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RESUMO

FREITAS-SILVA, R. Identificacdo e Avaliacdo Imunolégica de Potenciais Epitopos
de Linfocitos T CD4" e T CD8" no Proteoma de Leishmania (Viannia) braziliensis.
2016. Tese (Doutorado). Universidade Federal de Pernambuco, Recife, Pernambuco,
Brasil.

As leishmanioses sdo doencas causadas por protozoarios do género Leishmania e
estdo presentes em 98 paises e territorios e possuem incidéncia anual de 2
milhdes de casos. A Leishmania (Viannia) braziliensis (L.V. braziliensis) € uma das
principais espécies causadoras da leishmaniose cuténea (LC) no Brasil. Apesar
disso, ainda ndo ha uma vacina segura e eficaz para ser utilizada em seres
humanos. Nesse sentido, o objetivo deste trabalho foi identificar no proteoma
predito de L.V. braziliensis, potenciais epitopos de linfécitos T e avalia-los por meio
de ensaios imunolégicos. No primeiro capitulo, o proteoma predito de L.
braziliensis foi comparado ao de outras espécies e analisado quanto a presenca de
epitopos. Nessa etapa foram encontrados epitopos derivados de mais de 8 mil
proteinas conservadas entre diferentes espécies de Leishmania. Os epitopos
foram clusterizados e entdo utilizados para etapa de docagem molecular com
estruturas de MHC | e MHC Il depositadas no Protein Data Bank. A docagem
molecular resultou em epitopos peptidicos de 15 aminoacidos com alta afinidade
de ligacdo as moléculas de MHC | e MHC II. Os 10 melhores resultados foram
entdo sintetizados e avaliados, in vitro, quanto a capacidade de estimular a
proliferacdo de células mononucleares do sangue periférico (PBMC) de individuos
com LC apés o tratamento (PT). Os resultados indicaram que 50% das moléculas
testadas apresentaram capacidade de estimular, significativamente (p<0,05), a
proliferagcéo celular quando comparado as células de individuos saudaveis que néo
vivem em regido endémica para LC. No segundo capitulo, os peptideos foram
avaliados quanto a capacidade de estimular a proliferacdo de PBMC de individuos
com LC em sua fase ativa (AD) e individuos moradores de area endémica para LC
resistentes a infeccdo (RT). Em paralelo, quantificou-se a expressdo do fator de
transcricdo T-bet em PBMC de individuos PT, e citocinas dos perfis Thl, Th2 e
Th17 foram mensuradas no sobrenadante de cultura das células de individuos PT
e AD. Os resultados demonstraram altos niveis de proliferacdo nas células do
grupo RT para todos os peptideos testados. Além disso, niveis significativos de T-
bet foram observados em linfécitos T CD4" e CD8" apds estimulo com seis
peptideos. Niveis significativos de IFN-y, TNF e IL-6 foram observados no
sobrenadante das células do grupo PT com quatro dos peptideos testados. Altos
niveis dessas citocinas também foram encontrados no sobrenadante do grupo AD.
No terceiro capitulo, avaliou-se o efeito dos peptideos sobre células dendriticas de
medula (BMDC) murinas, producdo de citocinas de sobrenadante, e células
dendriticas esplénicas murinas apos estimulo com os peptideos. Verificou-se altos
niveis de MHC Il e CD40 em uma subpopulacdao de BMDC estimuladas com as
moléculas e altos nives de TNF e IL-6 apdés 48h de estimulo. Para as células
esplénicas, foram observados altos niveis de subpopulacdes celulares
expressando CD11b", IL-12p70*, CD205" e CD11b" apds estimulo com o peptideo
que teve o melhor resultado in silico. Por fim, os resultados indicam o grande
potencial imunogénico que os epitopos identificados apresentam, o que da suporte
ao desenvolvimento futuro de abordagens vacinais.

Palavras-chave: Doencas tropicais negligenciadas, Leishmanioses,
Leishmania braziliensis, Epitopos de linfécitos T CD4" e T CD8", Vacinas.



ABSTRACT

FREITAS-SILVA, R. Identification and Immunological Evaluation of Potential CD4"
and CD8" T cell Epitopes in the Proteome of Leishmania (Viannia) braziliensis.
2016. Thesis (Doctorate). Universidade Federal de Pernambuco, Recife, Pernambuco,
Brasil.

The leishmaniasis are diseases caused by protozoans from the genus
Leishmania which are present in 98 countries and territories, with an annual
incidence of 2 million cases. Among the other species, Leishmania (Viannia)
braziliensis is the main specie implicated with cutaneous leishmaniasis (CL) in
Brazil. Besides that, there is no safe and effective vaccine against leishmaniasis
to be applied in humans. In this context, the aim of this work was to identify in
the predicted proteome of L. braziliensis potential CD4" and CD8" T cell
epitopes and evaluate them by immunological assays. In the first chapter, the
predicted proteome of L. braziliensis was compared with other species and
analyzed for the presence of epitopes. In this step, epitopes from more than
8,000 conserved proteins were found among other species of Leishmania. The
epitopes were clustered and then used for the molecular docking with MHC |
and MHC Il structures deposited in the Protein Data Bank. This approach
resulted in 15 aminoacids peptide epitopes with high binding affinity for MHC |
and MHC II. The 10 best results were synthesized and evaluated in vitro for
their capacity to stimulate the proliferation of peripheral blood mononuclear cells
(PBMC) of individuals with CL post treatment (PT). The results have shown that
50% of the tested molecules had the capacity to stimulate, significantly
(p<0.05), cell proliferation when compared with cells of healthy individuals living
in non-endemic regions. For the second chapter, the peptides were evaluated
for their capacity to stimulate the proliferation of PBMC from CL individuals with
active disease (AD) and of individuals resistant to infection (RT) living in
endemic region. In parallel, the T-bet transcription factor expression was
quantified in PBMC of PT individuals, and cytokines from the Thl, Th2 and
Th17 profiles were measured in culture supernatant of PT and AD groups. High
levels of cell proliferation in the RT group were demonstrated for all peptides
tested. Moreover, significant levels of T-bet in CD4" and CD8" T cells were
verified after stimulation with six peptides. For IFN-y, TNF and IL-6, significant
levels were detected in the supernatant of cultures from the PT group with four
peptides tested. High levels of these same cytokines were also present in the
supernatant of AD group. In the third chapter, the peptide effects over murine
bone marrow dendritic cells (BMDC), the production of cytokines in the
supernatant and murine spleen dendritic cell subsets were evaluated after
peptide stimuli. High levels of MHC Il and CD40 were verified for stimulated
BMDC and high levels of TNF and IL-6 after 48h of stimuli. For spleen cells,
high levels of cells expressing CD11b", IL-12p70*, CD205" e CD11b" were
observed after stimulation with the peptide which showed the best in silico
result. In conclusion, the results indicate the great immunogenic potential of the
identified peptides and support the further development of vaccine approaches
using those molecules.

Keywords: Neglected tropical diseases, Leishmaniasis, Leishmania
braziliensis, CD4" and CD8" T cell epitopes, Vaccines.
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1 INTRODUCAO

As leishmanioses sdo doencas parasitarias causadas por protozoarios
do género Leishmania, constituindo um importante grupo de doencgas tropicais
negligenciadas (DTNs). Essas doencas atingem principalmente as populacdes
mais pobres; contudo, o cenario atual indica que a doenca vem ganhando
espaco em areas mais urbanas e que antes eram consideras livres. As
leishmanioses estdo presentes em 98 paises e territdrios e apresentam uma
incidéncia anual de 2 milhdes de casos. Além disso, estimativas indicam que
cerca de um quarto da populagcdo mundial, que corresponde a 1,7 bilhdo de
pessoas, vivem em areas de risco.

A transmissdo das leishmanioses acontece por meio da picada de
flebotomineos infectados com protozoarios do género Leishmania. Esses ao
realizarem o respasto sanguineo, regurgitam material contendo os protozoarios
em sua forma infectiva. Ap6s a entrada no hospedeiro, os parasitas acabam
por infectar, principalmente, os macréfagos e estabelecer a infeccdo que
poderd levar ao desenvolvimento da doenca. As leishmanioses apresentam um
grande espectro de formas clinicas, desde formas tegumentares que
acometem a pele e podem vir a curar espontaneamente, até formas viscerais
potencialmente fatais, se ndo tratadas.

No caso da leishmaniose tegumentar (LT), a doenca manifesta-se
clinicamente pelo surgimento de uma ou multiplas Ulceras, em geral na regido
da face, que podem persistir por anos ou mesmo curar espontaneamente. A LT
apresenta uma incidéncia anual de 0,7 a 1,2 milhdo de casos reportados. A
Leishmania (Viannia) braziliensis (L.V. braziliensis) € uma das principais
espécies envolvidas com casos da doenca em paises da América Latina onde
a doenca € endémica.

Apesar dos numeros, as opcbes disponiveis para controlar as
leishmanioses sdo o controle de vetores e hospedeiros e a quimioterapia de
individuos doentes. Porém, tais estratégias sdo de alto custo e estdo
relacionadas com o desenvolvimento de parasitas e vetores resistentes. Além
disso, o0s agentes quimioterapicos apresentam alta toxicidade para o
hospedeiro, podendo levar ao 6bito em decorréncia de danos causados

durante o tratamento. Nesse sentido, o desenvolvimento de uma vacina contra
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as leishmanioses para ser aplicada em seres humanos, mostra-se com uma
das melhores opg¢fes para controlar a doenga, limitar o uso de quimioterapicos
ou mesmo melhorar a resposta imunolégica dos individuos acometidos.

Andlises de custo e efetividade indicam que a aplicacdo de uma vacina
contra LT com protecdo de até 10 anos e 70% de eficacia em paises da
América Latina poderia prevenir entre 41 e 144 mil casos de LT. Dessa
maneira, os dados indicam que o custo-beneficio de se aplicar uma vacina é
maior do que os gastos com medicamentos. Contudo, a falta de uma vacina
ideal decorre de uma série de fatores, como a complexidade do parasita e da
resposta do hospedeiro.

Individuos que se recuperam da infeccdo por L. braziliensis podem ficar
resistentes a uma nova infeccao, indicando que é possivel desenvolver uma
vacina contra a LT. Entretanto, as vacinas com parasitas completos (ou de
primeira geragdo) apresentam uma série de limitagdes em termos de producéo
e seguranca. Assim, uma das etapas limitantes ao desenvolvimento é a
identificacdo de antigenos molecularmente definidos que possam estimular
uma resposta protetora.

Abordagens classicas ja foram utilizadas e levaram a identificacdo de
uma série de moléculas. Algumas chegaram até fases de testes clinicos, mas
se mostraram ineficazes em induzir uma resposta protetora. Esses métodos
identificaram antigenos com base em sua capacidade de estimular uma
resposta potente de anticorpos; no entanto, falharam em estimular uma
resposta imune celular.

Nesse contexto complexo, surgem métodos alternativos para o encontro
de antigenos e essa é a proposta deste trabalho de pesquisa. No primeiro
capitulo apresentado, buscou-se identificar no proteoma predito de L.
braziliensis, potenciais epitopos de linfécitos T CD4" e T CD8" por meio de uma
combinacdo de métodos in silico. Uma vez identificados, as moléculas foram
sintetizadas e avaliadas quanto a capacidade de estimular a proliferacdo de
células de individuos com leishmaniose apds cura clinica. No segundo capitulo,
0s epitopos foram testados com células de outros grupos de individuos
portadores de leishmaniose ativa e individuos residentes em area endémica.
Além disso, foi investigado a presenca do fator de transcricdo T-bet e das

citocinas produzidas no sobrenadante de cultura das células. No terceiro e
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altimo trabalho apresentado, buscou-se verificar se os peptideos induziram
efeito imunolégico em células dendriticas murinas. Os resultados do presente
trabalho, indicam que os epitopos apresentam grande potencial de induzir uma

resposta protetora contra a leishmaniose tegumentar.
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2

2.1

2.2

OBJETIVOS

Geral
Identificar no proteoma de Leishmania (Viannia) braziliensis potenciais

epitopos de linfécitos T CD4" e T CD8" e avalia-los imunologicamente.

Especificos

Pesquisar epitopos imunogénicos no proteoma predito de L.V.
braziliensis utilizando ferramentas de bioinformatica;

Testar a estabilidade dos epitopos frente a moléculas de MHC de classe
| e Il utilizando o docagem molecular;

Avaliar a capacidade dos peptideos sintéticos em estimular a
proliferacdo de células mononucleares humanas (PBMCs) de individuos
com leishmaniose cutanea em sua forma ativa, apds o tratamento e
individuos resistentes a infeccao;

Detectar e quantificar citocinas dos perfis Thl, Th2, e Thl7 no
sobrenadante de cultura de PBMC dos individuos envolvidos na
pesquisa;

Avaliar os niveis de expresséo do fator de transcricdo T-bet em linfécitos
T CD4" e T CD8" de pacientes com leishmaniose tegumentar apds o
tratamento;

Avaliar a expressdo dos marcadores de superficie MHC |, MHC I,
CD1llc e CD40 em células dendriticas mieldides murinas (BMDC)
estimuladas, in vitro, com os peptideos e a producdo de citocinas dos
perfis Thl, Th2 e Th17 nos sobrenadantes de cultura;

Vacinar camundongos BALB/c com os peptideos e apds a vacinacdo
avaliar a expressao de CD11b, CD8a, CD103, IL-12p70, CD317, CD205
e MHC Il em células esplénicas.
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3 REVISAO DE LITERATURA

3.1 Leishmanioses

As leishmanioses sédo consideradas um grupo de doencas infecciosas
parasitarias causadas por protozoarios do género Leishmania, transmitidos por
fémeas de flebotomineos infectados (MURRAY et al., 2005, “WHO |
Leishmaniasis”, 2015). Essas doencas podem ser transmitidas ao homem e a
outras espécies de mamiferos e, portanto, possuem um complexo ciclo de vida
envolvendo os vetores e espécies animais que funcionam como reservatorios
naturais (ASHFORD, 1996; READY, 2013). Devido a essas caracteristicas, as
leishmanioses sdo consideradas hoje um dos grupos de doencas tropicais
negligenciadas (DTNs) mais importantes em termos de distribuicdo mundial e

grande impacto econdmico e social nas populagdes afetadas.

3.1.1 Distribuicéo, impacto econdémico e social das leishmanioses

As leishmanioses estdo presentes em diferentes partes do globo
(Figuras 1 e 2) e de acordo com a Organizacao Mundial da Saude (OMS),
estima-se que ha transmissdo endémica das leishmanioses em 98 paises, em
3 territérios localizados em 5 continentes (ALVAR et al., 2012). Recentemente,
Pigott et al. (PIGOTT et al., 2014) estimaram que o nimero de pessoas vivendo
em areas de risco de transmissdo € de cerca de 1,7 bilhdes de pessoas, ou
seja, um quarto da populacdo mundial. Nos ultimos anos, o niumero de regiées
endémicas para as leishmanioses tem aumentado e, consequentemente, 0
ndamero de casos subnotificados da doenca é cada vez maior (ALVAR et al.,
2012; BOETTCHER et al., 2015; OKWOR; UZONNA, 2016a).

Em termos de distribuicdo, hd casos de leishmaniose tegumentar (LT)
notificados nas Ameéricas, no Mediterraneo, no Oriente Médio e na regido
central da Asia. Nos Ultimos anos, tém-se observado um aumento significativo
no numero de individuos acometidos em regides de guerra civil, especialmente
na Siria e no Afeganistdo (HOTEZ et al., 2012). Ja a leishmaniose visceral
(LV), que é fatal se ndo tratada corretamente, esta presente em 6 paises que

respondem por 90% dos casos: Bangladesh, Brasil, Etiopia, india, Suddo do
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Sul e Suddo (HOTEZ; FUJIWARA, 2014). Outra forma clinica das
leishmanioses é a mucocutanea (LMC), na qual os casos sdo mais
concentrados na América do Sul. A LMC acomete principalmente as regides de

mucosa do nariz, boca e garganta (ALVAR et al., 2012).

Figura 1 : Distribuicdo dos casos de leishmaniose cuténea (A) e visceral
(B) no Novo Mundo.
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Fonte: PIGOTT et al. 2014
Nota: O gradiente de cor indica areas onde a doenca esta ausente, indeterminada ou presente.
A cor verde escuro indica a completa auséncia da doenca, a cor amarela indica que para
aquela area ainda é indeterminada a presenca de casos da doenca e a cor rosa indica
completa presenca da doenca naquela area. As areas em azul indicam pontos de ocorréncia

da doenca.

As leishmanioses apresentam alta taxa de morbidade e mortalidade e no
ano de 2010 cerca de 50 mil mortes ocorreram em decorréncia das
leishmanioses (LOZANO et al., 2012). Outra medida estima que as
leishmanioses sdo a terceira causa mais importante em anos de vida perdidos
e vividos com incapacidades (do inglés, DALY, Disability Adjusted Life Years)
(SAVOIA, 2015).

Em termos econdmicos, o impacto das leishmanioses se traduz por uma
perda expressiva da produtividade, sobretudo de produtores rurais (SARNOFF
et al., 2010; THAKUR, J. et al.,, 2011). Isto ocorre em decorréncia da

incapacidade de trabalhar que é muitas vezes imposta pela doenca, reducao
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na eficacia do trabalho ou mesmo devido a presenca de numerosas lesdes que
desfiguram e descaracterizam o individuo (HOTEZ et al., 2009).

Vérios fatores de risco estdo presentes em populacbes com alta
prevaléncia das leishmanioses, tais como: pobreza, ma nutricdo, mudancas
climaticas e ambientais. Além disso, o0s processos de globalizacdo e
urbanizagdo, acelerados nas Ultimas décadas, aumentou cada vez mais o
contato das populacdbes com florestas endémicas para flebotomineos
(DESJEUX, 2001; “WHO | WER 2002 Index”, 2012).

Figura 2: Distribuicdo dos casos de leishmaniose cuténea (A) e visceral
(B) no Velho Mundo.
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Fonte: PIGOTT et al. 2014
Nota: O gradiente de cor indica areas onde a doenca esta ausente, indeterminada ou presente.
A cor verde escuro indica a completa auséncia da doenca, a cor amarela indica que para
aquela area ainda € indeterminada a presenca de casos da doenca e a cor rosa indica
completa presenc¢a da doenca naquela area. As areas em azul indicam pontos de ocorréncia

da doenca.
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3.1.2 Ciclo de vida de Leishmania spp.

O ciclo de vida das leishmanias envolvem sempre uma fase nos insetos
flebotomineos e outra fase num hospedeiro mamifero. A transmissao das
leishmanioses pode acontecer de forma antropondtica ou zoondtica. Os
flebotomineos do género Phlebotomus spp. e Lutzomyia spp. sdo os principais
vetores transmissores do parasita no Velho e Novo Mundo, respectivamente
(KILLICK-KENDRICK, 1999). Outras formas mais raras de transmissao dos
parasitas € por meio de acidentes de laboratdrio ou seringas contaminadas
(FELINTO DE BRITO et al., 2012).

Os dados mais atuais mostram que mais de 90 espécies de
flebotomineos sdo conhecidos como transmissores dos parasitas para mais de
70 espécies animais que podem atuar como reservatérios naturais, incluindo a
espécie humana. Até o momento cerca de 20 espécies do protozodrio atuam
como agentes etiolégicos da leishmaniose em humanos (BEAUMIER et al.,
2013). O parasita passa por duas formas principais ao longo de seu ciclo de
vida: promastigota e amastigota. As promastigotas, sdo a forma flagelada e
infectiva do parasita, encontrada primeiramente nos insetos. Esta forma sofre
alteracbes morfoldgicas, até se transformar nas promastigotas metaciclicas,
que sao a forma infectiva do parasita transmitidas durante a picada do
flebotomineo (Figura 3) (DOSTALOVA; VOLF, 2012).

O ciclo tem inicio no intestino dos flebotomineos quando ha proliferacao
das promastigotas prociclicas. Estas por sua vez se diferenciam em
promastigotas metaciclicas, infectivas, que ndo sdo capazes de se dividir e se
alojam na valvula estomodeal. Durante o repasto sanguineo, os flebotomineos
regurgitam as promastigotas metaciclicas e também uma gama de moléculas
presentes na saliva que possuem efeitos imunomodulatérios, como o0s
proteofosfoglicanos (KAYE; SCOTT, 2011b).
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Figura 3: Diferentes formas evolutivas do parasita no intestino do

flebotomineo vetor.
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Adaptado de (KAMHAWI, 2006)

Nota: As formas prociclicas (azul) sdo encontradas na porcao posterior do intestino do
flebotomineo 24h a 48h apos a entrada das leishmanias. Entre 48 a 72h os parasitas se
encontram na forma nectomonadas (vermelho), em seguida com 4 a 7 dias nas formas

lectomonadas (laranja). As lectomonadas posteriormente evoluem para formas metaciclicas

(verde) 5 a 7 dias ap6és a entrada inicial das leishmanias.

As promastigotas (Figura 4-B) metaciclicas sdo rapidamente fagocitadas
por diferentes tipos celulares presentes no microambiente tecidual. No meio
intracelular, dentro de vesiculas fagociticas, as promastigotas se transformam
em amastigotas aflageladas. As amastigotas (Figura 4-A) sdo capazes de se
proliferar no interior do vacuolo fagocitico até que haja rompimento da célula
contendo grande numero de parasitas. Assim, ocorre a infeccdo de outras
células circunvizinhas. O ciclo somente estard completo quando um
flebotomineo realizar o repasto sanguineo e capturar células infectadas com
amastigotas. Essas ultimas se diferenciam no intestino do inseto, reiniciando o
ciclo (Figura 5) (WHEELER; GLUENZ; GULL, 2011).
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Figura 4. Formas amastigota (A) e promastigota (B) de Leishmania spp

Fonte: (“CDC - DPDx - Leishmaniasis”, 2013)

Nota: A seta em vermelho indica a presenca do ndcleo da amastigota e a seta em preto indica
a presenca do cinetoplasto, estrutura importante de ser encontrada para confirmar o

diagnéstico.

