO, LAIN C.; OLIVEIRA,
GERALDO G. S.; DE MELO NETO, OSVALDO P.

Evaluation of a new set of recombinant antigens for the serological diagnosis of human and canine
visceral leishmaniasis. PLoS One. , v.12, p.e0184867 -, 2017.

Trabalhos publicados em anais de eventos (resumo)
1. CAVALCANTI, M. P.; TRAJANO-SILVA, L. A. M.; SOUZA, V. V. A;; SANTOS, W. J. T.; CASTRO
NETO, A. L.; MAGALHAES, F. B.; MOURA, D. M. N.; PESSOA-E-SILVA, R.; OLIVEIRA, G. A,
LORENA, V. M. B.; MELO NETO, O. P.
Cellular Immune Response Analysis in Dogs With Visceral Leishmaniasis in the Presence of New
Recombinant Antigens In: 6th World Congress on Leishmaniasis, 2017, Toledo, Espanha.

Anais do 6th World Congress on Leishmaniasis. , 2017.

2. DUTRA, A. K. O.; BRITO, A. N. A. L. M,; CASTRO NETO, A. L.; MELO NETO, O. P. Produgéo de
paralogos recombinantes da proteina de viruléncia Gp63 de Leishmania braziliensis para avaliagdo
de reconhecimento frente a anticorpos especificos In: XXIV Semana de Biomedicina da UFPE, 2017,
Recife.

Anais da XXIV Semana de Biomedicina. , 2017.

3. DUTRA, A. K. O,; BRITO, A. N. A. L. M.; CASTRO NETO, A. L.; MELO NETO, O. P.
Avaliagdo da expressao génica de grupos de genes paralogos de Gp63 de Leishmania braziliensis In:
IV Semana de Biociéncias e Biotecnologia em Saude, 2016, Recife, Pernambuco.

Anais da IV Semana de Biociéncias e Biotecnologia em Saude. , 2016.

4. BARBALHO, M. S.; CASTRO NETO, A. L; BRITO, A. N. A. L. M;; MELO NETO, O. P,
MAGALHAES, F. B.Avaliagéo do perfil de localizagao celular e caracterizagdo dos multiplos paralogos
de Gp63 de Leishmania braziliensis In: 52° Congresso da Sociedade Brasileira de Medicina Tropical,
2016, Macéio, Alagoas. Anais do 52° Congresso da Sociedade Brasileira de Medicina Tropical.
, 2016.

5. BARBALHO, M. S.; BRITO, A. N. A. L. M.; CASTRO NETO, A. L.; MELO NETO, O. P.
Evaluation of the genetic variability of gp63 virulence protein paralogs in Leishmania braziliensis In:
XXXIl Annual Meeting of the Brazilian Society of Protozoology / XLIII Annual Meeting on Basic
Research in Chagas Disease, 2016, Caxambu - MG.

Anais do XXXII Annual Meeting of the Brazilian Society of Protozoology / XLIIl Annual
Meeting on Basic Research in Chagas Disease. , 2016.

6. SANTOS, W. J. T.; CASTRO NETO, A. L.; TAVARES, D. H. C.; REZENDE, A.M.; MAGALHAES, F.
B.; NASCIMENTO, M. B.; MELO NETO, O. P.
Production and Evaluation of Chimeric Proteins with Potential for the Diagnosis of Human and Canine
Forms of Visceral Leishmaniasis In: XXXII Annual Meeting of the Brazilian Society of Protozoology /
XLl Annual Meeting on Basic Research in Chagas Disease, 2016, Caxambu, MG.

Anais do XXXII Annual Meeting of the Brazilian Society of Protozoology / XLIll Annual
Meeting on Basic Research in Chagas Disease. , 2016.

7. SANTOS, W. J. T.; REZENDE, A.M.; TAVARES, D. H. C.; MAGALHAES, F. B.; NASCIMENTO, M.
B.; CASTRO NETO, A. L.; MELO NETO, O. P.
Optimization of conditions for overexpression in Escherichia coli of chimeric proteins potentially usefull
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for the diagnosis of visceral leishmaniasis In: — 23rd Congress of the International Union of
Biochemistry and Molecular Biology (IUBMB) and 44th Annual Meeting of the Brazilian Society for
Biochemistry and Molecular Biology (SBBq), 2015, Foz do Iguagu, PR.

Anais do — 23rd Congress of the International Union of Biochemistry and Molecular
Biology (IJUBMB) and 44th Annual Meeting of the Brazilian Society for Biochemistry and
Molecular Biology (SBBq)., 2015.

8. CASTRO NETO, A. L.; NASCIMENTO, M. B.; MAGALHAES, F. B.; MELO NETO, O. P.

Assessment of subcellular localization and gene knockout of two promising Leishmania infantum

antigens In: XXX Annual Meeting of the Brazilian Society of Protozoology, 2014, Caxambu, MG.
Anais do XXX Annual Meeting of the Brazilian Society of Protozoology. , 2014.

9. NASCIMENTO, M. B.; SANTOS, W. J. T.; CASTRO NETO, A. L.; DHALIA, R.; OLIVEIRA, G. G. S;;
CARVALHO, L. C. P.; MAGALHAES, F. B.; MELO NETO, O. P.
Evaluation of repetitive motifs antigenicity of two new antigenic proteins of Leishmania infantum In:
XXX Annual Meeting of the Brazilian Society of Protozoology, 2014, Caxambu, MG.

Anais do XXX Annual Meeting of the Brazilian Society of Protozoology. , 2014.