Figura 5: Ciclo de vida das Leishmanias.
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Adaptado de: (“Leishmaniasis Life Cycle”)

3.1.3 Infeccdo e mecanismos de evasédo por Leishmania spp.

Logo apds a picada do flebotomineo e injecdo das promastigotas, os
neutréfilos desempenham um papel importante para o estabelecimento da

infeccdo. Essas células rapidamente fagocitam as promastigotas metaciclicas
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e, assim, permitem que elas ganhem acesso ao interior celular. De outra
maneira, a fagocitose das promastigotas por macréfagos teciduais induziria
ativacdo celular e consequente destruicdo dos parasitas (LASKAY; VAN
ZANDBERGEN; SOLBACH, 2003). Em seguida, as promastigotas induzem
apoptose de neutrofilos com formacdo de corpos apoptoticos que sao
fagocitados por macrofagos teciduais, sem que aconteca ativacdo destes
altimos (RAVICHANDRAN; LORENZ, 2007).

Dessa maneira, os neutrofilos tém sido implicados como células cruciais
para o estabelecimento da infeccao inicial pelas leishmanias. Contudo, apesar
dos neutréfilos conseguirem fagocita-las, eles ndo possuem o ambiente
favoravel para sua proliferacéo e sobrevivéncia por mais tempo (PETERS, N.
C. et al., 2009b). As células dendriticas (DCs) dérmicas fagocitam os parasitas
nas primeiras horas apds a infeccédo inicial, enquanto que os macréfagos
dérmicos também aparecem infectados, sendo a populacdo dominante cerca
de 24 horas ap0s o inicio da infeccdo (NG et al.,, 2008). Um dos possiveis
mecanismos de evasao da resposta imune acontece logo apés a fagocitose de
neutroéfilos infectados e ou apoptéticos por DCs no sitio inicial de entrada dos
parasitas, uma vez que foi verificado o bloqueio da atividade de co-
apresentacao de antigenos pelas DCs (RIBEIRO-GOMES et al., 2015).

Outros tipos celulares também tém sido implicados no estabelecimento
da infeccdo, uma vez que as DCs e os macréfagos dérmicos estdo presentes
em baixo numero que justificasse o desenvolvimento de uma lesdo. Acredita-se
que estas células recrutem monécitos que por sua vez se diferenciam em
células dendriticas derivadas de mondcitos (moDCs). Este tipo celular
apresenta um papel dual que pode tanto favorecer a infeccdo produtiva ou a
resposta imunolégica individual (LEON; LOPEZ-BRAVO; ARDAVIN, 2007;
CHARMOY et al., 2010).

As moDCs sdo células com atividade fagocitica intensa e podem
favorecer o crescimento e sobrevivéncia das leishmanias em seu interior,
justificando o elevado numero de células infectadas necessarias para o
surgimento da doenca. Em contrapartida, as moDCs séo capazes de expressar
grandes quantidades de moléculas do complexo principal de
histocompatibilidade classe Il (MHC de Classe Il) em sua superficie e de

produzir e secretar IL-12, uma citocina crucial para uma resposta protetora do
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tipo Thl (LEON; LOPEZ-BRAVO; ARDAVIN, 2007; DE TREZ et al., 2009). As
diferentes espécies de Leishmania spp. podem induzir diferentes efeitos em
DCs, modificando a capacidade de apresentacao de antigenos e favorecendo a
evasdo do parasita. Nesse sentido, foi observado que L. infantum apoés infectar
DCs humanas € capaz de prevenir a apoptose nesse tipo celular, favorecendo
a migracdo dos parasitas para outros sitios organicos. Esse mesmo efeito ndo
foi verificado apos infeccdo de DCs com L. braziliensis, que néo foi capaz de
prevenir a apoptose das DCs (FALCAO et al., 2016).

Além disso, outros tipos celulares também tém sido encontrados
infectados por diferentes espécies de Leishmania spp. Inicialmente, isto foi
observado com L. major infectando fibroblastos da pele e de linfonodos
(BOGDAN et al.,, 2000). Sugere-se que a infeccdo destes outros subtipos
celulares estd relacionado com mecanismos de evasdo do sistema
imunolégico. Tal fenbmeno também foi observado em outras formas clinicas de
leishmaniose causada por espécies distintas (SVENSSON et al., 2004). Outros

mecanismos de evasao utilizados estéo relacionados na tabela seguinte.
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Tabela 1: Alvos e efeitos biol6gicos dos mecanismos de evaséo utilizados por Leishmania spp.

Alvo

Efeito bioldgico induzido

Sistema complemento

Fagocitose

Fagossomo

Receptores
semelhantes a Toll
(TLRs)
Apresentacéo de

antigenos

Os parasitas em sua forma metaciclica previnem a inser¢cdo do complexo C5-C9 de ataque na membrana
(PUENTES et al., 1990). A proteina GP63 na superficie dos parasitas é essencial para esse mecanismo
(BRITTINGHAM et al., 1995).

A molécula de lipofosfoglicano (LPG) favorece a ligacdo do parasita a proteinas da membrana do
macréfago (BLACKWELL et al., 1985), tais como os receptores de manose/fucose, a proteina reativa ao
complemento (CULLEY et al., 1996) e a CR4 (TALAMAS-ROHANA et al., 1990).

Parasitas retardam ou previnem a maturacdo dos endossomos e expressao tardia de Rab-7 ou LAMP-1
(OLIVIER; GREGORY; FORGET, 2005). O LPG previne a maturacdo dos endossomos induzindo acumulo
de actina-F. As amastigotas do parasita induzem ativacdo de transportadores de ferro LIT1 e LIT2 para
sobrevivéncia (KAYE; SCOTT, 2011a).

L. major induz a diminuicdo das citocinas induzidas pela ativacdo do TLR2 (DE VEER et al., 2003). As
promastigotas de L. donovani bloqueiam a liberacéo de IL-12 e TNF via TLR2 (SRIVASTAV et al., 2012).

Sequestro de antigenos e interferéncia no processo de carregamento de antigenos nas moléculas de MHC
de Classe Il (KIMA et al., 1996; PRINA et al., 1996). Leishmania donovani aumenta a fluidez de rafts de
lipideos da membrana dos macréfagos, reduzindo a eficiéncia da apresentacdo de antigenos
(CHAKRABORTY et al., 2005). As moléculas de MHC de Classe Il sdo importantes para resisténcia aos
parasitas, mas nao as moléculas de MHC de Classe | (HUBER et al., 1998; LOCKSLEY et al., 1993).
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Citocinas e quimiocinas

Resposta de linfocitos T

Supressao de IL-12 e inducdo de IL-10 em mondcitos e macrofagos (BELKAID et al., 2000). Leishmania
inibe os receptores de quimiocina CCR4 e CCR5 (PINHEIRO et al., 2006); inibe as moléculas de adeséo E-
selectina, ICAM-1, VCAM-1 (LO et al., 1998); inibe a expressdo de CCL2 (RITTER et al., 1996).

Indugcéo de resposta do tipo Th2 (SILVA, V. M. G. et al., 2011; TABATABAEE et al., 2011), indugao de
células T regulatorias (Treg) produtoras de IL-10 e TGF-B em modelos animais e também em humanos
(PETERS, N.; SACKS, 2006; RAI et al., 2012).
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3.1.4 Formas clinicas das leishmanioses

As leishmanioses séo doencas que podem ter diferentes apresentacdes
clinicas, desde formas tegumentares que podem acometer pele e mucosas, até
formas viscerais potencialmente fatais se nao tratadas (CARVALHO et al.,
2012). Anualmente, estima-se que ocorram 0,2 — 0,4 e 0,7 — 1,2 milhdes de
casos das formas visceral (LV) e tegumentar (LT), respectivamente (ALVAR et
al., 2012), e de 20 a 30 mil mortes (“WHO | Leishmaniasis”, 2015). A Figura 6
abaixo ilustra algumas dessas formas principais de apresentacéo clinica das
leishmanioses.

A leishmaniose cutanea ou tegumentar (LT) € considerada a forma mais
branda da doenca e apresenta ampla distribuicdo em paises e territdrios do
Velho e Novo Mundo (GOTO, H.; LAULETTA LINDOSO, 2012). A leséo da LT
pode se manifestar de diferentes maneiras, como uma ulcera ou nédulo Unico
proximo ou na regido de picada do flebotomineo, infeccdo subclinica, ou
mesmo disseminar para areas diferentes do corpo (GOLLOB, KENNETH J. et
al., 2008). A LT geralmente acomete areas do corpo expostas ao vetor
transmissor, tais como rosto, antebrago e pernas. A lesdo na LT, se néo tratada
adequadamente, pode perdurar por semanas a meses e curar
espontaneamente em alguns casos.

Contudo, a depender de uma série de fatores, tais como genética
individual, status imunoldgico do individuo e da espécie do parasita, a doenca
pode evoluir para a leishmaniose cutaneo difusa (ROGERS et al., 2002). A
Leishmania amazonensis tem sido implicada na maior parte destes casos, nos
quais o individuo apresenta lesdes nodulares de variados tamanhos em
diferentes locais do corpo. Em contrapartida, casos de LT causados por L.
panamensis e L. braziliensis podem progredir para uma forma mais agressiva e
mutilante da doenca, acometendo as mucosas, a leishmaniose mucocutanea
(LMC) (DAVID; CRAFT, 2009).
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Figura 6: Diferentes formas clinicas das leishmanioses, leishmaniose

cutanea, mucocutanea e visceral.

RR s T

Leishmaniose cutanea Leishmaniose mucocutanea

Leishmaniose visceral

Fonte de: (“WHO | Cutaneous leishmaniasis”, 2010, “WHO | Photos on leishmaniasis for
download”, 2016)

A LMC é uma manifestagdo clinica que ocorre meses ou anos apoés a
lesdo cutanea em decorréncia de um aumento ou expansao da area acometida
pela lesédo cutanea inicial, atingindo as mucosas (AMATO et al., 2008). A LMC
€ considerada a forma clinica mais desfigurante, resultado de destruicdo
crdnica e progressiva de tecidos do nariz, boca, oro e naso-faringe e péalpebras.
A doenca pode progredir afetando a funcado respiratoria e dificultar a nutricdo
do individuo acometido (MCGWIRE; SATOSKAR, 2014). A LMC ¢é
principamente causada pela L. braziliensis e os fatores que resultam na
patogénese dessa forma clinica ainda ndo sdo bem compreendidos, mas
provavelmente envolvem fatores do préoprio parasita e fatores individuais (DE
OLIVEIRA, C. I.; BRODSKYN, 2012).
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A grande parte dos casos de LMC acontece em paises da América do
Sul, principalmente no Brasil, mas também no Peru e Bolivia. Os casos da
doenca também tém sido notificados na Colémbia, Equador, Paraguai e
Venezuela (CALVOPINA; ARMIJOS; HASHIGUCHI, 2004). Em geral, o
prognoéstico da doenca ndo € bom, uma vez que a maior parte dos casos é
refrataria ao tratamento medicamentoso. Assim, muitos individuos acometidos
vém a obito em decorréncia de infec¢des secundarias ou mesmo ma nutrigao.
No Brasil, a incidéncia desta forma clinica em regibes endémicas nao tem
ultrapassado os 5% (BRASIL, 2007; SAVOIA, 2015).

A leishmaniose visceral (LV) ou Kala-azar € considerada a forma clinica
mais letal das leishmanioses, pois diferentemente das outras formas que
acometem o tegumento, essa é caracterizada por marcante visceralizacao.
Diferentes espécies do parasita estdo implicadas na doenca, que se nao
tratada a tempo, pode levar o individuo a 6bito. A LV é caracterizada pela
metastizacdo dos parasitas do local de infeccdo na pele para infeccdo dos
fagdcitos do sistema reticulo endotelial, acometendo, principalmente, baco,
figado e medula 6ssea. Em decorréncia da proliferacdo dos parasitas nestes
sitios orgéanicos, os individuos acometidos frequentemente apresentam
hepatoesplenomegalia e supressdo das fun¢des da medula 6ssea (EVANS;
KEDZIERSKI, 2012; JAIN; JAIN, 2014).

3.1.5 Estratégias de controle das leishmanioses

Uma vez que ndo ha uma vacina contra as leishmanioses
universalmente aceita, as principais estratégias de controle dessas doencas
sdo o diagnostico, a quimioterapia com antimoniais de individuos doentes e,
por fim, o controle de vetores. No caso do diagnéstico, ele é realizado por meio
de uma associacdo de técnicas laboratoriais, para entdo se chegar ao
diagnostico da doencga. Dentre as técnicas mais utilizadas, estdo a pesquisa de
anticorpos anti-leishmania, a cultura celular de amostras clinicas do individuo
ou a deteccdo de material genético do parasita (KOBETS; GREKOV;
LIPOLDOVA, 2012).
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Tabela 2: Distribuicdo global das diferentes formas clinicas das
leishmanioses e as espécies do parasita envolvidas com a doenca.

Forma clinica

Espécie

Velho mundo, subgénero Leishmania

Leishmaniose visceral

Leishmaniose tegumentar

Leishmania donovani e Leishmania
infantum
Leishmania major, Leishmania tropica e

Leishmania aethiopica

Leishmaniose tegumentar difusa L. aethiopica
Novo mundo, subgénero Leishmania
Leishmaniose visceral L. infantum

Leishmaniose tegumentar

L. infantum, Leishmania mexicana,

Leishmania pifanol e Leishmania
amazonensis

Leishmaniose tegumentar difusa L. mexicana e L. amazonensis

Novo mundo, subgénero Viannia

Leishmaniose tegumentar Leishmania braziliensis, Leishmania
guyanensis, Leishmania panamensis e
Leishmania peruviana

Leishmaniose mucocutanea L. braziliensis e L. panamensis

Adaptado de: (KAYE; SCOTT, 2011b; LEISHMANIASES; GENEVA, 2010)

O teste cutaneo de Montenegro (MST) ou reacdo de hipersensibilidade
tardia ao antigeno de leishmania € muito utilizado para deteccdo de formas
cutaneas subclinicas. Esse teste é realizado em areas endémicas e permite
identificar individuos que ndo apresentam sinais clinicos da doencga, mas que
sao positivos ao teste. O teste consiste na inoculacdo subcutanea de antigeno
total inativado de leishmania (ALVES et al., 2013). Em paralelo, alguns outros
métodos de diagnostico imunologico também tém sido aperfeicoados, tais
como a imunofluorescéncia, a citometria de fluxo, o teste rapido e a reacao de
aglutinacdo direta (DE PAIVA-CAVALCANTI et al., 2015). Cada uma dessas
metodologias apresentam suas vantagens e limitagcbes ao uso, além das
condicbes de custo que podem influenciar na escolha da técnica (DE

OLIVEIRA, A. P. etal., 2013; PEREIRA et al., 2012).
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Os testes que exploram a pesquisa do material genético do parasita por
meio da reagdo em cadeia da polimerase (PCR) ou de suas variantes tém sido
também cada vez mais utilizados como auxiliar no diagnéstico das
leishmanioses (POURABBAS et al., 2013; SILVA, L. A. et al., [S.d.]). Além
disso, o exame clinico bem realizado € de grande importancia no diagnostico
das leishmanioses, uma vez que as formas tegumentares da doenga podem
ser confundidas com outras doencas, como hanseniase, cancer de pele,
tuberculose, esporotricose, entre outras (BRASIL, 2007).

No que se refere ao tratamento, é realizado com drogas ndo especificas
para a doenga, nas quais 0s mecanismos de agao ainda nao foram elucidados
completamente (SINGH; KUMAR; SINGH, 2012). A principal classe de drogas
utilizadas ha mais de 70 anos sdo os antimoniais pentavalentes. Tais drogas
sao utilizadas ha tanto tempo que ndo sdo raros 0S casos que vem surgindo
nos ultimos anos de parasitas resistentes (MEHEUS et al., 2010; OLIVEIRA, L.
F. et al, 2011). Além disso, 0s antimoniais apresentam custo elevado,
requerem repetidas doses e estdo frequentemente associados com efeitos
adversos importantes (SUNDAR; CHAKRAVARTY, 2010).

O controle de vetores e dos reservatorios € util em algumas regides sob
determinadas condi¢cdes, ndo sendo aplicavel em todos o0s cenarios
epidemioldgicos, pois necessitam de infraestrutura e vigilancia que muitas
vezes estdo além da capacidade de muitos paises endémicos. Outra
alternativa utilizada no controle das leishmanioses € o diagnéstico, tratamento
ou eutanasia de cades com leishmaniose visceral canina (LVC) (RIBEIRO et al.,
2013). O tema ainda é fonte de debate por diferentes grupos que defendem o
tratamento correto dos caes infectados e outros que defendem a eliminacao
dos animais doentes sobretudo nas areas onde ha taxas acentuadas de
transmisséo.

Diante disso, a vacinagao € a principal alternativa para controlar todas as
formas da doenca (COSTA, C. H. N. et al., 2011a; KEDZIERSKI, 2010). Dessa
maneira, para que o desenvolvimento de uma vacina ocorra € necessario
entender como ocorre a resposta imunolégica nas leishmanioses e o0s

correlatos de protecéo esperados de uma vacina contra essas doencas.
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3.1.6 Respostaimunoldgica contra Leishmania spp.

A resposta imunoldgica contra Leishmania spp. € mediada por
interacbes complexas entre células e moléculas do sistema imunolégico (SI)
(DUTHIE et al., 2012). Grande parte dos estudos relacionando os mecanismos
imunolégicos nas leishmanioses aconteceram em modelos murinos. Com
esses modelos foi possivel compreender melhor varios aspectos da resposta
imunologica que governam a resisténcia ou susceptibilidade a infeccdo por
Leishmania spp. Nesse sentido, um dos principais achados € o papel chave
das citocinas pro-inflamatorias da via Thl na resisténcia. e das citocinas da via
Th2 associadas a susceptibilidade (DE LUCA; MACEDO, 2016a). Entretanto,
0os achados imunolégicos em modelos murinos nem sempre foram
corroborados em ensaios clinicos com seres humanos (OLIVEIRA, W. N. et al.,
2014).

Nesse contexto, modelos murinos vém sendo utilizados no intuito de
compreender 0s mecanismos imunolégicos envolvidos na infeccdo por
Leishmania e também auxiliando na pesquisa de drogas e vacinas. Neste
sentido, o principal modelo em uso € o de infeccdo de camundongos com L.
major, no qual os camundongos C57BL/6 e C3H séao resistentes, ja a linhagem
BALB/c é susceptivel. A infeccdo dessas linhagens com L. amazonensis
também resulta em resisténcia e susceptibilidade, como ocorre com L. major;
entretanto, a infeccdo de BALB/c com L. braziliensis é auto-limitada
(MCMAHON-PRATT; ALEXANDER, 2004).
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Figura 7: Perfis de resposta imunologica a infeccao por Leishmania spp.
em modelo murinho.

Infeccao por Leishmania spp.

Resposta
Imunolodgica
4+ 4+ D8+ )
2 1
IL-4, IL-10, TGF-b IFN-g, TNF, IL-12 IFN-g

! N/

Favorece a progressao

Resposta protetora
da doenga

Fonte: o autor.
Nota: Em modelos murinos, observa-se que logo ap6s a infec¢édo por Leishmania spp.,
a resposta imunoldgica induzida pode favorecer a progressao da doenga por meio da inducéo
de um perfil de resposta com linfécitos T CD4" produzindo citocinas como IL-4, IL-10 e TGF-p.
Ou, a resposta imunoldgica pode induzir a protecao contra a doenga por meio de um perfil de

linfécitos T CD4" e T CD8" produtores, principalmente, de IFN-y.

No caso humano, a resposta imune do individuo pode ter um papel
favorecendo a cura da doenca por meio da inducédo de células e producédo de
mediadores que favorecem a destruicdo do parasita ou mesmo contém sua
proliferacéo (imunobalanco). Por outro lado, essa mesma resposta que é capaz
de conter a progressdo da doenca e curar o individuo, também pode ser
responsavel por favorecer o parasita e consequentemente a progressao da
doenca (DE ASSIS SOUZA et al., 2013). Nesse sentido, a presenca de células
como macrofagos, células NK (do inglés, Natural Killer), linfécitos T, e

moléculas efetoras, citocinas e anticorpos, € critica para que ocorra 0 controle
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da doenca (BIRNBAUM; CRAFT, 2011; LIESE; SCHLEICHER; BOGDAN,
2008; OGHUMU et al., 2010).

No caso em particular dessas doencas, 0S mecanismos protetores tém
sido relacionados principalmente com a presenca de linfocitos T CD4+ com o
perfil Thl produzindo IFN-y, TNF e IL-12 (Figura 7). Tais fatores tém sido
associados com a ativacdo de macréfagos e consequente eliminacdo de
parasitas (ENGWERDA et al., 2004; ROBERTS, 2005; SOLBACH; LASKAY,
2000; SQUIRES et al., 1989). Em contrapartida, citocinas do perfil Th2 (IL-4, IL-
10, TGF-B) tem sido relacionadas com alta carga parasitaria, inibicdo da
producdo de Oxido nitrico por macrofagos ativados por IFN-y, assim como
inibicdo da diferenciacdo de linfécitos Thl (BARATTA-MASINI et al., 2007;
GOMES-SILVA et al., 2007), principalmente por IL-10 (GAUTAM et al., 2011).

Contudo, apesar do papel-chave ja bem reconhecido dos linfécitos T
CD4" Th1l como mecanismo protetor nas leishmanioses, cada vez mais tem se
visto que os linfocitos T CD8+ também apresentam um papel protetor
importante (DA SILVA SANTOS; BRODSKYN, 2014). Além disso, foi visto que
em camundongos com deplecéo transitéria de linfocitos T CD4" suceptiveis a
infeccdo por L. major, os linfécitos T CD8* foram essenciais para manter os
animais resistentes a infeccdo (MULLER et al., 1991; STAGER, SIMONA;
RAFATI, 2012). Parte desse papel protetor dos linfocitos T CD8" produtores de
IFN-y esta ligado com a capacidade dessas células de alternar a resposta Th2
para a resposta Thl (UZONNA; JOYCE; SCOTT, 2004). Outras vias também
podem estar envolvidas, como a Thl7.

Os linfocitos Th17 séo produtores de algumas citocinas, tais como a IL-
17, IL-22 e IL-6. O papel dessas citocinas na infeccdo por Leishmania spp. e
doenca ainda ndo esta completamente claro. Contudo, os resultados de
diversos trabalhos indicam que o papel dessas citocinas depende da espécie
do parasita e de fatores do hospedeiro. Em humanos foi observado que a IL-17
e a IL-22 apresentam um papel protetor contra a LV causada por L. donovani
(PITTA et al., 2009). Em paralelo, outro trabalho sugere que a infec¢éo por L.
infantum induz a producao de IL-17a que, por sua vez, potencializa a resposta
do tipo Thl e previne expenséao de células Treg e linfocitos produtores de IL-10
(NASCIMENTO et al., 2015). Em modelos murinos foi observado que a IL-17 é

um importante mediador da patologia da doenca em camundongos C57BL/6
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que ndo expressam IL-10 infectados com L. major (GONZALEZ-LOMBANA et
al., 2013). J& em camundongos BALB/c susceptiveis a IL-17 também foi
envolvida com a progressao da doenca apoés infeccdo com L. major (LOPEZ
KOSTKA et al., 2009).

Durante a investigacdo de uma estratégia vacinal € necessaria uma
compreensao dos mecanismos de resposta imunoldgica protetora, bem como
da geracdo e da manutencdo de células de memaria imunologica. Sendo esse
altimo um dos aspectos mais importantes e um dos mais negligenciados
durante o desenvolvimento da vacina (MUTISO et al., 2012). Durante uma
resposta imunoldgica sdo gerados linfocitos T de memoéria com diferentes
funcBes e fendtipos. Duas populacdes principais podem ser identificadas, 0s
linfécitos T de memdaria central (TCM) que funcionam como um reservatoério de
linfécitos T antigeno-especificos e os linfécitos T de memoaria efetores (TEM),
capazes de migrar rapidamente para os tecidos e produzir citocinas efetoras
(COLPITTS; SCOTT, 2010). Pesquisas sugerem que a presenca de linfécitos T
de memaria imunoldgica é critica para o desenvolvimento de vacinas contra a
leishmaniose (PAKPOUR; ZAPH; SCOTT, 2008; SCHROEDER; AEBISCHER,
2011).

Com base no que foi discutido, a Figura 8 abaixo sumariza alguns dos
aspectos importantes esperados para uma vacina ideal contra as

leishmanioses.

3.2 Vacinas contra as leishmanioses

O maior desafio para uma vacina é o de ativar corretamente o sistema
imunoldgico do hospedeiro para que haja o desenvolvimento de uma resposta
imune protetora contra um patdgeno em especifico. De modo geral, a
formulacdo de uma vacina contém dois elementos essenciais: 0 antigeno e o
adjuvante (KOCOURKOVA et al., 2016). Diferentes moléculas estdo sendo
utilizadas como adjuvantes vacinais, por terem a capacidade de ativar o
sistema imune do individuo e permitir uma melhor resposta ao antigeno
(AWATE; BABIUK; MUTWIRI, 2013). Um dos exemplos que vem ganhando
uso crescente em ensaios experimentais € o DNA CpG. Esse consiste em

sequéncias de oligonucleotideos com motivos citosina-fosfato-guanina néo
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metilados e que sdo capazes de estimular receptores Toll 9 (TLR-9) (GURSEL;
GURSEL, 2016).

As vacinas tém seguido uma ordem de classificagdo com base na
composicao do antigeno principal. As vacinas de primeira geracao sdo aquelas
nas quais o antigeno é o parasita completo, inativado ou morto, por processos
fisicos e ou quimicos. J& as vacinas de segunda geracdo sdo compostas por
antigenos molecularmente definidos, sendo uma ou mais proteinas, por
exemplo. No caso das vacinas de DNA, elas sédo classificadas como vacinas de
terceira geracdo. Atualmente, somente trés vacinas anti-Leishmania spp. foram
aprovadas e licenciadas para uso. Duas destas vacinas sédo para humanos,
incluindo uma vacina com parasita morto para imunoterapia no Brasil e uma
vacina com parasito vivo no Uzbekistdo; a outra vacina é composta por
moléculas recombinantes e é utilizada para profilaxia em cées no Brasil
(MAYRINK et al., 2006; PALATNIK-DE-SOUSA, 2008; PARRA et al., 2007).

Apesar dessas vacinas terem o0 uso aprovado pelas agéncias de
regulacdo nestes paises, a eficacia dessas vacinas permanece controversa,
principalmente quando se compara com vacinas contra infec¢des bacterianas e
virais. A falta de uma vacina segura, eficaz e que possa conferir profilaxia
contra as leishmanioses sugere que os fatores que regulam a indugéo e
manutencdo da imunidade contra Leishmania spp. ainda ndo sao bem
compreendidos (SACKS, 2014). Assim, o melhor entendimento destes fatores &
um passo essencial para o desenvolvimento de uma vacina efetiva contra as
leishmanioses (OKWOR et al., 2012).

3.2.1 Vacinas de primeira geracao

Dentre as vacinas anti-Leishmania spp. licenciadas para uso em
humanos, uma vacina de primeira geracédo foi registrada no Brasil para ser
utilizada como adjuvante a terapia com antimoniais. HA muito tempo o
processo conhecido como leishmanizacdo (LZ) vem sendo utilizado em
populacdes de alto risco. Esse processo de LZ consiste na inoculacdo de uma
cepa viva virulenta de Leishmania major para produzir a leséo. A LZ provou ser
um método eficiente de induzir uma resposta protetora contra exposicao
subsequente a Leishmania spp (GREENBLATT, 1980; HANDMAN, 2001).
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Apesar da LZ induzir uma lesdo que, tipicamente, se cura
espontaneamente, em alguns casos as lesdes podem vir a cronificar e se
tornarem de dificil tratamento (KHATAMI et al., 2007; MODABBER et al., 2007).
Dois pontos principais sdo levados em consideracdo em vacinas utilizando
parasita completo para vacina contra Leishmania, um destes pontos é a
seguranca para ser utilizado em popula¢cdes humanas. A seguranca € um dos
critérios mais importantes, vacinas com parasitas vivos devem induzir a
resposta imune protetora sem persistir por muito tempo no individuo vacinado
(BRETON et al., 2005). Outro ponto de grande importancia nessas vacinas esta
relacionado com a padronizacdo das condicbes de cultura para se obter o
antigeno que sao dificil para estabelecer e a infectividade dos parasitas que
diminui progressivamente com os repetidos sub-cultivos (DUTHIE et al., 2012;
MODABBER, 2010).

Com o objetivo de testar esta hipbtese, ensaios clinicos mais
consistentes foram realizados no intuito de estabelecer os critérios de
seguranca e reprodutibilidade da LZ (KHAMESIPOUR et al., 2005; NADIM et
al.,, 1997). As vacinas de primeira geracdo foram eficazes em algumas
populacdes, como no Sudao (LV) e Ird (LV), mas a imunidade conferida pela
LZ nestes paises nao foi vista no Brasil (RAFATI et al., 2005). Contudo, mesmo
considerando essas limitacdes, os pesquisadores continuam revisitando o tema
e propondo novas abordagens baseadas em LZ com diferentes espécies de
Leishmania spp (MCCALL et al., 2013).

Dentre as limitagcbes observadas no uso dos parasitas completos em
vacinas, as evidéncias tém mostrado que as vacinas com parasitas mortos
apresentam falhas na protecéo contra a infeccéo. Isto se deve a uma possivel
perda na inducdo ou manutencao de uma resposta rapida e robusta no local de
inoculacdo do parasita na LZ que é requerido para se previnir doencas apés
inoculacdo dos parasitas pela infec¢do natural por meio do vetor (PETERS, N.
C. et al., 2009a). Outro ponto limitante importante para as vacinas que tem por
base parasitas mortos sdo a sua eficacia limitada para manter células de
memoria (OKWOR; UZONNA, 2008).
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Figura 8: Infeccdo e mecanismo de acdo desejado para uma vacina em
potencial contra Leishmania spp.
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Fonte: o autor
Nota: Uma vacina desejada contra Leishmania spp. deve ser capaz de ativar células
apresentadoras de antigeno (APC), capazes de expressar via MHC | e MHC Il antigenos do
parasita e, consequentemente, ativar linfocitos T CD4" e T CD8". Parte destas células se
diferenciam em produtores de IFN-y, TNF, IL-2, entre outras citocinas. Tais mecanismos
combinados da resposta imune seriam capazes de levar a destruicdo dos parasitas no

organismo humano.
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Uma vez que as vacinas que utilizam parasitas vivos atenuados ou
mortos apresentam uma série de limitaces por diferentes fatores, alternativas
ao uso dessas foram criadas no sentido de obter melhores resultados. Neste
contexto, o targeting de genes de viruléncia em Leishmania spp. tem sido visto
como uma alternativa promissora para producdo de uma vacina segura e
eficaz.

Nesta categoria sdo incluidas as vacinas produzidas com organismos
geneticamente modificados, knock-out de genes de viruléncia de Leishmania
spp. (COSTA, C. H. N. et al., 2011a), tais como dihidrofolato-redutase timidilato
sintase (CRUZ; COBURN; BEVERLEY, 1991), cisteino-proteinase
(ALEXANDER, J; COOMBS; MOTTRAM, 1998; SOUZA et al.,, 1994) ou
transportador de biopterina (PAPADOPOULOU et al., 2002). Esses parasitas
modificados possuem um curto ciclo de vida, suficiente para induzir uma
resposta imune especifica suficiente para eliminar a infeccdo e nao induzir
doenca no homem. Outra alternativa que tem sido vislumbrada é a introducéo
de cassetes suicidas no genoma de Leishmania spp., incluindo genes de
sensibilidade a drogas. Alguns exemplos deste Uultimo sdo L. major
expressando o gene da timidina kinase sensivel a ganciclovir do Herpes virus |
(MUYOMBWE et al, 1998) ou o gene da citosina deaminase de
Saccharomyces cerevisae sensivel ao 5-fluorocitosina (DAVOUDI et al., 2005).
Apesar desses parasitas ndo apresentarem alguns genes de viruléncia ou
mesmo apresentarem genes de susceptibilidade a drogas, ainda se considera
eticamente inaceitdvel o desafio de seres humanos com parasitas vivos
(BORJA-CABRERA et al., 2008; REQUENA et al., 2004). Uma das grandes
vantagens do uso desses parasitas geneticamente atenuados é que eles
persistem no hospedeiro por um tempo maior, provendo antigeno em
quantidade e tempo suficiente para induzir a geracao de células especificas de
memaoria imunoldgica que podem combater uma reinfeccdo (SELVAPANDIYAN
et al., 2012).

3.2.2 Vacinas com antigenos recombinantes

Nesse cenario, as vacinas que sdo baseadas no uso de antigenos

recombinantes podem fornecer resultados encorajadores e amenizar davidas
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guanto a seguranga para uso em humanos e ou animais. Para isto, antigenos
em potencial de espécies de Leishmania tem sido investigados e testados
quanto a sua imunogenicidade. Os mais promissores foram a proteina 11 de
membrana do kinetoplastideo (AGALLOU; MARGARONI; KARAGOUNI, 2011;
CARRILLO et al., 2008), esterol 24-c-metiltransferase (GOTO, Y. et al., 2007),
proteina A2 especifica do amastigota (GHOSH, A.; ZHANG; MATLASHEWSKI,
2001), cisteina proteinase B (RAFATI; ZAHEDIFARD; NAZGOUEE, 2006), fator
de alongamento e iniciacdo de L. braziliensis (SKEIKY, Y. A. et al., 1998),
K26/HASPB (STAGER, S; SMITH; KAYE, 2000), kinase C ativada de
Leishmania (BENHNINI et al., 2009), antigeno 2 da superficie de promastigota
(HANDMAN et al., 1995), nucleosideo hidrolase (AL-WABEL et al., 2007) e
glicoproteina expressa de superficie gp63 (CONNELL et al., 1993).

Algumas vacinas foram formuladas com base na combinacdo de uma
série de moléculas diferentes, tal como a Leish-111F/MPL-SE. Esta vacina é
composta pelo homdélogo de L. major do antioxidante tiol-especifico de
eucarioto, proteina 1 de estresse de L. major e fator de iniciacdo e
alongamento de L. braziliensis, combinados com o adjuvante MPL-SE. Em
modelos murinos de LC e LV, Leish-111F/MPL-SE induziu protecédo (COLER et
al., 2007; SKEIKY, Y. A. . et al., 2002), mas ndo protegeu contra LV canina
(GRADONI et al., 2005). Nesta ultima, o desafio com o antigeno foi realizado
pela picada do flebotomineo.

A vacina Leish-111F/MPL-SE demonstrou ser segura, imunogénica e
reatogénica em voluntarios nos EUA e em pacientes de LC e LM no Brasil e
Peru, respectivamente (GHALIB; MODABBER, 2007). Em contrapartida, a
vacinacdo com os componentes da Leishll1llf, com a proteina de choque
térmico 83 (Lbhsp83) e GM-CSF, combinado a quimioterapia, induziu uma
melhora clinica na resposta de pacientes e na cura de seis pacientes com LM
(BADARO et al., 2006).

A histona H1 que protegeu camundongos (SOLIOZ et al.,, 1999) e
macacos contra LC (MASINA et al., 2003), a HASPBL1 (proteina de superficie
acetilada hidrofilica B1) ou ambos em combinagdo com Montanide (MORENO
et al., 2007), e a proteina Q, um antigeno quimérico composto por cinco

fragmentos das proteinas acida ribossomal Lip2a, Lip2b, PO e a histona H2A



Freitas-Silva, R. Epitopos de Linfécitos T CD4" e T CD8" no Proteoma de L. braziliensis 48

utilizada com BCG induziu protecéo parcial contra LV em caes (MOLANO et al.,
2003).

3.2.3 Vacinas de DNA

A imunizacdo genética emergiu como uma boa alternativa para induzir
imunidade especifica em hospedeiros. As diversas vantagens deste método
sdo a expressao seletiva de genes muito proximos a sua conformacao nativa
natural, inducdo de resposta imune celular especifica, persisténcia da
expressdo do antigeno por um periodo de tempo, e, por fim, inducéo de células
de memoria para proteger contra reinfeccdo (TANG; DEVIT; JOHNSTON,
1992). Uma importante caracteristica da vacinacdo com DNA é a inducéo de
linfocitos T CD8" citotoxicos e T CD4" auxiliares e a producéo de anticorpos
(DAS, A.; ALI, 2012).

Para tal, diferentes antigenos tém sido utilizados para imunizacdo de
camundongos com proteinas ribossomais ou seus genes em formulacdes para
vacina de DNA. Para isso, Masih et al. (MASIH; ARORA; VASISHTA, 2011)
investigaram a eficacia do gene P1 de L. donovani na vacina de DNA pVAX-P1.
Esta vacina, administrada com reforgo, foi capaz de imunizar hamsters e
proteger contra a infeccdo por L. donovani reduzindo a mortalidade e a carga
de parasitas no baco e induziu um aumento da expressao de citocinas de
resposta Thl. As analises de bibliotecas de cDNA de Leishmania permitiram a
identificacdo de diferentes antigenos, tais como as histonas (MELBY et al.,
2000). Com base nisso, Carrion (CARRION, 2011) et al. (CARRION;
FOLGUEIRA; ALONSO, 2008) demonstrou a contribuicdo de diferentes vacinas
de DNA construidas com genes de histonas (H2A, H2B, H3, H4) na protecao
de BALBI/c contra a infeccéo por L. major.

Os resultados demonstraram que a vacinacdo com histonas H3 e H4
reduziram o edema na pata infectada com L. major, a carga de parasitas nos
linfonodos popliteais e baco. Com base nisso, as histonas H3 e H4 podem ser
consideradas candidatos vacinais em potencial. A combinagdo de vacinas
DNA-proteinas também tem demonstrado ser uma alternativa promissora, e tal

metodologia foi utilizada por Todoli et al. (TODOLI et al., 2012) utilizando



Freitas-Silva, R. Epitopos de Linfécitos T CD4" e T CD8" no Proteoma de L. braziliensis 49

diferentes estratégias para vacinacdo com DNA e com as proteinas KMPII,
TRYP, LACK, e PAPLE?22.

Com isso, este trabalho comparou a vacinagcdo com estas proteinas e
DNA individualmente ou em combinacéo, e os resultados indicaram que uma
estratégia DNA-proteina parece ser muito mais eficaz para induzir uma
resposta imunoldgica contra LV quando comparado a proteina ou DNA
administrados individualmente. Em outros modelos animais diferentes do
murino, a imunizacdo com antigenos de Leishmania spp. em uma vacina de
DNA néo parece proteger contra leishmaniose. Em 2007, Rodriguez-Cortés et
al. (RODRIGUEZ-CORTES et al., 2007) desenvolveram uma vacina de DNA
multiantigénica contendo KMPII, TRYP, LACK e GP63 para proteger caes
contra LV causada por L. infantum. Os cées foram imunizados e foi realizado o
desafio com L. infantum, contudo, nem resposta celular nem humoral foram
detectadas contra os antigenos.

Recentemente, alguns autores testaram uma vacina de DNA contra o
receptor de hemoglobina do parasita (HbR) em modelo murino de LV (GUHA et
al., 2013). As leishmanias n&do s&o capazes de sintetizar o grupo heme, assim,
elas utilizam o HbR para capturar a hemoglobina e também em reacfes
metabdlicas. Por essas propriedades, a vacina de DNA com o gene do HbR
demonstrou protecdo em hamsters e camundongos contra o desafio com L.
donovani sem o uso de adjuvantes. Contudo, deve-se ficar claro que vacinas
de DNA nado demonstraram utilidade em humanos e por isso impede o
desenvolvimento de outras etapas para producédo de uma vacina.

Atualmente, vacinas que sao seguras para uso em humanos e possuem
em sua composi¢ao bactérias ou virus vivos e atenuados sdo aceitas para uso
em humanos e animais. Com base nisto, estas vacinas tem sido testadas como
sistemas vetoriais para entrega de antigenos de outros patdgenos, como de
parasitas (SAXENA et al., 2013). Neste sentido, Breton et al. (BRETON et al.,
2005) obtiveram resultados que indicam que L. tarentolae pode ser utilizada
como um bom candidato para vacina viva que consegue chegar até células
dendriticas e oOrgaos linféides, dando suporte, assim, para apresentacdo de
antigenos e para geracao de resposta celular e de memoria.

Acredita-se que a exposicdo continua a antigenos seja uma etapa

crucial para o desenvolvimento de células T de memoria (ZINKERNAGEL et al.,
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1996). Apesar disso, outros parametros parecem influenciar nesta resposta,
tais como o tipo de células que séo ativadas e o nivel e duracdo da estimulacéo
(ZAPH et al., 2004). As vacinas com parasitas mortos sao limitadas devido sua
ineficacia em manter células de memdria, contudo, Okwor et al. (OKWOR;
KURIAKOSE; UZONNA, 2010) demonstraram que injecdes repetidas de
parasitas mortos pode resultar na expansdo de populacdes de células de
memodria resultando em protecao contra o desafio com virus.

Neste contexto, as principais estratégias utilizadas para vacinas contra
as leishmanioses estéo ilustradas na Figura 9. A Tabela 4 relaciona alguns dos
principais candidatos vacinais para leishmaniose e o andamento dos ensaios

clinicos.

Figura 9: Principais estratégias utilizadas para uma vacina anti-
Leishmania spp.
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3.2.4 Papel das células dendriticas e vacinas que utilizam células

dendriticas

A resposta imune contra a leishmaniose € orquestrada pelas DC, pois
essas células se destacam como uma importante classe de células
apresentadoras de antigeno para o0 sistema imunologico (GORAK;
ENGWERDA; KAYE, 1998; LEON; LOPEZ-BRAVO; ARDAVIN, 2007; LIU;
UZONNA, 2010). A regulacdo da atividade das DC parece ser espécie
especifica, visto que algumas espécies de Leishmania, como a L. major e a L.
donovani sdo capazes de ativar as DC para expressarem moléculas co-
estimulatérias e produzir IL-12 (GHOSH, M. et al., 2006; WOELBING et al.,
2006). Em contrapartida, algumas espécies de Leishmania induzem uma
ativacao deficiente das DC ou mesmo falham neste processo, como a L.
amazonensis e a L. mexicana (BENNETT et al., 2001; XIN; LI; SOONG, 2007).
Ja a L.V.braziliensis estd associada com forte inducdo de resposta imune,
iniciada principalmente pela ativacdo de DC e consequente ativagdo de
linfocitos T efetores (VARGAS-INCHAUSTEGUI, D. A.; XIN; SOONG, 2008).

Neste contexto de ativacdo celular, diversos trabalhos tém utilizado DC
estimuladas com antigenos como estratégia no combate a diferentes tipos de
doencas infecciosas e cancer (BROWNING, 2013; GARCIA et al., 2013).
Todavia, ainda é limitado o numero de estudos que tém se concentrado no
desenvolvimento e investigacdes de vacinas para a leishmaniose utilizando as
DC como modelos celulares carreadores de antigeno (COSTA, C. H. N. et al.,
2011a; KEDZIERSKI, 2011). As DC sao derivadas de precursores medulares e
sdo encontradas nos tecidos do organismo em um estado imaturo. Ao entrar
em contato com antigenos que induzem sua ativacdo, as DC amadurecem e
passam a expressar diversos marcadores de superficie, como o MHC de
classe Il e moléculas co-estimulatorias (OLEX et al., 2010).

Apesar de serem capazes de iniciar e direcionar a resposta imune de
maneira eficiente, os fatores que governam os mecanismos de agao das DC
ainda ndo sdo bem compreendidos. Evidéncias experimentais indicam que uma
das maneiras pelas quais as DC agem € por meio da inducdo dos diferentes
subtipos efetores de linfécitos T helper (Th) (KLECHEVSKY et al., 2008), sendo

os linfécitos Thl, produtores de INF-y, associados com a resisténcia a infecgcéo
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por Leishmania (DARRAH et al., 2010). A sinalizacéo via Toll Like Receptors
(TLR) é uma das responsaveis por induzir a secre¢do de citocinas pelas DC,
estimulando, assim, uma resposta do tipo Thl (SOONG, 2008). Uma das
moléculas que se ligam ao TLR-9 € o DNA CpG e trabalhos realizados por
outros grupos de pesquisa demonstraram que a utilizacdo de DNA CpG com
parasitas de Leishmania vivos ativam as DC dérmicas a produzirem citocinas,
especialmente a IL-6 (WU; WEIGAND; MENDEZ, 2009). A IL-6 induz diferentes
efeitos, agindo como fator de desenvolvimento para linfocitos, células
mesangiais e linfocitos Th17.

Uma das grandes limitacdes na area de vacinologia € o encontro de
antigenos ideais para o trabalho. Neste sentido, a area de vacinas se
desenvolveu com o uso de métodos classicos para o encontro de antigenos.
Contudo, estes métodos apresentam uma série de limitacdes que dificultam o
processo como um todo. Dessa maneira, métodos modernos de investigacao
aplicando ferramentas de bioinformética tém sido utilizados para a pesquisa e
desenvolvimento de vacinas (FLOWER, 2013).