Apresentacao de trabalho e palestra

1. CASTRO NETO, A. L.; REZENDE, A.M.; MAGALHAES, F. B.; MELO NETO, O. P.
Perfil de expressao de mRNAs codificantes da proteina de viruléncia GP63 de Leishmania
braziliensis, 2016. (Simpdsio,Apresentagdo de Trabalho)

2. CASTRO NETO, A. L.; REZENDE, A.M.; MAGALHAES, F. B.; MELO NETO, O. P.
Protein modelling, B-cell linear epitope prediction and RNA expression profile of the virulence
protein gp63 from Leishmania braziliensis, 2016. (Congresso,Apresentacdo de Trabalho)

3. CASTRO NETO, A. L. Tripanossomatideos e seus mecanismos de evasao do sistema imune,
2016. (Conferéncia ou palestra,Apresentacéo de Trabalho)

4. CASTRO NETO, A. L.; REZENDE, A.M.; MAGALHAES, F. B.; MELO NETO, O. P.
In Silico Characterization of Orthologs and Paralogs of the gp63 Virulence Protein from
Leishmania sp., 2015. (Congresso,Apresentacao de Trabalho)

5. CASTRO NETO, A. L.; NASCIMENTO, M. B.; MAGALHAES, F. B.; MELO NETO, O. P.
Assessment of subcellular localization and gene knockout of two promising Leishmania
infantum antigens, 2014. (Congresso,Apresentacéo de Trabalho)

Educacao e Popularizagdo de C&T
Apresentacéao de trabalho e palestra

1. CASTRO NETO, A. L.
Tripanossomatideos e seus mecanismos de evasao do sistema imune, 2016. (Conferéncia ou
palestra,Apresentagéo de Trabalho)

Curso de curta duragdo ministrado

1. CASTRO NETO, A. L.
Clonagem em vetores bacterianos e extracido de DNA plasmidial, 2016. (Aperfeicoamento,
Curso de curta duragédo ministrado)

2. CASTRO NETO, A. L.
Aspectos moleculares no desenvolvimento de novos métodos de diagnéstico e vacina, 2015.
(Outro, Curso de curta duragédo ministrado)
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3. CASTRO NETO, A. L.
Desenvolvimento de vacinas e imunoterapicos, 2015. (Especializagdo, Curso de curta duragao
ministrado)

Orientagoes e Supervisées

Orientagdes e supervisdes concluidas

Trabalhos de conclusao de curso de graduagao

1. Adriana Neuman Albuquerque Lins Moura de Brito. Avaliagdo Da Variabilidade Génica De
Multiplos Paralogos Da Proteina De Viruléncia Gp63 De Leishmania Braziliensis. 2016. Curso
(Biomedicina) - Universidade Federal de Pernambuco

Iniciagao cientifica

1. Adriana Neuman Albuquerque Lins Moura de Brito. Avaliagcdo do perfil de expressao dos
multiplos genes de gp63 durante o ciclo de vida da L. braziliensis. 2016. Iniciacao cientifica
(Biomedicina) - Universidade Federal de Pernambuco

Orientagdes e supervisdes em andamento

Dissertagoes de mestrado : co-orientador

1. Adriana Neuman Albuquerque Lins Moura de Brito. Avaliagdo Comparativa Do Perfil De
Expressdo De Genes Paralogos Codificantes Da Proteina De Viruléncia Gp63 De Leishmania
Braziliensis. 2017. Dissertacdo (Biociéncias de Biotecnologia em Saude) - Centro de Pesquisa
Aggeu Magalhaes, FIOCRUZ-PE

Iniciagao cientifica

1. Allana Kelly Oliveira Dutra. Analise do perfil transcricional dos multiplos paralogos de Gp63

de Leishmania braziliensis. 2016. Iniciagdo cientifica (Biomedicina) - Universidade Federal de
Pernambuco

Eventos
Participagao em eventos

1. Apresentacdo de Poster / Painel no(a) 23rd Congress of the International Union of
Biochemistry and Molecular Biology(lUBMB) and 44th Annual Meeting of the Brazilian Society
for Biochemistry and Molecular Biology(SBBq), 2015. (Congresso) IN SILICO
CHARACTERIZATION OF ORTHOLOGS AND PARALOGS OF THE GP63 VIRULENCE PROTEIN
FROM LEISHMANIA SP.

2. Apresentacdo de Poster / Painel no(a) XXX Annual Meeting of the Brazilian Society of
Protozoology, 2014. (Congresso) Assessment of subcellular localization and gene knockout of two
promising Leishmania infantum antigens.

Bancas

Bancas
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Participagao em banca de trabalhos de conclusao
Graduagao

1. CASTRO NETO, A.L.; ASSIS, L. A;; FREIRE, E. R.; MELO NETO, O. P.

Participagcdo em banca de Tallyta Tamara da Silva Monteiro. Avaliagdo das diferentes
subpopulagées de MmRNAs associados aos fatores de tradugcdo EIF4E3 e EIF4E4 em
Trypanosoma brucei, 2017

(Biomedicina) Universidade Federal de Pernambuco

2. CASTRO NETO, A. L.; FREIRE, E. R.; REIS, C.R. S.

Participacdo em banca de Jade Emanuelle Nascimento Filgueiras Ribeiro. Analise da Interagao
entre proteinas recombinantes do complexo de iniciagdo da traducdo EIF4F/PABP de
tripanossomatideos, 2016 (Biomedicina) Universidade Federal de Pernambuco