Tabela 3: Relagdo de marcadores moleculares de superficie utilizados no
estudo de células dendriticas e outros subtipos celulares.

Molécula de Tipo celular

superficie

CD11c Presente em altos niveis em células dendriticas, mas
também em mondcitos, macréfagos, neutrofilos e alguns
linfécitos B (STEINMAN; PACK; INABA, 1997; STEWART;
THIEL; HOGG, 1995).

CD11b Presente em células dendriticas, macrofagos, células NK,
granulécitos e linfocitos ativados (DEMBIC; SCHENCK;
BOGEN, 2000; ZHANG, Y. et al., 2002).

CD8a Expresso em alguns tipos de células dendriticas residentes
e ndo migratérias. As células que expressam esse
marcador, ndo expressam o CD11b (SHORTMAN; HEATH,
2010a).

CD103 Expresso em células dendriticas presentes em muitos
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CD205

CD317

orgaos linfocitos e alguns 6rgdos nao linfoides. Células
dendriticas que expressam CD103 sédo eficientes em
realizar apresentacdo cruzada de antigenos exdgenos para
linfécitos T CD8" (DEL RIO et al., 2010).

Expresso em altos niveis por células dendriticas CD8a e
também por células Grl+, células de Langerhans, células
dendriticas mieldides e células epiteliais timicas (PACK et
al., 2008; PARK; RODRIGUEZ; STEINMAN, 2012;
SHRIMPTON et al., 2009).

Marcador especifico de células dendriticas plasmocitoides
gue sdo também conhecidas como células produtoras de
IFN do tipo | (CAO; BOVER, 2010; LOSCHKO et al., 2011)
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Tabela 4: Candidatos a vacina contra leishmaniose e andamento dos ensaios pré-clinico e clinicos de fase | e ll.

Identificacdo da vacina Referéncia Ensaio pré- Ensaio clinico de  Ensaio clinico
candidata clinico fase | de fase I
LEISH-F2 (“A Study of the Efficacy and Safety of the LEISH- X
F2 + MPL-SE Vaccine for Treatment of Cutaneous
Leishmaniasis - Full Text View - ClinicalTrials.gov”,
[S.d.])
LEISH-F3 (“LEISH-F3 + GLA-SE and the LEISH-F3 + MPL-SE X
Vaccine - Full Text View - ClinicalTrials.gov”, [S.d.],
“Phase 1 LEISH-F3 + SLA-SE Vaccine Trial in
Healthy Adult Volunteers - Full Text View -
ClinicalTrials.gov”, [S.d.])
Varios antigenos de flebotomineos (“Immune Responses After Human Subject X
do género Lutzomyia Challenge With Sand Fly Bites - Full Text View -
ClinicalTrials.gov”, [S.d.])
Varias vacinas de segunda (REZVAN, HOSSEIN; MOAFI, 2015) X
geracdo baseadas em proteinas
recombinantes
Varias vacinas de DNA e (REZVAN, HOSSEIN; MOAFI, 2015) X

abordagens heterélogas de

vacinacao

Adaptado de (GILLESPIE et al., 2016)
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3.3 Vacinologiareversa na busca de epitopos imunogénicos

Nos dultimos anos houve um aumento crescente do numero de
sequéncias gendémicas de patdogenos ao homem e animais. A disponibilidade
de muitas dessas sequéncias permitiu a escolha racional de antigenos
utilizando métodos computacionais ou in silico (SETTE; RAPPUOLI, 2000).

Figura 10: Fluxograma destacando os passos criticos na metodologia da
vacinologia reversa.
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Fonte: o autor

A vacinologia reversa foi utilizada primeiramente no desenvolvimento de
uma vacina contra 0 meningococo B (MenB), responsavel por cerca de 50%
dos casos de meningite bacteriana no mundo. Utilizando a metodologia da
vacinologia reversa foi possivel a identificacdo de 600 antigenos em potencial,
que foram expressos em Escherichia coli e testados com soro de animais

imunizados. Destes, foram identificados 90 novos antigenos que nunca tinham
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sido descritos na literatura e desses 29 apresentaram capacidade de induzir
anticorpos capazes de destruir a bactéria in vitro.

Comparada a vacinologia classica que so tinha chegado a 5 antigenos
(PIZZA et al., 2000; TETTELIN et al.,, 2000) com atividade bactericida, a
vacinologia reversa se mostrou muito promissora ao fazer a busca no genoma
dos parasitas. A vacina para MenB desevolvida por este método encontra-se
aprovada pela agéncia européia de medicamentos (EMA, do inglés European
Agency of Medicines) e pela ANVISA (Agéncia Nacional de Vigilancia Sanitaria)
(GIULIANI et al., 2006).

Além de permitir a identificacdo de antigenos com potencial protetor, a
vacinologia reversa permitiu identificar o papel bioldégico de novas proteinas
nos patégenos (LAUER et al.,, 2005; MADICO et al., 2006). Os melhores
exemplos foram a descoberta de pili em bactérias Gram-positivas e do fator H
em meningococos. Seguindo esta linha, estdo sendo desenvolvidas vacinas
contra estreptococos do grupo B (MAIONE et al., 2005), estreptococos do
grupo A, Staphylococcus aureus, Streptococcus pneumoniae, e Chlamydia
(THORPE et al., 2007).

A maior parte dos antigenos vacinais que foram desenvolvidos por meio
de vacinologia reversa sao capazes de induzir a producdo de anticorpos que
sdo capazes de inativar os patdgenos diretamente ou cooperar com 0
complemento e outras células do sistema imunoldgico. Contudo, para grande
parte das doencas parasitarias a presenca de anticorpos ndo é capaz de
conferir protecdo e, assim, ndo é o correlato primordial desejado para uma
vacina (SACKS, 2014).

Neste sentido, para a maioria das doencas parasitarias a imunidade
celular com linfécitos T CD4" e T CD8" é um dos componentes principais para
prevencdo ou controle (DUTHIE et al., 2012; SACKS, 2014). Para tal, a
metodologia da vacinologia reversa é capaz de identificar epitopos em
potencial presentes em proteinas codificadas por patdgenos e que podem ser
reconhecidos por linfocitos T CD4" e T CD8" (DE GROOT et al.,, 2009;
DOOLAN et al., 2003). Assim, a vacinologia reversa lanca mao de ferramentas
capazes de realizar a predicdo da ligacdo de peptideos especificamente as
moléculas do Complexo Principal de Histocompatibilidade (MHC, do inglés

Major Histocompatibility Complex).
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Alguns trabalhos procurando identificar antigenos de Leishmania spp.
utilizaram a vacinologia reversa. Um desses utilizou somente métodos lineares
de busca de epitopos no proteoma de diferentes espécies de Leishmania
(JOHN; JOHN; KHOLIA, 2012), ja outro trabalho concentrou esforcos para
identificar potenciais epitopos contidos em proteinas candidatas ja previamente
identificadas (MARIA et al., 2013). Os autores desse ultimo trabalho também
apresentaram posteriormente o desenvolvimento de uma vacina com multiplos
epitopos de Leishmania (AGALLOU et al., 2014).

3.3.1 Apresentacdo de antigenos via MHC de Classe | e |l

As moléculas de MHC de Classes | e Il apresentam diferencas em sua
estrutura e também na funcédo, estando a molécula de MHC de Classe |
presente na superficie de todas as células nucleadas e capaz de se ligar a
peptideos ou epitopos com 8 a 15 aminoacidos derivados de proteinas
estranhas ou préprias. De outra maneira, a molécula de MHC de Classe I
somente esta presente na superficie de células apresentadoras de antigeno
profissionais, tais como as DC, e se ligam a peptideos com 8 a 20 aminoacidos
derivados de proteinas presentes no meio extracelular (FLOWER, 2013).

Os peptideos apresentados pelas moléculas de MHC Classe | sdo
derivados de proteinas presentes no interior celular, assim, sdo capazes de
interagir com o receptor de linfocitos T CD8*. Neste caso, havendo
reconhecimento especifico ha ativagdo do linfécito T CD8*. Em contrapartida,
0s peptideos apresentados pelas moléculas de MHC de Classe Il expressas
por células apresentadoras de antigeno sdo derivados de proteinas presentes
no meio extracelular (Figura 12-B). Assim, em caso de reconhecimento
peptideo-MHC de Classe Il ha ativagdo de linfocitos T CD4" que se
desenvolvem nos diferentes perfis (KOBAYASHI; VAN DEN ELSEN, 2012). No
caso das DC, essas células também sdo capazes de realizar a apresentagéo
cruzada de epitopos, onde peptideos exdgenos podem ser apresentados via
MHC de Classe | (Figura 12-A) (GUTIERREZ-MARTINEZ et al.,, 2015;
KLECHEVSKY et al., 2010; TEL et al., 2013).
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Figura 11: Complexos peptideo-MHC de Classes | e Il.
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Adaptado de: (HOLLAND; COLE; GODKIN, 2013b)
(A e B, respectivamente. Em C e D o tamanho médio e conformagédo assumida dos peptideos
no bolsao formado por MHC-I e MHC-II, respectivamente. Em B e D estéo indicadas as regides

flanqueadoras dos epitopos centrais (PFR).

A regido do MHC no genoma humano é a mais polimoérfica e, por isso,
apresenta um alto grau de variacdo entre as moléculas, sendo este um fator
importante para ser considerado nas predicbes de epitopos (SETTE;
RAPPUOLI, 2000). Dessa maneira, os resultados predizem milhares de
epitopos para as diferentes formas alélicas do MHC que apresentam diferentes
afinidades de ligacdo e especificidade. Apesar disso parecer uma limitacao
importante ao método, estratégias diferentes tém sido utilizadas para contornar
tal problema.

Uma dessas estratégias é a de somente utilizar um nimero limitado de
moléculas de MHC que sado expressas pela populacéo inteira. Outra estratégia
sdo os trabalhos com metodologias pan-MHC que extrapolam os dados de
afinidade de ligacdo de alelos bem conhecidos e caracterizados para outros
alelos mais raros (DOOLAN et al., 2008). Mesmo que cada alelo do MHC
possua uma especificidade distinta de peptideo, eles podem ser agrupados em

uma grande categoria de supertipos de MHC que por sua vez estdo associados
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com sequéncias peptidicas que se sobrepdem (KAROSIENE et al.,, 2013;
NIELSEN et al., 2010).
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Figura 12: Apresentacao de antigenos via MHC de Classes | (A) e Il (B).
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Adaptado de (KOBAYASHI; VAN DEN ELSEN, 2012)

Nota: Em A, os antigenos intracelulares sao processados pelo proteassoma, gerando
peptideos antigénicos que séo, entdo, transportados para o interior do reticulo endoplasmatico
(ER) através da TAP. No ER os peptideos séo entdo conjugados com as moléculas de MHC
(ou HLA) de Classe I. Em B, os antigenos exdgenos séo incorporados no interior da célula
dentro de um endossomo que, por sua vez, se acidifica, cliva o antigeno em peptideos e se
fusiona com um endossomo proveniente do ER contendo moléculas do MHC de Classe Il e
chaperonas (HLA-DM, HLA-DO) que auxiliam no posicionamento correto dos peptideos ao

bolsdo do MHC de Classe Il.
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3.3.2 Predicao de epitopos com base na estrutura priméria das proteinas

E cada vez maior o nimero de sequéncias de genomas completos de
organismos disponibilizadas em bancos publicos. De posse dessas sequéncias
€ possivel inferir o proteoma completo de espécies (proteoma predito). Assim,
tais sequéncias podem fornecer diversas informacdes sobre os organismos em
questao, no caso de patdbgenos humanos e animais, a presenca de potenciais
epitopos peptidicos ligantes de moléculas de MHC de Classe | e Il. Em
decorréncia do grande niumero de moléculas depositadas nesses bancos, faz-
se necessario o uso de ferramentas computacionais que permitam a predicdo
de epitopos num intervalo de tempo menor. Tais ferramentas podem utilizar a
sequéncia das proteinas para realizar a predicdo de epitopos peptidicos
lineares necessarios para estimular uma resposta contra algum patdégeno
(LUNDEGAARD et al., 2010). Algumas das ferramentas mais utilizadas para
realizar este tipo de andlise sdo: NetCTL (LARSEN, M. V. et al.,, 2005),
NetMHC (NIELSEN et al., 2003) e NetMHCII (NIELSEN et al., 2009). A Tabela
5 relaciona estas ferramentas, suas caracteristicas principais e fontes.

O NetCTL € uma ferramenta utilizada para predi¢ao de epitopos de MHC
de Classe |, ja tendo sido utilizado com dados de parasitas (RESENDE et al.,
2012). Esta ferramenta apresenta um diferencial por integrar no resultado final
da predicao do epitopo a predicao de afinidade ao MHC de Classe |, a predi¢do
da eficiéncia de TAP (do inglés transporter associated with antigen processing)
e a clivagem proteassbmica do C-terminal (BHASIN; RAGHAVA, 2004). O
NetCTL realiza a predicdo por meio de redes neurais (ANN), possuindo uma
rede para cada supertipo de molécula de MHC. Cada ANN foi treinada com
peptideos de 9 aminoacidos com afinidade de ligacdo conhecida para aqueles
alelos de MHC de Classe | (NIELSEN et al., 2003).

Os resultados do NetCTL sé&o fornecidos numa tabela com informagdes
sobre o posicionamento do amino&cido, onde o epitopo comeca e termina, a
proteina fonte daquele epitopo, sequéncia do epitopo, predicado de afinidade ao
MHC, predicéao de clivagem pelo proteassoma, predicao de TAP, e por fim, um

valor de pontuacdo combinado.
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No caso da predicdo de epitopos de MHC de Classe ll, isto pode ser
realizado com algumas ferramentas, tais como o NetMHCII desenvolvido pelo
mesmo grupo do NetCTL. Assim como este Ultimo, o NetMHCII também realiza
a predicdo utilizando ANN (NN-align) capazes de identificar simultaneamente a
regido central de ligacdo do epitopo e a afinidade de ligacdo. Além disso, a
ANN no NetMHCII é treinada com um algoritmo que permite a correcado de
erros e € capaz de aumentar a acuracia dos dados pela incorporagdo de
informacdes adicionais sobre os residuos que flanqueiam a regido central do
epitopo. Assim como acontece no NetCTL, os dados sédo fornecidos ao
NetMHCII no formato fasta e o resultado final € também disposto de maneira
muito similar ao NetCTL, na forma de tabela.

Aléem dessas ferramentas acima citadas, h4 uma série de outros
preditores disponiveis para uso, como: OpitMer (FLOWER, 2013), EpiMer
(SIDNEY et al., 2008), SYFPEITHI (LUNDEGAARD et al., 2010), TEPITOPE
(MEISTER et al.,, 1995), CTLPred (RAMMENSEE et al.,, 1999), WAPP
(BHASIN; RAGHAVA, 2004), EpiJen (LARSEN, M. V. et al., 2005), EpiTOP
(DONNES; KOHLBACHER, 2005) e PREDIVAC (DOYTCHINOVA et al., 2006).
Cada um desses varia, por exemplo, em aspectos como alelos do MHC para os
quais realizam predicdo e nos métodos utilizados para realizar e integrar a
predicao.

Os métodos de predicdo de epitopos peptidicos baseados na estrutura
primaria da proteina sdo bastante precisos e cada vez mais modernos.
Contudo, as analises estruturais sdo também cada vez mais utilizadas no
intuito de complementar e assegurar o dado obtido com as ferramentas
lineares. Dessa forma, as andlises de docking molecular, tdo utilizadas pela
industria farmacéutica para a descoberta de novos farmacos, podem ser
utilizados para descoberta de novos epitopos com potencial vacinal (FLOWER,
2013).

3.3.3 Docagem molecular
A estratégia de docagem molecular consiste numa metodologia

computacional utilizada cada vez mais nos estudos para descoberta de novas

drogas. Nestes, a metodologia é capaz de realizacédo a predi¢cdo da afinidade
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de ligacdo entre um alvo biologico (receptor) e uma molécula (ligante). A forca
de ligagdo ou estabilidade do complexo formado € normalmente determinado
por fatores energéticos e estruturais. Para a grande maior parte dos métodos
de docagem, o fator energético mensura a energia de interacdo entre duas
moléculas (ligante e alvo), e é definida como uma funcéo de energia potencial
(campo de forgca). Assim, quanto menor a energia do complexo, mais favoravel
ou estavel é a ligacdo entre o ligante e o0 alvo. Desta maneira, os métodos de
docagem permitem determinar se ha ou néo interacbes que estabilizem a
ligacdo entre duas moléculas investigadas. A docagem molecular permite
determinar quais sao as forcas moleculares relacionadas com a estabilidade do
complexo molecular formado (PUJADAS et al., 2008; WANG; LU; WANG,
2003; YURIEV; AGOSTINO; RAMSLAND, 2011; YURIEV; RAMSLAND, 2013).

Em se tratando do fator estrutural, a contribuicdo desta também é
importante para o processo como um todo, uma vez que a ligacdo entre as
duas moléculas ocorre numa regido em particular da proteina. Dessa forma, a
molécula ligante deve adquirir uma conformacéo tridimensional que seja
compativel com o sitio de ligacdo na proteina. No contexto deste trabalho, o
alvo molecular considerado sdo as regides das moléculas de MHC de Classe |
e Il que se ligam aos epitopos peptidicos (ligantes). A Figura 11 ilustra bem as
regides de ligacdo do epitopos as moléculas de MHC de Classes | e |l.

Com base nesta estrutura, é possivel observar que as moléculas de
MHC de Classes | e Il s&o compostas por subunidades diferentes, mas que séao
estruturalmente similares em conjunto (Figura 13). Em ambos os casos, as
regides de ligacdo aos epitopos peptidicos sdo formadas por duas alfa-hélices
anti-paralelas. Este tipo de conformacdo permite a formag¢do de um canal ou
bolsdo ao qual os peptideos podem se ligar numa conformacgéo estendida ou
alongada. Na base deste bolsédo formado ha oito folhas beta anti-paralelas que
formam regides especificas de interacdo dos peptideos, conhecidos como
pockets. Na molécula de MHC de Classe | observa-se a presenca de dois
pockets importantes, enquanto que na molécula de MHC de Classe Il séo 4
pockets (Figura 11) (RUDOLPH; STANFIELD; WILSON, 2006; VAN DER
MERWE; DAVIS, 2003).

Neste contexto, os métodos de docking molecular se apresentam como

uma ferramenta util no sentido de chegar em estruturas moleculares relevantes
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que sao potencialmente imunogénicas. Assim, diferentes ferramentas
computacionais podem ser utilizadas para este fim, tais como o design de
cadeias laterais fixas e o design de cadeias laterais flexiveis, ambas
metodologias inclusas no pacote do projeto Rosetta
(http://www.rosettacommons.org/).

No caso do design de cadeias laterais fixas, o algoritmo utilizado pela
metodologia ndo permite a otimizagdo das cadeias laterais da molécula
simulada. Contudo, a utilizacdo desta ferramenta permite a otimizacdo do
tempo de simulacdo e do uso de memdria (LEAVER-FAY; KUHLMAN;
SNOEYINK, 2005; LEAVER-FAY; SNOEYINK; KUHLMAN, 2008). Em
contrapartida, a metodologia flexivel (Rosetta FlexPepDock) consiste num
protocolo de refinamento que otimiza as cadeias laterais da molécula peptidica
simulada, permitindo um refinamento da simulacdo (DAS, R.; BAKER, 2008;
RAVEH; LONDON; SCHUELER-FURMAN, 2010). Utilizando uma base de
minimizagdo Monte Carlo, o protocolo flexivel permite um refinamento de todos
os graus de liberdade do peptideo e das cadeias laterais do receptor.

Neste contexto, este trabalho buscou identificar no proteoma de L.V.
braziliensis potenciais epitopos de linfécitos T CD4" e CD8" com objetivo de

avalia-los imunologicamente.
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Figura 13: Estrutura molecular comparada das moléculas de MHC de
Classe | e de Classe Il.

Peptideo B Peptideo

: MHC-II 1
Adaptado de (HOLLAND; COLE; GODKIN, 2013a)
Nota: Pode-se observar que as subunidades moleculares do MHC de Classe | (A, PDB:1ZHL) e
do MHC de Classe Il (B, PDB: 1KGO0) séo estruturalmente diferentes. Contudo, a conformagéo
gue estas moléculas assumem € muito similar para o papel principal destas moléculas na
apresentacéo de epitopos peptidicos (em verde, em A e B). O MHC | (A) é composto por uma
cadeia com 3 dominios a (vermelho) e $2m (azul, beta-2-microglobulina), enquanto que o MHC
Il (B) € composto por duas cadeias com dois dominios a (vermelho) e dois dominios 3 (azul).
Em C e D sédo representadas as moléculas de MHC | e Il, respectivamente, do topo da
estrutura. Observa-se que ambas estruturas possuem bolsées de ligacao ao antigeno similares
formados por duas a-hélices anti-paralelas que forma um canal no qual os peptideos podem se
ligar numa conformacao estendida, e oito folhas-p anti-paralelas que formam os sitios
especificos de ligacdo ao peptideos (pockets) na base do bolsdo. Os pockets sdo formados por
residuos polimérficos que definem o tamanho e as caracteristicas quimicas de cada pocket,

dessa maneira a especificidade de liga¢éo ao peptideo.
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Tabela 5: Ferramentas computacionais utilizadas na predicéo linear de epitopos peptidicos de MHC de Classes | e ll.

Ferramenta Pagina Web Caracteristicas Referéncia
NETCTL http://www.cbs.dtu.dk/services/NetCTL/ Realiza predicdo de epitopos de linfocitos Larsen et al. 2007
T citotoxicos em sequéncias de proteinas
NETMHC http://www.cbs.dtu.dk/services/NetMHC/  Realiza predicdo de ligacao de peptideos  Nielsen et al. 2003
a um numero diferente de alelos do MHC
de Classe | utilizando redes neurais
artificiais (ANNS)
NETMHCII http://www.cbs.dtu.dk/services/NetMHCII/ Realiza predi¢do de ligacdo de peptideos  Nielsen, Lund, 2009

a HLA-DR, HLA-DQ, HLA-DP do MHC de
Classe Il e alelos do MHC de Classe Il de
camundongos utilizando redes neurais
artificiais (ANNS)
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4 METODOLOGIA

4.1 Anédlises In Silico

A Figura 14 abaixo ilustra de forma esquematica o fluxograma
metodoldgico utilizado para realizacdo das analises in silico desta pesquisa.

O TriTrypDD foi utilizado para realizar o download do proteoma predito
de Leishmania spp. As sequéncias do proteoma foram analisadas por
diferentes métodos (B). O banco de dados relacional EpitopeDB foi criado e
gerenciado utilizando o MySQL como sistema de gerenciamento. Parsers e
algoritmos em linguagem PERL e SQL foram criados e desenvolvidos no intuito
de acessar e integrar os resultados (C). Os dados foram entdo agrupados (D).

Os dados agrupados foram utilizados para a docagem molecular (E).

4.1.1 Predicdo de epitopos lineares

4.1.1.1 Recuperagdo dos proteomas em bancos de dados e andlise da

conservacao

Inicialmente, foi realizado o download dos proteomas de trés espécies
de Leishmania (L. braziliensis, L. major e L. infantum) do banco de dados
TriTrypDB (ASLETT et al., 2010). A partir dessas sequéncias foram realizadas
analises de bioinformatica. As proteinas de L. braziliensis foram selecionadas
com base no nivel de conservacdo maior que 60% que apresentavam com as
outras espécies de Leishmania. Essa selecdo foi feita utilizando a ferramenta
BLAST para alinhamento de sequéncias de proteinas.

Esse parametro foi levado em consideragdo uma vez que uma vacina
ideal deve ser capaz de induzir protecdo também contra outras espécies dentro
daquele género. Além disso, as proteinas conservadas dentro de uma espécie
apresentam maiores chances de ter um papel essencial para o funcionamento

daquele organismo.
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Figura 14: Fluxograma metodologico das anélises in silico realizadas.
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4.1.1.2 Predicéo de afinidade aos MHC de Classes | e II

A predicdo dos epitopos ligantes de MHC de Classe | foi realizada com
as ferramentas NetMHC e NetCTL, enquanto que o NetMHCII foi utilizado para
predicdo dos epitopos ligantes de MHC de Classe Il. Todas as ferramentas
utilizadas realizam a predicao dos epitopos para os supertipos dos alelos mais
prevalentes em populacées humanas (LARSEN, M. V et al., 2007; NIELSEN et
al., 2009, 2010). Além disso, tanto o NetMHC quanto o NetCTL sao preditores
de epitopos; contudo, o NetCTL além de realizar a predicdo de epitopos,
também considera outras predicfes. Essas predicdes sao a eficiéncia de
transporte mediada pela proteina transportadora associada com
processamento de antigenos (TAP) e a predi¢cao da clivagem no proteassoma.
O valor de cut-off definido para selecionar os peptideos com alta afinidade para
as ferramentas foi = 1 no intuito de aumentar as chances de encontrar

potenciais epitopos.

4.1.1.3 Similaridade e caracteristicas biologicas das proteinas candidatas

No intuito de excluir proteinas candidatas que tivessem um alto nivel de
similaridade com proteinas humanas ou de camundongos, pois estas poderiam
inviabilizar testes devido ao risco de inducdo de autoimunidade, foi realizado
um BLAST. Assim, as proteinas com nivel de similaridade igual ou maior que
40% com as proteinas de humanos ou de camundongos foram excluidas das
analises subsequentes. Além dessas predi¢cfes, foram realizadas predi¢cdes do
namero de hélices transmembranas e da sub-localizacao celular das proteinas,
utilizando as ferramentas TMHMM (KROGH et al., 2001) e WoLF PSORT
(HORTON et al., 2007), respectivamente. Essas Ultimas decisdes foram
tomadas no sentido de excluir das analises as proteinas que apresentam mais
que uma hélice transmembrana, uma vez que o numero maior de hélices
poderia dificultar a expressao das moléculas (SETTE; RAPPUOLI, 2000). Além
disso, buscou-se analisar somente as proteinas secretadas ou que estivessem
presentes na membrana do parasita, jA que estas estdo apresentadas de
maneira mais eficiente aos linfécitos T CD4" e T CD8" (AEBISCHER, 2014).
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Por fim, todos os dados que foram gerados durante o processamento
dos métodos acima descritos foram depositados num banco de dados
relacional, utilizando o MySQL como sistema de gerenciamento de banco de
dados (DBMS). Foram desenvolvidas Parsers e algoritmos nas linguagens
PERL e SQL para integrar e acessar os resultados depositados no banco de

dados.

4.1.1.4 Clusterizacao dos epitopos selecionados

Para esta etapa foi construido um algoritmo, in house, baseado nos
resultados do alinhamento realizado pelo BLAST para agrupar os dados com
alta similaridade. Nesse sentido, um limiar de 60% de identidade e 100% de
cobertura entre dois epitopos foi utilizado para que eles fossem unidos no
mesmo cluster. Além disso, a sele¢do dos grupos envolveu outros dois critérios
importantes: os epitopos peptidicos deveriam ter sido preditos com alta
afinidade para pelo menos trés diferentes alelos do MHC de Classe | ou MHC
de Classe Il, ou epitopos peptidicos provenientes de pelo menos trés proteinas

diferentes.

4.1.2 Docagem molecular

4.1.2.1 Recuperagédo das estruturas do MHC de Classes | e Il do Protein Data
Bank

Esta etapa teve inicio com o download no RSCB Protein Data Bank de
33 estruturas diferentes de alelos para o MHC de Classe | (Identificadores:
2HJL, 3C9N, 3HCV, 3KPP, 3L3D, 3RL1, 3VCL, 3VFS, 3X11, 4F7M, 4G8G,
4HWZ, 4JQX, 4MJ5, 4MJI, 4NQV, 4°2C, 4QRR, 4QRU, 4WUS5, 4XXC) e 12
estruturas diferentes de alelos para o MHC de Classe Il (Identificadores: 126A,
1BX2, 1H15, 1S9V, 1UVQ, 1YMM, 2NNA, 2Q6W, 3C5J, 3LQZ, 3PL6, 3SWEX).

Em seguida, as estruturas foram entéo preparadas por meio da remocgao
das moléculas de &gua, ligantes e residuos duplicados ou alelos.
Adicionalmente, o software PyMol foi utilizado para modificar a cadeia do

peptideo co-cristalizado para que este contivesse o0 mesmo tamanho dos
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peptideos preditos nas etapas anteriores (9 residuos para o MHC de Classe | e
15 residuos para o MHC de Classe Il). Além disso, cada aminoacido néo
candnico encontrado nas estruturas foi substituido manualmente pela alanina.
Por fim, foi utilizado um software desenvolvido, in house, chamado
GriDoMol para preparar e submeter todos os procedimentos in silico em um
ambiente de grid computacional. Essa etapa foi realizada para combinar as
estruturas do MHC aos epitopos preditos e compilar os resultados de cada
etapa em planilhas. O ambiente de grid computacional foi criado com oito
computadores, cada um portando placas 2x Intel Xeon quadcore (num total de

8 cores por computador) e 16GB de meméria RAM.

4.1.2.2 Producado dos complexos MHC-epitopos

Nesta etapa foi utilizado uma sequéncia de protocolos utilizando a
plataforma Rosetta. Para a substituicdo dos peptideos co-cristalizados por cada
um dos peptideos preditos, foi utilizado o protocolo FixBB, disponivel no
Rosetta. Contudo, o protocolo FixBB ndo tem capacidade de remover 0s
atomos da cadeia principal. Isso faz com que a substituicdo do peptideo co-
cristalizado ndo seja tdo bem sucedida e possa gerar estruturas
conformacionais instaveis.

Portanto, apds a aplicacao do protocolo FixBB, foi realizado o protocolo
Rosetta Relax para estabilizar energeticamente cada um dos novos epitopos.
Além disso, todos os residuos do MHC foram imobilizados para prevenir
mudancas conformacionais no “receptor’, enquanto que os residuos dos
epitopos ficaram livres para realizar os movimentos em busca da conformacéao
mais estavel no contexto quimico nos quais eles estavam inseridos.

Nesta etapa do processo, a funcéo Score de Interface (Isc) do protocolo
Rosetta FlexPepDock foi utilizada no intuito de quantificar a afinidade de
ligacdo entre o0s epitopos peptidicos e as moléculas de MHC. O Isc
corresponde a soma das contribuicdes energéticas da interface dos residuos
em ambos receptor (MHC) e epitopos. Dessa forma, todas as 32.658 estruturas
obtidas por meio da aplicacdo do protocolo Rosetta Relax passaram por essa
estapa utilizando o protocolo Rosetta FlexPepDock, no intuito de obter os

valores de Isc. Contudo, as estruturas obtidas com o protocolo Relax foram
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mantidas sem alteracbes nas coordenadas dos atomos. Desse modo, o
procedimento realizado teve a funcdo de recomputar as energias com uma
melhor funcdo de score mantendo a geometria e sem causar perturbagdo ao

sistema quimico.

4.1.2.3 Predicdo de afinidade dos complexos

No intuito de reduzir o tempo computacional, adotou-se uma estratégia
para filtrar e somente selecionar os epitopos mais promissores, com base no
score de Isc com receptores e a frequéncia da afinidade observada ao longo
das diferentes estruturas do MHC.

O protocolo do Rosetta FlexPepDock foi aplicado para realizar a
docagem molecular, permitindo completa flexibilidade para os residuos na
interface. Esse procedimento buscou encontrar os peptideos preditos com
maior afinidade pelos alelos do MHC. Para cada epitopo predito foram
selecionadas as melhores solucdes de docagem de acordo com o Isc. Ao final,
0S epitopos preditos foram ranqueados pela média do valor de Isc das
solucdes encontradas ao longo dos alelos de MHC. Das centenas de pares de
epitopos-MHC descrita, os dez pares de epitopos preditos com os melhores
valores de Isc entre os alelos foram selecionados para aplicacdo de um
protocolo avancado do protocolo Rosetta FlexPepDock, aumentando o numero
de estruturas geradas de 100 para 500. O custo computacional desse tipo de
calculo (500 solucdes de docagem) foi cinco vezes maior que o padrdao de 100

solucdes de docagem.
4.2 Andlises in vitro com células humanas
Ao término dos ensaios in silico, partiu-se para etapas de avaliacdo

biolégica dos epitopos peptidicos, identificados pelos métodos de

bioinformatica.
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4.2.1 Grupos investigados e aspectos éticos

As andlises envolveram individuos de ambos os sexos com idade
mediana e provenientes de Moreno, Pernambuco-Brasil. Trés grupos foram
estudados: pacientes com doenca ativa (DA, n = 8), pos-tratamento (PT — n =
10) e resistentes (RT — n = 5). O ultimo grupo foi composto por individuos
provenientes de areas endémicas, positivos para o teste de Intradermorreacao
de Montenegro (IDRM), mas que nunca manifestaram sinais clinicos da
doenca. Como grupo controle, foram utilizadas amostras de individuos
saudaveis (n = 5) que ndo vivem em areas endémicas para leishmaniose.

O protocolo utilizado nesta pesquisa foi avaliado pelo Comité de Etica
em Pesquisa com Seres Humanos do Centro de Pesquisas Aggeu Magalhées
(CpgAM/FIOCRUZ) (numero do protocolo: 522.964). Todos os individuos

assinaram o Termo de Consentimento Livre e Esclarecido (TCLE).

4.2.2 Sintese, ressuspensdo e armazenamento dos peptideos

As moléculas correspondentes aos 10 melhores resultados do estudo in
silico, peptideos com 15 aminoéacidos, foram sintetizados comercialmente
(Genome Biotechnology, Brasil). Na etapa de sintese, os peptideos lineares
foram purificados por Cromatografia Liquida de Alta Eficiéncia (HPLC) com
uma pureza final superior a 95%. Uma vez produzidos, os peptideos sintéticos
foram ressuspensos individualmente em sulfoxido de dimetilo (DMSO) e
estocados a -80°C até o uso. Cada um dos peptideos foi organizado em ordem

numérica, do melhor resultado in silico, o nimero 1, até o 10.

4.2.3 Coleta e obtencao das células mononucleares do sangue periférico
(PBMC)

Para cada individuo incluido neste estudo, 20 mL de sangue foi coletado
de forma asséptica. O sangue foi diluido na proporcdo 1:1 (v/v) com tampao
fosfato-salino (PBS, pH 7,2), depositado na solucédo de gradiente Ficoll-paque
PLUS (GE) e centrifugado por 35 min a 400 x g. Posteriormente, a camada

com as células mononucleares do sangue periférico (PBMC) foi removida e
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lavada duas vezes com PBS (pH 7,2). As células foram ressuspensas em meio
Roswell Park Memorial Institute (RPMI) 1640 contendo 2 mM de L-glutamina,
50 mg/L de sulfato de gentamicina e suplementado com 10% de soro fetal
bovino (ambos reagentes da Cultilab, Brasil). Em seguida, as células foram

contadas em hemocitdmetro e a concentracao ajustada para 10° células/mL.

424 Processamento e marcagdo com 5-(-6)-diacetato  de

carboxifluoresceina succinimidil ester (CFDA-SE)

Células dos grupos PT, DA, RT, e controle foram marcadas com éster
diacetato succinidimil carboxifluoresceina (CFDA-SE, Invitrogen, USA) para
avaliar niveis de proliferacéo celular induzidos pelos peptideos. Para isso, 4 X
10° PBMCs foram ressuspensas em 1 mL de PBS (pH 7,2) contendo 2 uM de
CFDA-SE e incubadas a 37°C por 10 min. A concentragdo do CFDA-SE foi
previamente titulada para prevenir inibicdo da proliferagdo ou morte celular.
ApoOs a incubacéo, a marcacéo foi interrompida por meio da adi¢cdo de 1 mL de
meio RPMI 1640 gelado (4°C) contendo 2 mM de L-glutamina, 50 mg/L de
sulfato de gentamicina e suplementado com 10% de soro fetal bovino (Cultilab,
Brasil). Logo em seguida, as células foram concentradas por centrifugacédo e
lavadas com PBS e ressuspensas em 1 mL de meio RPMI 1640 suplementado
na densidade de 2 x 10° células/mL. Depois deste periodo, as células foram
retiradas das placas, depositadas em tubos de poliestireno, lavadas com PBS
(pH 7,2) e analisadas por citometria de fluxo.

4.2.5 Cultivo celular e estimulo com os peptideos

2 x 10° PBMCs foram depositadas em placas de 96 pocos de fundo em
U (BD Falcon, USA) e foram estimuladas individualmente com 20 pg/mL
(SEYED et al., 2011) de cada peptideo. Foram realizadas duplicatas para cada
peptideo testado. As placas foram incubadas a 37°C com 5% de CO, por 4
dias. Depois deste periodo, as placas foram centrifugadas por 10 min a 400 x g
e 0 sobrenadante foi coletado e estocado a -80°C para quantificacdo de

citocinas por citometria de fluxo.
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No ensaio de proliferacdo celular, para cada paciente ou controle
testado, células ndo estimuladas e células estimuladas com fitohemaglutinina
(PHA) foram avaliadas como controles intra-experimentais para definir os niveis

de proliferacao celular durante a andlise da citometria de fluxo.

4.2.6 Marcagao com anticorpos monoclonais

Foram utilizadas células de quatro pacientes apds o tratamento e quatro
controles para avaliar os niveis de expressao de T-bet apos estimulo com os
peptideos. Para isso, as células foram lavadas com PBS acrescido de 0.5% de
soro fetal bovino (Sigma, St. Louis, MO) e 0,1% de azida sddica (Sigma, St.
Louis, MO), solucdo chamada PBS-W; centrifugadas (400g, 10 min,
temperatura ambiente) e transferidas para tubos de poliestireno. Foram
adicionados anticorpos monoclonais anti-CD4 e anti-CD8 aos tubos, ambos
conjugados com aloficocianina (APC) e isotiocianato de fluoresceina (FITC),
respectivamente (BD Bioscience, San Jose, CA), e as células foram incubadas
por 30 min em temperatura ambiente. Posteriormente, as células foram fixadas
com paraformaldeido (PFA) 1% em PBS, lavadas por centrifugacdo com PBS-
W (400g, 5 min) e permeabilizadas com PBS acrescido de 0,5% de saponina.
Subsequentemente, as células foram lavadas com PBS-W (400g, 5 min) e
incubadas com anti-T-bet-phycoerythrin (PE) (BD Bioscience, San Jose, CA)
por 30 min, temperatura ambiente. ApOs a incubacéo, as células foram lavadas

novamente e ressuspensas com PFA 1% em PBS.

4.2.7 Quantificagdo das citocinas no sobrenadante de cultura

Sobrenadantes de células dos grupos DA, PT e controle foram
descongelados e a quantificacdo de IFN-y, IL-2, IL-10, IL-4, TNF, IL-6 e IL-172
foi realizada usando kits humanos de ensaio citométrico de esferas ordenadas
Thl, Th2, Thl7 (CBA, BD Bioscience). Todos os métodos foram realizados de
acordo com as instru¢cées do fabricante. Posteriormente, as amostras foram
analisadas no citobmetro de fluxo FACScalibur (Becton Dickinson Company,
San Jose, USA). Para cada amostra, foram adquiridos 2.100 eventos, como

recomentado pelo fabricante. A curva padrdao para o ensaio de CBA foi
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determinada utilizando 9 dilui¢cdes, e os dados analisados pelo software FCAP

Array, fornecido pela BD.

4.2.8 Aquisicdes e analises por citometria de fluxo

As analises foram realizadas em um citbmetro de fluxo FACSCalibur
(Becton Dickinson Company, San Jose, USA) equipado com um laser de
argonio (comprimento de onda 488 nm) utilizando o software CELLQuestProTM
(BD Bioscience, San Jose, CA) para a aquisicdo. A fluorescéncia de 20.000
eventos de um quadrante de linfocitos baseada em parametros de tamanho e
granulosidade, foi adquirida. Os dados foram analisados e tratados com o
software FlowJo v10.1 (Tree Star Inc., USA). Para o ensaio de CFDA-SE,
células ndo estimuladas foram utilizadas durante a analise para estabelecer
parametros e definir o nivel basal de proliferacéo linfocitica. Para o ensaio de
T-bet, células marcadas de individuos controles foram utilizadas para definir os

padrdes dos quadrantes.

4.3 Andlises com células murinas

4.3.1 Aspectos éticos

O modelo animal utilizado nesta pesquisa foram camundongos BALB/c.
Os animais foram mantidos e alimentados sob os cuidados do biotério do
Centro de Pesquisas Aggeu Magalhdes (CpaAM-FIOCRUZ). Os protocolos
utilizados no presente trabalho foram todos previamente analisados e
aprovados pelo Comité de Etica no Uso de Animais do CpgAM-FIOCRUZ
(Processo CEUA 47/2013).

4.3.2 Avaliacdes com células dendriticas mieldides (BMDC)
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Figura 15: Etapas para obtencé&o de células dendriticas mieldides murinas
diferenciadas com fator de crescimento de granuldcitos e macrofagos.
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Nota: Os animais BALB/c foram inicialmente eutaniziados em camara de CO2, posteriormente
foi removido o fémur e a tibia dos animais. Em seguida, os ossos foram lavados e foi realizada
a obtencdo da medula dssea, por meio da remocédo das extremidades dos 0ssos e lavagem
com meio de cultivo celular. As células-tronco hematopoiéticas obtidas foram cultivadas por 10
dias na presenca do fator de crescimento de coldnia de granulécitos e macrofagos (GM-CSF).

Esse fator foi adicionado na concentracao final de 20 pg/mL no inicio da cultura e ap6s 3,6 € 8

dias. No dia 10 as células dendriticas estavam diferenciadas
4.3.2.1 Obtencao de células da medula 6ssea de camundongos BALB/c

O protocolo para geracdo de BMDC foi adaptado de Lutz et al. (1999).
Para cada experimento realizado com BMDC, cinco camundongos BALB/c
machos foram eutanasiados em camara de CO,, em seguida foram removidos
o fémur e a tibia em condigbes estéreis. Os ossos foram depositados em

recipiente contendo etanol 70% por 1 min e em seguida lavados com meio
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RPMI 1640 contendo 2 mM de L-glutamina, 50 mg/L de sulfato de gentamicina,
suplementado com 10% de soro fetal bovino (ambos reagentes da Cultilab,
Brasil).

Em seguida, as extremidades dos ossos foram removidas e o interior
dos ossos foi lavado com meio RPMI 1640 suplementado utilizando uma
seringa com agulha de 0,45 mm de didmetro. Os grumos de células formados
foram removidos por meio de pipetagem vigorosa, seguida de passagem por
meio de um filtro com poros de 0,45 mm de diametro. As células foram lavadas
com meio RPMI 1640 (300 x G, por 10 min) e em seguida depositadas em

placas de seis pogos para descansar por 12 horas.

4.3.2.2 Processamento das células da medula e diferenciacdo com fator de

crescimento de granuldcitos e macrofagos (GM-CSF)

ApGs esse periodo, as células foram removidas da placa e a viabilidade
e concentracdo de células foi determinada por meio do método de azul de
Trypan. A concentracéo celular foi ajustada e 2 x 10° células foram depositadas
por poco da placa de cultura de 6 pocos. No inicio da cultura, as células
receberam meio RPMI 1640 suplementado e contendo 20 ng/mL de fator de
crescimento de coldnias de granuldcitos e macrofagos (rGM-CSF, Sigma,
USA). No terceiro, sexto e oitavo dia da cultura, o meio de cultivo foi renovado
e contendo a mesma concentracdo de rGM-CSF. No décimo dia de cultivo, as
células estavam completamente diferenciadas e as células ndo aderentes
foram removidas da placa para serem utilizadas. A morfologia celular foi
confirmada por microscopia Optica convencional e microscopia confocal de

fluorescéncia.

4.3.2.3 Cultivo celular e estimulo com os peptideos

A concentracdo de BMDC foi ajustada e 2 x 10° células foram
depositadas em placas de 96 pocos com fundo em U. As células foram
estimuladas individualmente com 20 ug/mL de cada peptideo testado. Isto foi
realizado em duplicatas, separadamente para cada peptideo testado. As placas
foram incubadas a 37°C com 5% de CO; por 24h e 48h.



Freitas-Silva, R. Epitopos de Linfécitos T CD4" e T CD8" no Proteoma de L. braziliensis 79

4.3.2.4 Marcagao com anticorpos monoclonais

Apés cada periodo de incubacao, as placas contendo as células foram
centrifugadas a 400 x g por 10 min. O sobrenadante foi coletado e estocado a -
80°C para posterior dosagem de citocinas por citometria de fluxo. Em seguida,
as células foram removidas da placa com tampao fosfato-salino (PBS, pH 7,2)
e transferidas para tubos de poliestireno nos quais se procedeu com a
marcagcdo com anticorpos monoclonais. Para isso, 0s seguintes anticorpos
foram adicionados aos tubos contendo as células: anti-CD11c conjugado ao
isotiocianato de fluoresceina (FITC) (Clone N418), anti-MHC | conjugado a
ficoeritrina (PE) (Clone AF6-88.5.5.3), anti-MHC II conjugado a aloficocianina
(APC) (Clone M5/114.15.2), e anti-CD40 conjugado a APC (Clone 1C10) (todos
0os anticorpos utilizados foram da Affymetrix eBioscience, USA), sendo as

amostras incubadas a temperatura ambiente por 30 min.

4.3.2.5 Quantificacdo das citocinas no sobrenadante de cultura

Os sobrenadantes de cultura das BMDC foram descongelados para
dosagem das citocinas IFN-y, IL-2, IL-10, IL-4, TNF, IL-6, IL-17a com o kit Thl,
Th2, Thl7 Cytometric Bead Array (CBA) da BD Bioscience (USA). Para
realizacdo desta etapa, todos os procedimentos foram seguidos de acordo com
indicacdo do fabricante. Ao final da preparacdo das amostras, realizou-se a
aguisicdo dos dados no citbmetro de fluxo FACSCalibur (Becton Dickinson
Company, San Jose, USA). Para cada amostra foram adquiridos 2.100
eventos, como recomendado pelo fabricante. A curva padréo do ensaio de CBA
foi determinada com nove diluicdes dos padrdes e os dados foram analisados

com o software FCAP Array fornecido pelo mesmo fabricante do kit (BD).

4.3.3 AvaliagcGes com células dendriticas e subpopulacdes esplénicas

4.3.3.1 Imunizacdo de camundongos BALB/c
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Os experimentos de imunizacdo foram realizados com grupos
compostos por cinco fémeas de BALB/c. Cinco peptideos que apresentaram
resultado significativo nos experimentos com células humanas foram
escolhidos para se realizar as imunizagfes. Os animais foram imunizados uma
vez por semana, durante trés semanas nos folhetos teciduais da orelha
esquerda com 20 ug de cada peptideo e 10 yg de ODN CpG 1688 5'-
tccatgacgttcctgatgct-3’ (InvivoGen, USA), perfazendo um volume total de 20 pL.
Uma semana ap6s a Ultima imunizacdo, cinco animais por grupo foram
eutanasiados em camara de CO, para remocao do baco. Os bacos foram
removidos em condi¢cdes assépticas, macerados e homogeneizados. Grumos
celulares foram removidos por meio de pipetagem, seguido por passagem por
um filtro com poros de 0,45 mm de didmetro. Em seguida, a concentracao
celular foi ajustada para 10° células/mL e 10° células foram depositadas por
poco em placas de cultura de 6 poc¢os. Cada poco da placa foi estimulado com
20 pg/mL de cada um dos respectivos peptideos. Esse procedimento foi
realizado em duplicata, separadamente para cada peptideo avaliado. As placas
foram incubadas a 37°C com 5% de CO; por 48h. Ap6s o tempo decorrido, as
células foram removidas das placas para marcagcdo com anticorpos

monoclonais.

4.3.3.2 Cultivo celular e estimulo com os peptideos

Para este procedimento, inicialmente, as células foram lavadas com uma
solucéo de PBS (pH 7,2)-W contendo 0,5% de albumina sérica bovina e 0,1%
de azida sodica (ambos reagentes da Sigma, St. Louis, MO). As células foram
centrifugadas a 400 x g por 10 min, em seguida transferidas para tubos de
poliestireno onde foi iniciada a marcagdo com anticorpos. Aos tubos, contendo
células, foram adicionados os seguintes anticorpos: anti-CD11b-FITC, anti-
CD8a-PE, anti-MHC II-APC, anti-CD103-FITC, anti-CD317-PE, anti-CD205-
Alexa Fluor (AF)-488 (todos os anticorpos da Affymetrix eBioscience, USA).
ApoOs isso, as células foram incubadas por 30 min a 25°C. Em seguida, as
células foram fixadas com solugéo de 1% de paraformaldeido (PFA) em PBS

(pH 7,2) por 10 min e centrifugadas com PBS-W a 400 x g por 5 min.
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As células marcadas para IL-12p70, procedeu-se com a permeabilizacéo
das membranas com solugdo de PBS contendo 0,5% de saponina. Em
sequéncia, as células foram lavadas com PBS-W (400 x g, 5 min), e em
seguida incubadas com anti-IL-12p70 conjugado a PE (Affymetrix eBioscience,
USA) por 30 min a 25°C. Apos completado o periodo, as células foram lavadas
com PBS-W (400 x g, 5 min) e ressuspensas com solugdo de PFA 1% até a
realizacdo das aquisi¢cdes por citometria de fluxo.

4.3.3.3 AquisicOes e analises por citometria de fluxo

Todas as aquisicOes de citometria de fluxo foram realizadas com um
citobmetro de fluxo modelo FACSCalibur (Becton Dickinson Company, San
Jose, USA), equipado com um laser de argdnio (comprimento de onda 488 nm)
e utilizando o software CELLQuestProTM (BD Bioscience, San Jose, CA) para
as aquisicgoes.

Para as amostras de BMDC e de células esplénicas foram adquiridos
20.000 eventos em gate para cada amostra. As gates foram desenhadas com
base nos parametros de tamanho e granularidade celular. Os dados foram
entdo analisados e tratados com o software FlowJo v10.1 (Tree Star Inc., USA).
Para as subpopulacfes de esplendcitos, gates booleanas foram desenhadas

para acessar o nivel de expressdo de MHC de Class Il nas células analisadas.

4.4 Andlises estatisticas

A anadlise estatistica foi realizada com o software GraphPad Prism v.7.
Os dados foram analisados com os testes ndo-paramétricos de Kruskal-Wallis
e Mann-Whitney. As diferencas foram consideradas estatisticamente
significativas quando o valor de p < 0,05.
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Abstract

The leishmaniasis are neglected tropical diseases widespread throughout the globe
which are caused by protozoa from the genus Leishmania and are transmitted by
infected phlebotomine flies. The development of a safe and effective vaccine against
these diseases has been seen as the best alternative to control and reduce the number of
cases. To support vaccine development, this work has applied an in silico approach to
search for high potential peptide epitopes able to bind to different Major
Histocompatibility Complex Class | and Class Il (MHC | and MHC I1) molecules from
different human populations. First, the predicted proteome of Leishmania braziliensis
was compared and analysed by modern linear programs to find epitopes with the
capacity to trigger an immune response. This approach resulted in thousands of epitopes
derived from 8,000 proteins conserved among different Leishmania species. Epitopes
from proteins similar to those found in host species were excluded and epitopes from
proteins conserved between different Leishmania species and belonging to surface
proteins were preferentially selected. The resulting epitopes were then clustered, to
avoid redundancies, resulting in a total of 230 individual epitopes for MHC | and 2,319
for MHC II. These were used for molecular modeling and docking with MHC structures
retrieved from the Protein Data Bank (PDB). Molecular docking then ranked epitopes
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based on their predicted binding affinity to both MHC 1 and Il. Peptides corresponding
to the top 10-ranked epitopes were synthesized and evaluated in vitro for their capacity
to stimulate PBMC from post-treated cutaneous leishmaniasis patients, with PBMC
from healthy donors used as control. From the ten peptides tested, 50% showed to be
immunogenic and capable to stimulate the proliferation of lymphocytes from recovered
individuals.

1 Introduction

The leishmaniasis constitute an important group of tropical neglected diseases
[1] which affect and impact on “the bottom billion” of people living in poverty, by
inducing disfiguration, loss of productivity and a burden of 3.3 million disability-
adjusted life years (DALY) [2, 3, 4]. It is estimated that one quarter of the world’s
population, 1.7 billion people, are living in risk areas for leishmaniasis [5]. Until
recently, 98 countries have reported cases of leishmaniasis with 0.7-1.2 and 0.2-0.4
million cases reported annually of cutaneous (CL) and visceral (VL) leishmaniasis,
respectively [6]. The leishmaniasis are caused by protozoans from the genus
Leishmania which are transmitted to humans and other mammals through phlebotomine
sandfly bites [7]. These diseases have multiple forms of presentation and the main ones
are: CL, widely distributed among targeted populations and which affects the skin and
mucous; VL, the more lethal form, if not treated, which affects mainly the
reticuloendothelial system from the liver and spleen; and mucocutaenous leishmaniasis
(MCL), affecting mucous and with a poor prognosis. In Brazil, most of the CL cases are
caused by Leishmania braziliensis and the disease is found in different regions [8], but
many of the affected individuals experience spontaneous cure that is associated with
IFN-y production [9]. Diverse strategies are in use to control the leishmaniasis, namely
the control of infected animals and vectors, and chemotherapy of affected individuals.
These approaches, however, have a high cost and can also induce resistance in parasites
and vectors [10]. Therefore, a safe and effective vaccine against human leishmaniasis is
urgent to address these issues.

Vaccines against Leishmania spp. have the major task of correctly activating the
immune system to develop a protective response composed mainly by CD4" and CD8"
T cells producing and secreting IFN-y. This response has been associated with disease
control, macrophage activation, and parasite elimination from the host [11, 12, 13]. Our
previous data have shown that cells from L. braziliensis infected patients produce high
amounts of IFN-y after stimulation with whole lysed parasite [14, 15]. To initiate
cellular response, dendritic cells (DCs), which are specialized antigen presenting cells
(APCs), have the unique capacity to prime naive T cells by presenting peptide antigens
bound to major histocompatibility proteins (MHCs), co-stimulating and secreting
cytokines and thus mounting a T cell response against Leishmania spp. Some
Leishmania species, e.g. L. amazonensis and L. mexicana, may fail however to activate
DCs, and consequently no T cell effective response is mounted [16, 17]. L. braziliensis
is capable of activating DCs and inducing a protective immune response [18]. It is
estimated that each mature DC expresses 10°-10" MHC Class 1l (MHC 11) and 10°
MHC Class | (MHC 1) molecules [19]. The activation of CD8" T cells is a result of the
specific engagement of 9-mer-peptide to MHC I proteins (9-mer-p-MHC Class I), while
CD4" T cells are activated by 15-mer-peptides bound to MHC Il (15-mer-p-MHC Class

).
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There is no such thing as an ideal antigen, and the search for antigens that could
generate immunogenic epitopes for a potential vaccine against Leishmania spp. is thus
critical. In this sense, reverse vaccinology has been constantly increasing its value, and
now diverse in silico approaches are available for identification of potential antigens
and epitopes for vaccines. Since experimental methods are difficult and time
consuming, reverse vaccinology using in silico methods has narrowed the vast amount
of molecules to be tested, increasing the odds of finding better candidates [20]. In
addition, many pathogen genomes and proteomes are currently available in public data
banks and can be assessed regarding their potential antigen diversity and variability.
Thus, sequence and structure based methods investigating the binding affinity of
peptides to MHC | and MHC Il molecules and other parameters may aid in the search
for new antigens in order to support vaccine development [21]. John et al. (2012) [22]
have used only sequence based methods to search for different epitopes in the predicted
proteome of Leishmania spp. Agallou et al. (2014) [23] have recently reported the
construction of a multi-epitope peptide vaccine against leishmaniasis by analyzing four
known proteins from L. infantum. In this context, we hypothesized that a combination
of modern sequence and protein structure algorithms could help the search, within the
whole predicted proteome from L. braziliensis, for potential immunogenic epitopes with
high affinity for both human MHC | and MHC IlI. Thus, the aim of this work was to
combine robust in silico approaches in the search for potential immunogenic T cell
epitopes, based on the proteome of L. braziliensis, for the development of an anti-
Leishmania vaccine.

2 Results

2.1 Linear epitope prediction

With the goal of developing a peptide vaccine based on in silico approaches,
many studies have shown its feasibility and different attempts have been carried out in
order to find good epitopes capable of stimulate the immune system and its memory
arm [21, 24, 25, 26], but these mainly rely on computational tools which focus on
epitope prediction. Here, we have developed an in silico pipeline combining the linear
prediction of epitopes with a sequence of structural refinements to confirm the potential
of some epitopes to bind to MHC molecules and thus stimulate the immune system.
Several computational tools were applied with the goal of minimizing the number of
candidate epitopes identified as well as maximizing their potential as inducers of
protective immunity. The whole strategy used can be seen in the workflow described in
Figure 1.

The initial epitope prediction tools used here (NETMHC and NETCTL) were
selected based on two criteria, namely: predictors of MHC | and MHC Il binding
affinity; predictors in which their accuracy and performance applied to trypanosomatid
protein sequences have already been assessed by Resende et al. 2012 [27]. NETMHC
and NETCTL were then used to predict MHC | binding epitopes and NETMHC Class Il
was used for a MHC 11 prediction. For each allele supertype the epitopes predicted were
those classified by the tools as strong binders. Simultaneously, different sets of
sequence analysis were performed in order to: exclude all epitopes which belonged to
proteins conserved in humans and mice, so as to avoid potential autoimmune epitopes;
select epitopes belonging to proteins conserved between different Leishmania species,
potentially able to induce an immune response against multiple species; select epitopes
which came from proteins which were predicted as extracellular or secreted and having
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a maximum of one trans-membrane domain, therefore selecting epitopes from proteins
easier to express and which should be generally exposed to the host immune system.
The number of predicted epitopes for both MHC | and MHC 1l derived from these
predictions, and the allele supertypes, are summarized in Table 1. If all predictions for
different MHC alleles are considered, the total number of epitopes found in this stage
are 657, 6710 and 64553, for NETMHC, NETCTL and NETMHCII, respectively. Next,
as the total epitope prediction includes some degree of redundancy, a clustering step
was performed considering the sequence similarity among the predicted epitopes, and
this analysis resulted in 168 groups for MHC | and 2,138 groups for MHC II.
Subsequently, each group was dismembered to reveal the exact sequence of each
epitope, resulting in 230 individual epitopes for MHC | and 2,319 epitopes for MHC I1.

Figure 1: Methodology flowchart used in this work. TriTrypDB was used to retrieve
the predicted proteome of Leishmania spp. (A). Predicted proteome sequences were
analysed by different methods (B). EpitopeDB relational database was created, and
managed using MySQL as database management system. Parsers and algorithms in
PERL and SQL languages were developed in order to access and integrate the results
(C). Data was clustered (D). Clustered data was used for molecular modeling (E).
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Table 1: Number of predicted epitopes by bioinformatics tools

MHC Class | Prediction

Su'gle'ret';pe NETMHC NETCTL
Number of predicted epitopes
HLA-A1 17 556
HLA-A2 181 685
HLA-A3 86 579
HLA-A24 18 444
HLA-A26 61 515
HLA-B7 20 1620
HLA-B27 229 1092
HLA-B44 31 466
HLA-B58 14 753
Allele MHC Class Il Prediction
supertype NETMHC_CIass II_
Number of predicted epitopes
HLA-DPA 7021
HLA-DPB 1558
HLA-DQA 14762
HLA-DRB 41212

2.2 Fitting linear epitopes into MHC structures

As the main objective of this work was to select predicted epitopes with a good
binding affinity to a large number of MHC receptor alleles, a molecular modeling
approach was used aiming to find the most in silico stable epitope+allele complexes.
Structures from 33 different alleles of MHC | (21) and MHC 11 (12) were downloaded
and processed as described in the methods section, prior to modeling their interaction
with the individual predicted epitopes. The sequence of steps followed can be found in
Figure 2. The first step consists of the replacement of the co-crystalized peptide (present
at each downloaded structure) for each one of the predicted epitopes. The total number
of complexes is composed of 4,830 complexes for MHC | (21 MHC | alleles times 230
predicted epitopes) and 27,828 complexes for MHC Il receptor (12 MHC Il alleles
times 2,319 predicted epitopes). As the overall combinations of all the MHC structures
and predicted epitopes achieved an impressive number of 32,658 complexes, a
distributed computing strategy was adopted to process this large scale problem in a
feasible time.

With all the 32,658 complexes (receptor + epitope) generated and their
respective epitopes energetically relaxed, the molecular docking could be started. This
was carried out using the Rosetta’'s FlexPepDocking protocol. However, during the
development of this molecular modeling protocol, several preliminary evaluations were
made in order to find a good trade-off between precision and computational demand.
First of all, it has been noticed that the use of Rosetta's FixBB protocol to replace the
co-crystalized peptide by the predicted epitopes generates typical unstable structures,
with high positive Interface scores (Isc). Therefore, three complexes (predicted
epitope+allele), that had the best, a regular and the worst Isc values, based solely on the
structures obtained by FixBB, were selected and submitted to the Rosetta's Relax
protocol. This step was performed to verify if the Relax protocol could stabilize the
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selected prediction in more favorable conformations. The Relax protocol results can be
found at Figure SI1. It is possible to notice an increase in affinity of the complexes
(predicted epitope + MHC receptor) after the relaxing step.

Figure 2: The sequence on which the Rosetta's protocols were used. The total
number of complexes generated and the average Interface score (Isc) of it are shown.
The computational demand of each protocol compared to the FixBB protocol (clock
picture), for a single complex (epitope+allele), can also be found. Every complex image
consist of an example containing a MHC 11 allele (PDB: 3LQZ) and the epitope #1677,
after each protocol. The MHC |1 allele is in green while the predicted epitope color
range from blue (FixBB) to black (Relax), red (FlexPepDock with 100 solutions) and
yellow (FlexPepDock with 500 solutions).
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2.3 Filtering epitope-MHC complexes

After the analyses performed previously, there was still an impracticable number
of complexes (32,658) to be used as input for Rosetta's FlexPepDock protocol. This
universe of complexes demands a computational effort that is not feasible even using a
computational grid environment. Thus, a filtering strategy had to be adopted in order to
select the most promising predicted epitopes to the largest possible number of MHC



Freitas-Silva, R. Epitopos de Linfécitos T CD4" e T CD8" no Proteoma de L. braziliensis 89

receptor alleles. First, knowing that epitopes containing 9 residues (MHC I) can be
windows of 15-residue epitopes (MHC 1), the epitopes from the Class | prediction were
matched with the Class Il epitopes in order to find windows of Class | and Class Il
epitopes. A total of 385 pairs of 15-residue epitopes and their respective 9-residue
windows were found.

The filtering strategy required the Isc scores derived from the calculation of the
whole set of epitope+allele complexes, computed using the Rosetta's Relax protocol
(called re-score procedure, as detailed in the methods section). These Isc scores were
used to estimate the frequency that each predicted epitope appears on the list of top 30%
ranked candidates for all available MHC structures (Figure 3). If a 15-residue epitope
has a good affinity for a MHC 11 allele, at the top 30% best scored epitopes for each
target structure, and its 9-residue window also has a good affinity for a MHC | allele,
this "pair" of predicted epitopes (MHC Il and MHC 1) might be a good candidate for
better immunogenic properties. The 385 pairs of 15-residue epitopes and their
respective 9-residue windows were then sorted according to the sum of their frequency
within the 30% best scored epitopes. After the exclusion of repetitions, the 30% cutoff
recovered 81 and 285 predicted epitopes of MHC | and MHC |1, respectively, varying
from 12 (at 10% and 15%) to 18 (at 25%), within the total 33 alleles (21 for MHC Class
I and 12 for MHC Class Il). Choosing a cutoff larger than 30% would not increase
significantly the number of occurrences. Figure S12 shows the plot of percentage cutoff
for the top ranked candidates, ranging from 10% to 50%, and Figure SI3 presents the
filtering algorithm.

Based on such filtering approach, the hundred best ranked pairs (or 1,764
predicted epitope+allele complexes) were used at the next molecular docking step, with
Rosetta's FlexPepDock protocol, because this number of calculations required a viable
computational demand, about 18-fold lower than the initial set of complexes (32,658).

Figure 3: The filtering approach used in order to reduce the number of complexes
calculated at FlexPepDock step. Details can be found in text.
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2.4 Molecular docking

The 100 best ranked pairs after the filtering strategy were then used at the
molecular docking step with 100 docked solutions each. From this set, the top 10 pairs
of predicted epitopes, with the best average Isc among the alleles, were selected for an
enhanced run of Rosetta's FlexPepDock protocol with 500 docked solutions, hence
increasing the chance of finding new docking solutions with higher affinities for these
10 pairs of predicted epitopes.

The final results obtained through the molecular docking of these ten pairs of
predicted epitopes defined a total of four unique 9-residue epitopes predicted for MHC |
and ten unique 15-residue epitopes predicted for MHC Il. Figure 4 shows the
superposition of the best docked solutions derived from the alleles with the highest
binding affinity (lowest Isc) to their respective MHC targets (alleles with PDB IDs
ANQV and 3LQZ for MHC | and MHC I, respectively). One can see that the best
docking solutions are quite similar in position, displaying a homogeneous result. The
way these solutions are positioned are consistent with the known binding mechanism
for these MHCs, as each predicted epitope bound to the correct key anchor residues
localized within the binding groove of its corresponding MHC target [28]. The MHC |
(Figure 4a) predicted epitopes were anchored by residues located at the epitope
extremities, while the MHC |1 predicted epitopes (Figure 4b) were anchored by residues
positioned in the middle. The final selected 14 predicted epitopes are those which
displayed the best binding affinity among the 2549 candidate epitopes (230 targeting
MHC | + 2319 targeting MHC II).
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Figure 4: Superimposition of the best solutions for the (a) four predicted MHC |
and (b) ten MHC 11 epitopes.

2.5 Epitope-MHC interaction features

Detailed analyses were then conducted in order to identify important
intermolecular aspects responsible for the affinity of these final predicted epitopes to the
MHC targets, as follows. First, the correlation between the Interface buried surface area
(Ibsa), commonly used to measure the size of the macromolecule interface [29], and the
Interface score (Isc) was evaluated. Figure 5 presents the average Ibsa and Isc values for
all the complexes (epitope+allele) formed by each one of the 33 MHC structures. A
strong correlation between Ibsa and Isc was seen, with bigger Ibsa values being
accompanied by lower (more stable) values for Isc. This was to be expected, since when
the contact area between the ligand (predicted epitope) and the receptor (allele structure)
is larger there are more intermolecular interactions between them stabilizing the
complex, with lower (more negative) Isc values. Thus, an increase on Ibsa contributes in
a favourable way to the binding affinity of the complexes, by typically lowering the Isc.

In a similar analysis to the one presented in Figure 5, Figure 6 shows the
correlation between the average Interface hydrogen bonds (lhb) and the average
Interface score (Isc) values for all the complexes (apitope+allele) formed by each one of
the 33 MHC structures. As more hydrogen bonds are formed between the receptor and
the predicted epitope, the Isc value is lower, i.e. the complex has a higher binding
affinity, emphasizing the fact that the peptides bind to the MHC alleles (particularly
MHC I1) via an "extensive hydrogen bond network™ [28]. To further investigate this
correlation, three complexes included in the final results (FPD500) were selected and
analyzed (Figure 6). It is important to notice that the larger Class Il epitopes (with 15
residues) have a greater natural probability to form hydrogen bonds, because of the
higher number of residues (two-thirds more). It is also important to emphasize that the
average Interface score (Isc), highlighted in Figure 2 as "Avrg. score", can be observed
as progressively more negative with each successive step of the methodology applied,
meaning more stable epitope+allele complexes indentified during the in silico
procedures.
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Figure 5: Correlation between the average Interface buried surface area (Ibsa, in
square angstroms) and the average Interface score (Isc). This was performed for all
the complexes generated with the 33 MHC receptors, after the FlexPepDock protocol
(with 500 solutions).
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Figure 6: Correlation between the average Interface score (Isc) and the average
Interface hydrogen bonds (Ihb), for the complexes obtained by the FlexPepDock
protocol with 500 solutions (FPD500). The blue dots correspond to the MHC I
alleles (total of 12), while the red dots correspond to the MHC | alleles (total of 21). a)
The best docking solution of the final set of results, showing the predicted epitope that
formed the highest number of hydrogen bonds and generated the lowest (most stable)
Isc. b) The worst overall solution within the final results, having a low number of
hydrogen bonds and the highest (less stable) Isc value. c) One of the worst solutions for
a MHC 11 complex, having a reduced affinity between the allele and the predicted
epitope. Only the side-chain groups with hydrogen bonds are shown. The epitope’s
alpha-carbons are highlighted in dark blue.
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2.6 Epitope tracing

Next, the identity of the ten highest ranking epitopes was investigated and they were
seen to derive from a total of four L. braziliensis proteins. The first of these, a conserved
hypothetical protein, is encoded by a CDS localized to chromosome 34 and
encompasses at least four potential epitopes. Interestingly, the protein segment
encompassing the four 15-mer epitopes is 19 aa in linear length. Therefore, the four
potential epitopes with high affinity for MHC | and MHC Il molecules are found within
this particular segment, with minor differences between each of these four epitopes but
all producing high scores when analysed by the approaches described above. Another
conserved hypothetical protein located on chromosome 1 encodes at least three
epitopes. Here the three epitopes were found in a window 18 aa in length. The third
protein, found in chromosome 14, encodes two 15-mer epitopes located in a window of
16 aa. Finally, the last and largest protein, also hypothetical, encodes only one 15-mer
epitope. All the genes encoding for those proteins are syntenic with other genes from
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trypanosomatids. This indicates that these proteins have evolved in the same genetic
loci from diverse trypanosomatids and the potential epitopes may induce cross-
protection against other pathogenic species from the same family.

2.7 Validation of peptide epitopes

In order to have an experimental validation of the results derived from the bioinformatic
approach, peptides corresponding to the ten highest ranking 15-mer epitopes described
above were commercially synthesized. These were then used for an evaluation of their
ability to induce proliferation of Peripheral Blood Mononuclear Cells (PBMC) derived
from human patients afflicted with cutaneous leishmaniasis and cured after treatment.
These PBMC were capable of proliferating when stimulated with total antigen from L.
braziliensis and non-stimulated cells had minimal levels of proliferation (data not
shown). The results from the assays carried out with the synthetic peptides are presented
as the mean percentage of proliferation, with its standard deviation, calculated with the
data from the proliferation of PBMCs derived from ten patients, when exposed to the
individual peptides. Peptides 2, 4, 8, 9 and 10 were capable of stimulating proliferation
of many of the PBMC derived from the afflicted patients. However, no significant
difference was observed when the mean proliferation values obtained for these peptides
with the PBMC from the ten patients was compared with the mean values derived from
the data with PBMC from the control group, consisting of five healthy volunteers. In
contrast, significant statistical differences were observed for the mean PBMC
proliferation results between samples from treated patients and control volunteers for
the assays carried out with peptides 1, 3, 5, 6 and 7 (Fig. 7). These five peptides are
derived from three of the four L. braziliensis proteins described above, confirming that
the positive response is not associated with one specific protein. The possibility that the
improved results from some peptides might also be associated with a stronger response
from a reduced number of individuals was also investigated. The PBMC from two
patients did respond better to a greater number of peptides, four in all, but these include
peptides included among both groups described above. In all, the PBMC proliferation
data validates the computational approaches used for epitope selection and confirm the
potential for some of the synthetic peptides tested to stimulate a protective immune
response.

Figure 7: Comparison of the proliferation data from PBMC derived from the
cutaneous leishmaniasis post treatment (PT) patients with the PBMC proliferation
data from the control group, in response to different peptides. The asterisk indicates
significant differences (p<0.05) between patients and control group. The horizontal bars
represent the mean values for each group. The median percentage levels and the
corresponding standard deviation for each group tested are described below.
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3 Discussion

So far, different approaches have tried to address the lack of an anti-Leishmania vaccine
capable of being effectively used against the leishmaniasis. However, most of the
vaccines under development have failed in very early assays, due to factors such as poor
antigen response, absence of good animal models, and lack of standardization [30]. An
ideal vaccine should also be capable of stimulating a promiscuous response against
different Leishmania species, but generally only one species has been considered at a
time. Moreover, only a few papers have described predictions of T cell epitopes from
Leishmania spp. proteomes [31, 32, 33, 34, 35]. Most of these have focused on epitopes
which binds to MHC 1, with a focus on CD8" T cell response and not considering the
induction of a response mediated by CD4" T cells [31, 32, 35, 36]. CD8" T cells have a
major role in protecting against cutaneous leishmaniasis, but evidence has been
provided that they may also exacerbate and compromise the disease outcome [37]. In
this context, we have searched for natural epitopes that would stimulate both CD4" and
CD8" T cells, in order to establish a more balanced response that could favour the
prevention of disease progression. Development of CD4" T cell predicted epitopes
however is still a challenge, since we do not fully understand the epitope motifs that
bind to the MHC Il groove, most of the peptides may not be naturally processed by
APCs and the positional alignment is critical for the prediction [38, 39]. To overcome
these issues, the epitopes predicted here were tested through different criteria in order to
define a final set of peptides. One of these criteria was the capacity to bind with high
affinity to both MHC | and MHC IlI, as demonstrated by the high scores of the
complexes and the elevated number of hydrogen bonds, for example. Thus, it is
expected that, during natural processing by APCs, these peptides could bind either to
MHC | or MHC Il or be able to bind both molecules.

In terms of target MHC molecules, this work has crucially focused in simulating peptide
epitopes with different allele supertypes expressed by different human populations.
Allele selection considered their distribution across the globe and other important
parameters, such as the promiscuity of the selected peptides to which they bind and
PDB crystalized structures. To do so, most of the work was based on human MHC
alleles and in order to reduce bias due to MHC multiplicity, allele supertypes were used
[40, 41, 42]. Supertypes share specific residues at some anchor positions, thus, they are
capable of binding to overlapping groups of peptides [43]. It is important to consider the
human MHC molecules, since the purpose of the work is to develop a vaccine that
would be applied to humans. Previous works have already helped the search for
potential epitopes that could bind to murine MHC, since it is the most used
experimental model for pre-clinical assays testing potential vaccines against



Freitas-Silva, R. Epitopos de Linfécitos T CD4" e T CD8" no Proteoma de L. braziliensis 97

leishmaniasis [23, 36]. Most of the in silico developed peptides based on the murine
model, however, may fail to translate good results to humans, due to the huge
differences between human and mouse immune responses. All the computational efforts
performed here were therefore dedicated to simulate peptides with human MHC alleles.

One of the major problems of bioinformatics these days is the huge amount of data
generated. Linear epitope predictions using predicted proteomes provides a large
number of potential epitopes which cannot be possibly be tested. Therefore, this large
number must be reduced into a feasible number of epitopes which can be
experimentally tested for their immunogenicity. Thus, the option here for molecular
modeling protocols to solve this issue, mainly through the application of molecular
docking approaches, adding another layer of strength to the data. Here, it has been
shown that the best ranked peptide epitopes are clearly those which establish the highest
number of molecular interactions (like hydrogen bonds and hydrophobic contacts, for
example) with the chemical groups in the MHC groove.

Based on the results presented so far, it seems that the proposed combination of
approaches is consistent enough to be applied in cases of reverse vaccinology, when
there is a large quantity of candidate epitopes to be tested. The strategy of distributed
computing (computational grid) alongside the filtering algorithms has turned an
unpractical problem, into a feasible task, done in weeks. Moreover, in the context of
leishmaniasis, the results of this research identified peptide epitopes with high potential
to stimulate the immune system to develop a protective response.

4 Material and Methods
4.1 Linear epitope prediction

4.1.1 Proteome retrieval and conservancy

The available proteomes (from L. braziliensis, L. major, and L. infantum) were
downloaded from TriTrypDB [44] and used to perform, in parallel, different
bioinformatics analyses. Only protein sequences from L. braziliensis with more than
60% conservancy with other Leishmania species verified through BLAST protein
alignment were considered for epitope analysis. This parameter was taken into account
since an ideal vaccine should be capable to induce protection in individuals against as
many species as possible.

4.1.2 MHC Class | and MHC Class Il prediction tools and binding affinity
prediction

NetMHC and NetCTL tools were used for a MHC | predictions while MHC I
predictions were made using the NetMHCII tool for the most prevalent allele supertypes
[45, 46, 47]. Both NetMHC and NetCTL are epitope predictors, however NETMHC just
predicts the epitope while NETCTL also considers other predictions, such as the
transport efficiency prediction mediated by the Transporter Associated with Antigen
Processing (TAP) protein and the C-terminal proteasomal cleavage prediction. The cut-
off score defined to select peptides with high affinity for those tools was > 1 in order to
maximize the number of true positive predictions.

4.1.3 Similarity and biological features of protein candidates
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In order to exclude protein candidates with high degree of similarity with proteins of
humans and mice, the BLAST sequence alignment tool [48] was used to compare
parasite protein sequences against host protein sequences. Proteins with degree of
similarity equal or higher than 40% with human or mice proteins were excluded from
the next steps. Moreover, transmembrane helix and sub-cellular localization predictions
were performed using the TMHMM tool [49] and WoLF PSORT [50], respectively.

All the data obtained after running the methods described above were deposited in a
relational data base, which is managed using MySQL as a Data Base Management
System (DBMS). Parsers and algorithms in PERL and SQL languages were developed
in order to access and integrate the results deposited in the databank.

4.1.4 Clusterization

An in house algorithm based on BLAST alignment results was developed in order to
group the data with high similarity. A threshold of 60% of identity and 100% of
coverage between any two epitopes were used in order to cluster them in the same
group. In addition, group selection was performed based on selective criteria: peptide
epitopes with high affinity predicted for at least three different allele of either MHC
Class I or MHC Class Il, or peptide epitopes derived from at least three different
proteins.

4.2 Molecular modeling approach

4.2.1 Preparing MHC structures from PDB

The structures from the 33 different alleles of MHC | (21 PDB structures: 2HJL, 3C9N,
3HCV, 3KPP, 3L3D, 3RL1, 3VCL, 3VFS, 3X11, 4F7M, 4G8G, 4HWZ, 4JQX, 4MJ5,
4MJI, 4ANQV, 402C, 4QRR, 4QRU, 4WUS5, 4XXC) and MHC Il (12 PDB structures:
1A6A, 1BX2, 1H15, 1S9V, 1UVQ, 1YMM, 2NNA, 2Q6W, 3C5J, 3LQZ, 3PLS6,
3WEX) were downloaded from RCSB Protein Data Bank [51]. These structures were
then prepared by removing the water molecules, ligands and duplicated residues or
alleles. Furthermore, using the PyMol [52] software in build mode, the co-crystallized
small peptide chain, for each structure, was modified to have the same length as the
predicted peptides used in this work (9 residues for MHC I and 15 residues for Class II).
In addition, each non canonical amino acid found in the co-crystallized peptide was
manually mutated to alanine.

An in-house developed software named GriDoMol was then used to prepare and submit
into a computational grid environment all the in silico procedures required to combine
the MHC structures to the predicted epitopes and to compile the results obtained at each
step into formatted datasheets. This computational grid environment was assembled, in
our laboratory, by using eight computers, each containing 2x Intel Xeon quadcore (total
of 8 cores per computer) chipset and 16GB RAM memory.

4.2.2 Producing MHC-epitope complexes

The sequence of steps on which the Rosetta framework [53] protocols were used can be
found in Figure 2. For the replacement of the co-crystalized peptides for each one of the
predicted epitopes, the Rosetta's FixBB protocol, available within the Rosetta
framework, was used. However, the Rosetta’s FixBB protocol does not move the
backbone atoms, and thus the replacement of the co-crystalized peptide for a new one
may produce unstable final conformations. Therefore, the Rosetta’s Relax protocol was
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used, right after the FixBB protocol, in order to energetically stabilize each one of the
new epitopes. Moreover, all the MHC receptor's residues have been locked unmovable
to prevent conformational changes on the receptor side, while only the epitope's
residues were allowed to move and rotate towards a more stable conformation in the
chemical neighbourhood.

In order to quantify the binding affinity between receptors and predicted epitopes, at this
particular step, the score function named Interface score (Isc) was chosen from the
Rosetta’s FlexPepDock protocol [54], which is the sum over the energetic contributions
of the interface residues on both the receptor and the predicted epitope. Hence, all the
32,658 structures obtained by the application of the Rosetta's Relax protocol were only
re-scored using the Rosetta's FlexPepDock protocol, in order to obtain the Isc values,
but keeping the same structure obtained by Relax protocol (i.e., without any change on
the atomic coordinates). In other words, the re-score procedure just re-compute the
energy (with a better scoring function) at the same geometry, without perturbing the
chemical system.

4.2.3 Scoring potential epitopes through molecular docking

While each run of the FixBB or Relax protocols takes a few seconds to generate the
result, each run of the FlexPepDock protocol, using the default setup (100 docked
solutions obtained as result), takes hours to complete. Thus, a filtering strategy had to be
adopted in order to select the most promising predicted epitopes, based on their Isc
scores (obtained by re-scoring, as mentioned above) with receptors and the frequency of
affinity observed along different MHC receptor structures.

The Rosetta's FlexPepDock protocol, using the refinement approach, was applied to
perform the molecular docking, allowing the full flexibility for the predicted epitope
and the side chain flexibility for the residues at the receptor's interface. This procedure
searched for the predicted epitopes with the best binding affinities for MHC's alleles.
For each predicted epitope, the best docking solutions were selected according to the
Interface score (Isc). At the end, the predicted epitopes were ranked by the average
Interface score of their solutions along the MHC's alleles, granting an overall view of
each epitope's average affinity. From the list of hundred pairs previously described, the
first 10 pairs of predicted epitopes with the best average Isc among the alleles have been
selected for an enhanced run of Rosetta's FlexPepDock protocol, increasing the number
of generated structures from 100 to 500. The computational cost of such calculation
(500 docked solutions) was about five times greater than the default 100 docked
solutions.

4.3 Validation of peptide epitopes

4.3.1 Synthetic peptides and storage

Peptides corresponding to the top 10 ranked 15-mer peptides were synthesized (Genome
Biotechnology, Brazil). Linear peptides were purified through a high performance liquid
chromatography (HPLC) approach with a final purity greater than 95%. All the
synthetic peptides were individually ressuspended in DMSO and stored at -80°C until
use.

4.3.2 Sampling and isolation of peripheral blood mononuclear cells
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All individuals included in this research signed a written informed consent before blood
collection, following recommendations of the Ethics Committee from the Centro de
Pesquisas Aggeu Magalhdes (CPgAM-FIOCRUZ, Project: 522.964). From each
individual, a total of 30 mL of peripheral blood was collected by venipuncture in
sodium-heparin tubes (Vacuette, USA). The blood was diluted (1:1 v/v) with phosphate-
buffered saline (PBS, pH 7.2) and deposited onto the Ficoll Paque PLUS density (1.077
g/mL) gradient (GE Healthcare, USA) and centrifuged. Subsequently, the PBMC layer
was individually removed and washed twice with PBS.

4.3.3 CFDA-SE labelling and cell culture

About 4 x 10° cells were ressuspended in 1 mL of PBS containing 2 pM of
carboxyfluorescein diacetate succinimidyl ester (CFDA-SE, Invitrogen, USA) and
incubated at 37°C for 10 min. The CFDA-SE concentration was previously titrated in
order to prevent inhibition of cell proliferation or cell death. After incubation, cell
labelling was quenched with 1 mL of ice-cold (4°C) RPMI 1640 containing 2mM of L-
glutamine, 50mg/L of gentamicin sulfate and 2mg/L of amphotericin B, supplemented
with 10% fetal bovine serum (both Cultilab reagents, Brazil). The cells were pelleted
and washed with PBS followed by resuspension in ImL of RPMI 1640 supplemented at
a density of 2 x 10° cells/mL. The PBMC were plated in 96-well U bottom plates (BD
Falcon) at a density of 2 x 10° cells/well with 20 pg/mL of each peptide. These cells
were then incubated at 37°C with 5% CO, for 96 hours. For each patient or control
volunteer tested, non-stimulated and phytohemagglutinin (PHA)-stimulated cells were
evaluated as intra-experimental controls.

4.3.4 Flow cytometry analysis

The analyses were performed on a FACScalibur flow cytometer (Becton Dickinson
Company, USA) equipped with an argon laser (wavelength 488 nm). Fluorescence of
20,000 lymphocyte gated events, based on scatter parameters of size and granulosity,
was acquired. The data was analyzed and treated with FlowJo v10.1 (Tree Star Inc.,
USA). Non stimulated cells were used during the analysis for setting quadrant
parameters and to set the basal level of lymphocyte proliferation. For the statistical
analysis, the data were analysed with non-parametric Mann-Whitney U-test. Differences
were considered statistically significant when p < 0.05.
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Abstract

Background Up to today, there is no safe and effective vaccine against Leishmania to
be applied in humans. This work tested the immunogenicity of ten different CD4*-CD8"
15-mer epitopes from the proteome of Leishmania braziliensis with PBMC from
cutaneous leishmaniasis (Active disease-AD; Post-treatment-PT) and resistant (RT)
individuals. Research design and methods Cells were labelled with CFDA-SE prior to
culture for 96h in the presence of 20ug/mL of each peptide, individually. Cell
supernatant was stored for Thl, Th2, and Th17 cytokines measurements, and the cells
were processed for flow cytometry. T-bet expression was assessed in CD4" and CD8" T
cells. Results A significant high level of cell proliferation for the RT group was found
for all peptides tested. T-bet was significantly up-expressed in CD4" and CD8" T cells
from PT group after stimulation with six peptides. Significant levels of IFN-y, TNF, and
IL-6 were observed for the cells from the PT group stimulated with four tested peptides.
High levels of the same cytokines were also observed for the AD group. IL-10 was also
present in PT and AD group, and very low levels of IL-4. Conclusions The peptide
epitopes have the potential to stimulate human cells from AD, PT patients and RT
individuals, suggesting its immunogenicity.

Keywords: Neglected Diseases, Cutaneous Leishmaniasis, Leishmania braziliensis,
Immunogenicity, CD4" CD8" T cell epitopes

1 Introduction

The Leishmaniasis are an important group of neglected tropical diseases (NTDs)
[1,2] caused by protozoan from the genus Leishmania. It is endemic in 98 countries and
territories, with annual incidence of 1.5 to 2 million cases, and threatening at least 350
million people living in areas with risk of transmission. Clinical manifestation may
occur under different forms, such as visceral (L), mucocutaneous (ML), and cutaneous
(CL) [3]. Among human populations, VL is more limited in terms of number of cases,
although it has been implicated with more lethal forms caused by Leishmania donovani
(Old World) and Leishmania infantum (New World) for e.g. In other hand, CL is
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widespread and responsible for a high number of cases, and may cause high morbidity
by inducing disfigurement and loss of productivity [4]. New and Old World Leishmania
species are involved in the development of CL, such as Leishmania (Viannia)
braziliensis (L. V. braziliensis) and Leishmania Leishmania major (L. major),
respectively. Currently alternatives to control these diseases are limited to vector control
measures and the use of old and toxic antimonial drugs for which there is an increasing
number of resistant parasites [5]. Thus, there is an urgent need for a safe and effective
vaccine against leishmanisis to be applied in humans.

Even though there is a high number of cases until now, only three vaccines
against leishmaniasis have been approved for use, two are whole-parasite vaccines for
use in humans, and one is a recombinant vaccine for dogs [6,7]. Evidences have shown
that the development of a vaccine for CL is feasible since the recovery from L. major
and, in some level, from L.V. braziliensis infection may induce protection against
reinfection [8,9], demonstrating that natural infection is capable to induce memory
immunity capable of preventing reinfection [10]. However, there are missing points
which might be implicated with this failure in developing a CL vaccine. One of them is
that most of the acquired data comes from murine models of L. major infection, and the
New World specie L.V. braziliensis has a different response pattern in which data from
L. major cannot supply. Another point is that we do not fully understand the immune
response against Leishmania infection in humans, how to generate memory against
reinfection and what are the best correlates of protection to look for [10]. Moreover, one
of the main challenges faced to develop a vaccine is to find the best type and
combinations of antigens to correctly induce immunity against Leishmania, since
traditional whole parasite vaccines have major safe concerns.

The immune response against Leishmania infection is orchestrated through
different cell subsets and molecules, and current data shows that such immunity is
achieved through the development of T CD4" and T CD8" lymphocytes producing key
cytokines [11]. For murine models, the T CD4" Th1 profile is implicated with parasite
clearance and disease control, and the Th2 profile with high parasite burden and disease
progression [12]. T-bet (encoded by Tbx21) is a transcription factor which acts as the
master regulator of Thl profile commitment [13]. However, for humans the response is
more complex and there is an important contribution from different profiles counter
interacting to achieve a protective response. For example, the Interleukin (IL)-17 has
been implicated with a massive influx of inflammatory cells, and disease exacerbation
[14], and the IL-10 with strong immunosuppression and exacerbated pathology [15].
Therefore, there should be a balance between cytokines from Thl and Th2 profiles,
such as the Interferon (IFN)-y and Tumor Necrosis Factor (TNF) for the first, and IL-6
for the second, acting together to induce a protective immune response [16,17].

The cellular immune response against Leishmania is initiated through the
priming of naive T lymphocytes by dendritic cells (DCs) which are specialized antigen
presenting cells (APCs) capable of presenting Leishmania peptides bound to major
histocompatibility complex molecules (MHCs). In addition, DCs co-stimulate, produce
and secrete cytokines to mount a T cell response [18]. It is estimated that each DC can
express 10°-10’ MHC Class 11 (MHC 11) and 10° MHC Class | (MHC 1) molecules [19].
The activation of CD8" T cells is a result of the specific engagement of 9-mer-peptide to
MHC | proteins (9-mer-p-MHC Class 1), while CD4" T cells are activated by 15-mer-
peptides bound to MHC 1l (15-mer-p-MHC Class I1). Previous data have shown that
whole lysed antigen from L.V. braziliensis was capable to stimulate the secretion of
IFN-y in vitro by cells from infected patients [20,21].
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Thus, regarding the potential of the L.V. braziliensis antigens and the lack of
vaccines and approaches to develop it, we have described, in a previous work, the use of
a combination of robust in silico methods in the search for potential CD4" and CD8" T
cell epitopes in the proteome of L.V. braziliensis. Therefore, based on this methodology,
we have identified a set of 15-mer peptides with an intrinsic potential to both bind MHC
I and MHC 11 molecules from the main alleles present in human populations. The top 10
high-ranked peptides were capable to significantly stimulate the proliferation of immune
cells from post-treatment CL patients [22]. The peptide epitopes were restricted to
Human Leukocyte Antigen (HLA) supertypes (Al, A2, A3, A24, A26, B7, B27, B44,
B58, DPA, DPB, DQA, DRB), and found at least in four different hypothetical highly
conserved proteins. In this context, the aim of this work was to analyze the in vitro
immunogenicity aspects induced by the top 10 high-ranked peptides over cells from
post-treatment (PT), active disease (AD) and resistant (RT) patients (no clinical disease,
but skin delayed-type hypersensitivity positive reaction).

2 Patients and Methods

Figure 1: Methodology flowchart used in this work. Individual volunteers from
different groups were recruited to participate after signature of the “Term of free and
informed consent” (1). From each individual, peripheral blood was collected by
venipuncture (2). After, blood was deposited onto Ficoll-Paque solution for isolation of
peripheral blood mononuclear cells (PBMC) (3). Cells were used for cell proliferation
assay, T-bet transcription factor expression, and Thl, Th2, Th17 cytokine evaluation
(4), and ultimately generating the results (5).
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2.1 Study design and ethics statement

Individuals from both genders at median age were selected from the city of
Moreno, Pernambuco state, Brazil. Three different groups were studied: active disease
(AD-n=8), post-treatment (PT-n=14), and resistant (RT-n=5) patients. The last group is
composed of individuals living in endemic region, positive for Leishman Skin Test
(LST) and with no history of clinical disease. One group (n=>5) of healthy individuals
living in non-endemic region for leishmaniasis were used as control. The protocol of
this research was evaluated by the Human Research Ethics Committee at
CPqAM/FIOCRUZ (Protocol number 522.964). All individuals have signed the “Term
of free and informed consent”.

2.2 Synthetic peptides and storage

Molecules corresponding to the top 10 ranked 15-mer peptides described in
previous work were commercially synthesized (Genome Biotechnology, Brazil). Linear
peptides were purified through a high performance liquid chromatography (HPLC)
approach with a final purity greater than 95%. All the synthetic peptides were
individually resuspended in dimethyl sulfoxide (DMSO) and stored at -80°C until use.
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2.3 Isolation and culture of human PBMC

From each individual enrolled in this research, 20 ml of blood was aseptically
collected. Then, the blood was diluted at 1:1 (v/v) with phosphate buffered saline (PBS,
pH 7.2); afterward it was deposited onto the Ficoll-paque PLUS (GE) gradient solution
and centrifuged for 35 min at 400 x g. Then, peripheral blood mononuclear cell
(PBMC) layer was removed and washed twice with PBS (pH 7.2). Cells were
resuspended in roswell park memorial institute (RPMI) 1640 medium containing 2 mM
of L-glutamine, 50 mg/L of gentamicin sulfate, supplemented with 10% fetal bovine
serum (both Cultilab reagents, Brazil). The resuspended cells were counted and their
concentration was adjusted to 10° cells/mL prior to culture. 2 x 10° cells were deposited
in 96-wells U-bottom plates, and each well individually stimulated with 20 pg/mL of
each peptide. This was performed separately for each tested peptide. Cell plates were
incubated at 37°C with 5% CO, for 4 days. After this period, plates were centrifuged for
10 min at 400 x g and cell supernatant was collected and stored at -80°C for cytokine
measurement by flow cytometry.

2.4 CFDA-SE labelling and cell culture

Cells from AD, RT, and the control group were labelled with carboxyfluorescein
diacetate succinimidyl ester (CFDA-SE, Invitrogen, USA) in order to assess the level of
cell proliferation induced by the peptides. For this, 4 x 10° PBMC cells were
resuspended in 1 mL of PBS (pH 7.2) containing 2 uM of CFDA-SE and incubated at
37°C for 10 min. The CFDA-SE concentration was previously titrated in order to
prevent inhibition of cell proliferation or cell death. After incubation, cell labelling was
quenched with 1 mL of ice-cold (4°C) RPMI 1640 containing 2 mM of L-glutamine, 50
mg/L of gentamicin sulphate, supplemented with 10% fetal bovine serum (both Cultilab
reagents, Brazil). The cells were pelleted and washed with PBS followed by
resuspension in ImL of RPMI 1640 supplemented at a density of 2 x 10° cells/mL. The
PBMC were plated in 96-well U bottom plates (BD Falcon, USA) at a density of 2 x 10°
cells/well with 20 pg/mL of each peptide. Cells were then incubated at 37°C with 5%
CO, for 96 hours. After this period, cells were removed from the plates, deposited in
polystyrene tubes, washed with PBS (pH 7.2), and analysed by flow cytometry. For
each patient or control, non-stimulated and 20 pg/mL phytohemagglutinin (PHA)-
stimulated labelled cells were evaluated as intra-experimental controls to set the level of
cell proliferation during flow cytometry data analysis.

2.5 Anti-T-bet cell labelling

For this approach, cells from four PT individuals and four controls were possible
to evaluate the levels of T-bet expression after stimuli with peptides. For this, cells were
then washed with a solution called PBS-W which is composed of PBS with 0.5%
bovine serum albumin (Sigma, St. Louis, MO) and 0.1% sodium azide (Sigma, St.
Louis, MO); then cells were centrifuged (400g, 10 min, RT) and transferred to
polystyrene tubes. Monoclonal antibodies anti-CD4 and anti-CD8 were added to the
tubes, both conjugated with allophycocyanin (APC) and fluorescein isothiocyanate
(FITC), respectively (BD Bioscience, San Jose, CA). Following, the cells were
incubated for 30 min at 25°C. Afterwards, cells were fixed with 1% paraformaldehyde
(PFA) in PBS, washed by centrifugation with PBS-W (400g, 5 min) and permeabilized
with PBS plus 0.5% of saponin. Subsequently, the cells were washed with PBS-W by
centrifugation (400g, 5 min), and then they were incubated with anti-T-bet-
phycoerythrin (PE) conjugated (BD Bioscience, San Jose, CA) for 30 min, RT. After
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this time, they were washed by centrifugation with PBS-W (400g, 5 min) and
resuspended with 1% PFA in PBS.

2.6 Flow cytometry analysis of CFDA-SE and T-bet labelled cells

All flow cytometry analyses were performed on a FACScalibur flow cytometer
(Becton Dickinson Company, San Jose, USA) equipped with an argon laser
(wavelength 488 nm) and using the software CELLQuestPro™ (BD Bioscience, San
Jose, CA) for acquisition. Fluorescence of 20,000 lymphocyte gated events, based on
scatter parameters of size and granularity, was acquired. The data was analyzed and
treated with FlowJo v10.1 (Tree Star Inc., USA). For CFDA-SE assay, non-stimulated
cells were used during the analysis for setting quadrant parameters and to set the basal
level of lymphocyte proliferation. For T-bet assay, labelled cells from control
individuals were used to set the quadrant standards.

2.7 Thl, Th2, Th17 cytokine measurements

Cell supernatants from AD, PT and control group were thawed and cytokine
measurement of IFN-y, IL-2, IL-10, IL-4, TNF, IL-6, IL-17a was performed using Kits
for human Th1, Th2, Th17 cytometric bead arrays (CBA) (Cytometry Bead Array Kkit,
BD Bioscience). All methods were carried out according to manufacturer’s
recommendation. Afterwards, samples were analysed by flow cytometry on a
FACScalibur flow cytometer (Becton Dickinson Company, San Jose, USA). For each
sample, 2,100 bead-events were acquired as recommend by the fabricant. The standard
curve for the CBA assay was determined using 9 dilutions and the data was analyzed
with FCAP Array software provided by BD.

2.8 Statistical analysis

The statistical analysis was performed using the GraphPad Prism Software v.7,
the data were analyzed with non-parametric Mann-Whitney U-test. Differences were
considered statistically significant when p < 0.05.

3 Results

3.1 CFDA-SE cell proliferation assay

In order to evaluate whether the peptide epitopes would stimulate PBMC from
active disease (AD) and resistant (RT) individuals, we have performed the CFDA-SE
proliferation assay. These PBMC were also capable of proliferating when stimulated
with total antigen from L. braziliensis and non-stimulated cells had minimal levels of
proliferation (data not shown). The representative histograms for the flow cytometry
analysis of one RT individual are represented in Fig. 1 A. Histograms for the analysis
were performed as represented in Fig. 1 A, the intra control labelled and non-stimulated
samples was carefully used to set the gates which were applied for all the other samples
tested for the peptides. This step was performed for each individual tested.

The results from the assays carried out with the synthetic peptides are presented
as the mean percentage of proliferation, with its standard deviation, calculated with the
data from the proliferation of PBMCs derived from eight AD and five RT individuals,
when exposed to the individual peptides (Fig. 1 A). Comparisons between RT wvs.
control, and RT vs. AD, were performed. For AD individuals, none of the peptides were
capable to significantly stimulate the cell proliferation when comparing to the healthy
control and RT, and the medium values were slightly higher than the control. In
contrast, for the RT group, all peptides were capable to significantly induce high levels
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of PBMC proliferation. The PBMC proliferation medium values for the RT individuals
were also significantly different from the AD individuals in this study, and different
from the PT group performed in a previous work. It is possible to observe that the
results obtained for the five RT individuals were improved due to high level of PBMC
proliferation from almost all individuals tested. Additionally, for one RT individual (a
female girl of 13 years old) it was observed a stronger proliferation response for five
peptides (1, 2, 6, 8, and 10). The medium values for the RT group ranged from 28.6%
up to 38.9%, in contrast with the AD group which ranged from 4.5% up to 6%.

For this work, a high level of significance between RT and the other groups was
found for almost all peptides, except peptides 5 and 9. For peptide 5 the analysis was
only possible with two individuals. In the previous work, five peptides have shown
statistically significance between PT and Control group, and peptide 7 was the most
significant evaluated.

Figure 2: The CFDA-SE cell proliferation assay evaluation of healthy control
group and Leishmania active disease (AD) and resistant individuals (RT). In A,
there are representative histograms from the analysis of one RT individual showing how
it was performed. In B the horizontal bars represents the medium values, and its
standard deviation, calculated from the evaluation of eight AD, five RT, and five control
individuals. The values are presented bellow each graph and the black dots represent
individual values. The black arrows indicate the values obtained with the analysis
represented in A. The medium values and its standard deviation for the post-treatment
(PT) group performed are presented in small boxes for comparison. The asterisk
represents the significant differences between RT and control group, and the Greek
letter = (ksi) shows the significances between RT and AD groups. Significant
differences were considered when p < 0.05.
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3.2 T-bet+ cell expression

In this investigation, the T-bet expression levels of T CD4" and T CD8" cells
was possible to analyse by flow cytometry after peptide stimulation of PBMC from four
post-treatment individuals enrolled in this research. The Fig. 2 A represents the dot-
plots for the analysis carried out for the T-bet expression assay with cells from one PT
individual. The gates were settled with the control labelled samples just above the main
population of cells, for each individual analysed.

A significantly increased level of T-bet expression in both T CD4" and T CD8"
cells stimulated with the peptides was observed for peptides 2, 5, 6, 7, 9 and 10.
Minimal levels were achieved for control counterparts. For the PT group, the medium
levels of T-bet ranged from 2.58% to 5.07% for T CD4", and from 3.32% to 5.31% for
T CD8" cells. For the control group, the medium levels of T-bet ranged from 0.8% to
1.65% for T CD4", and from 0.9% to 2.36% for T CD8" cells. It demonstrates that T-bet
was up-regulated for both types of lymphocytes.

Figure 3: Evaluation of T-bet expression in CD4" and CD8" T cells from post
leishmania treatment (PT) individuals. In A, it is represented the dot-plot graphs
utilized for the analysis performed for one individual. In B the horizontal bars represent
the mean values calculated for each group. The black arrows indicate the values
obtained with the analysis represented in A. The asterisk represents the significant
differences between T CD4" Control and T CD4" from RT group, and the Greek letter =
(ksi) shows the significances between T CD8" Control and T CD8" from PT group. The
median percentage levels and the corresponding standard deviation for each group
tested are described below. Significant differences were considered when p <0.05.
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3.3 Thl, Th2, Thl7 cytokine measurements

The levels of seven cytokines from the Thl, Th2, and Th17 profiles (namely IL-
17a, IFN-y, TNF, IL-10, IL-6, IL-4, and IL-2) were measured, in order to evaluate the
type of cytokines secreted in the cell culture supernatant after stimuli of PBMC with the
peptides. The results are expressed as the mean, and its standard deviation, calculated
with the data from the measurements of cytokines in the cell supernatants from six AD
and ten PT individuals when stimulated with the peptides (Fig. 3).

Low levels of IL-17a were seen for the control group, and a slightly increase of
these levels in the PT group for peptides 1, 3, 4, 5 and 9. This increase has been also
seen in the AD group for peptides 4, 5, 8 and 9. However, these increased levels were
not statistically significant. In other hand, a statistically significant decrease of this
cytokine in AD patients was seen when comparing with the healthy control for peptide
1. With all peptides tested, the levels of IL-10 were higher among the PT and AD group
when comparing with the control, and greater levels of this cytokine were seen at the PT
group. However, most of these increased levels of IL-10 were not statistically, only in
the PT group tested with peptide 8.

IL-4 was the only cytokine for which the levels were low or even undetectable
for all peptides tested for the different groups. In other hand, the levels of IL-2 were
higher for the control group for all peptides tested, and low levels were measured for the
PT and AD groups. However, statistically significant increase of IL-2 was only marked
for the control group of peptide 7.

The most interesting results were achieved for two cytokines from the Thl
profile, IFN-y and TNF, and for IL-6 which belongs to the Th2 profile. The levels of
IFN- vy were higher in the PT group for almost all peptides tested, except for peptides 7
and 10 in which the levels of this cytokine were approximately the same between PT
and control. The increased levels of IFN- y in the PT group were statistically significant
for 60% of the peptides tested (1, 2, 3, 7, 8, and 9). In contrast, low levels of IFN- y
were found in the AD group for all peptides tested.

Regarding the TNF levels, an important increase in its production was found for
the PT individuals. This difference was statistically significant for peptides 1, 2, 3, 5, 6,
and 7. Differences were statistically significant between PT and control, and for
peptides 1 and 3 between PT and AD. Differently from the IFN-y in which the AD
group secreted low levels, the AD group secreted higher levels of TNF when comparing
with the control, although not statistically significant.
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Among the relevant cytokines produced, IL-6 was the only which had its
production and secretion stimulated by all peptides investigated in this work. Higher
levels of IL-6 were found for the PT group when comparing with the control and AD
group. Statistically significant levels of I1L-6 were observed for PT individuals when
comparing to controls and AD for peptide 3. Finally, a relevant production of the three
main cytokines found in this study, IFN-y, TNF, and IL-6, was demonstrated for the PT
group stimulated with the peptides 1, 2, 3 and 7. 80% of the peptides tested produced
statistically significant levels of at least two of the main cytokines found, except the
peptides 4 and 10.

Figure 4: Measurement of IL-17a, IFN-y, TNF, IL-10, IL-6, IL-4, and IL-2, in the
supernatant of cells from active leishmaniasis (AD) and post-treatment (PT)
patients. The bars represent the medium values and its standard deviation which were
calculated from the data of cell supernatant from fourteen PT, eight AD, and five
healthy control individuals.
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4 Discussion

The development of safe and effective vaccines against intracellular pathogens
like Leishmania is one of the major challenges for biomedical scientists. Until now,
such ideal vaccine against human leishmaniasis was neither developed nor under
clinical tests, and there is a limited number of studies dealing with this question. An
ideal anti-Leishmania vaccine is expected to correctly activate the immune system so
that it can induce protection through T CD4" and T CD8" cells counter-interacting and
promoting parasite clearance and memory cell induction. In this study, an
immunogenicity screen of the ten best results for peptide epitopes searched in the
proteome of L.V. braziliensis by using a robust combination of in silico approaches was
performed. The assays were concentrated to investigate how the cells from individuals
with cutaneous leishmaniasis, post-treatment, and individuals resistant from getting the
disease, would react when stimulated with the synthetic peptides.

The results showed that PBMC from patients with active cutaneous
Leishmaniasis did not significantly proliferate when stimulated with the peptides tested.
On the other hand, PBMC from resistant individuals showed high levels of proliferation
when stimulated with the epitope peptides. The results also highlight that the RT group
was the most responsive which indicates that those individuals have T memory cells
capable to recognize the epitopes presented to them in this study. It is in agreement with
previous results (Fig. 1 B) obtained with PBMC from PT patients which showed greater
levels of proliferation when compare with the control. Another work investigating the T
cell response of resistant individuals and those ones with active disease have shown
higher levels of cell proliferation after stimuli with leishmanial total antigen for the AD
group when comparting with the RT [23]. The degree of cell proliferation observed
might be a direct consequence of the number of T cell clones present in the periphery.
We suggest that the degree of cell proliferation observed for the RT group is a
consequence of the number of circulating experienced T cells present in these
individuals, since it is supposed that they are exposed to different booster through the
persistence of parasites in lymphoid organs and re-infections [24]. Moreover, the
expansion of T cells is a consequence of how these antigens are presented and how the
cells are activated [25]. The development of memory T cells is one of the most
important aspects desired for a vaccine [26], and previous works have suggested that
induction of memory T cells is a critical step for the development of an anti-Leishmania
vaccine [27,28].

One important limitation of recent studies dealing with the development of
peptide epitopes towards an anti-Leishmania vaccine is the validation method. Most of
the works shows results from peptides derived from known proteins or which were
previously evaluated as whole antigen, thus narrowing the possibilities to find new
potential antigens [29,30]. Another limited aspect is the validation process which is
performed with murine models and not with human samples and this may not fully
reflect what happens with human cells [30-32]. Therefore, it reinforces the importance
of performing validation approaches using human samples which may translate with
more confidence what would be expected in the human body. In this sense, Mou et al.
[33] have showed promising results with human samples stimulated with a naturally
processed and conserved Leishmania peptide. The cell proliferation values observed for
the RT group is strongly suggesting that there is a potent T cell presentation and
recognition with the samples from these individuals. Furthermore, the recognition of
those epitopes might be correlated with the development of T cells capable to recognize
and react against those peptides in L.V. braziliensis. However, further confirmation
studies are needed in order to clarify this aspect.
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T-bet is the master regulator of Thl commitment, and its role in resistance
against some intracellular pathogens was already confirmed [34]. Nevertheless, the role
of T-bet in Leishmania infection is not yet clear, but the results from this study suggest
that the peptide epitopes, especially for peptides 2, 5, 6, 7, 9 and 10; were capable to
induce the expression of T-bet. In addition, since the peptides used in this work were
structurally identified to stimulate both CD4" and CD8" T cells, this result confirms that
both subsets of T cells have been directed towards a Thl profile. T-bet is only expressed
in the absence of negative stimulation such as that furnished by TGF-B [35], thus, this
result may corroborate and signalize that some of the peptide epitopes may have a
potential to be recognized and induce a Thl cell response against Leishmania infection.
Although limited, this type of result needs to be confirmed through the use of murine
models of vaccination and challenge.

Regarding the investigated cytokines, the majority of the tested peptides
evaluated were capable to induce the expression and secretion of two major cytokines
for the Th1l immune response, which are IFN- y and TNF. Since a long time, it has been
stated that IFN-y and TNF may act together in order to promote a Thl profile which
induces macrophage activation with nitric oxide (NO) production, culminating with
parasite killing [36,37]. Although the Th1l immune profile has an important influence to
control Leishmania infection, it has also been implicated in its pathogenesis. This link
has been seen in murine models of infection and also in humans, since high levels of
TNF is associated with more severe forms of CL and chronicity, and the use of TNF
inhibitors along with antiparasitic drugs have shown more enthusiastic disease
outcomes [38-41]. In humans, IL-10 is one of the main cytokines which has been
associated with immunosupressiona and pathology of CL [42,43]. This fact may
reinforce the important contribution of cytokines from other profiles to counterbalance
the immune response.

In this regard, the levels of IL-6 induced by the peptides may have a dual role as
pro-inflammatory cytokine and also preventing regulatory T cell profiles which might
be associated with disease exacerbation [44,45]. Besides the main cytokines involved
with the Th1l cell profile, the absence or the low levels of the other cytokines from the
Th2 and Th17 cell profile are an indicative that the peptides, mainly the 1, 2, 3, and 7,
have the potential to promote an immune response which would culminate with
protection against CL. It is expected for an ideal vaccine against CL to induce long last
memory T cells, and an anti-Leishmania response mediated by a Th1/Th2
immunobalance [46,47]. Our results indicate that circulating memory T cells were
activated to produce and secrete the cytokines appointed by this study. One of the main
roles of memory T cells during reinfection is to produce the key cytokines necessary to
combat the pathogen [48]. The differences observed for the responses of the peptides
tested might be related to their intrinsic capacity to bind the MHC molecules expressed
on the surface of APC, or even the APC process and presentation to T cells [18,49].
Further investigation is needed to clarify this question.

5 Conclusion

In this context, it can be concluded that most of the peptides which were tested
have the capacity to induce the proliferation of cells from resistant individuals. Also,
most of the peptides were capable to stimulate the expression of T-bet by CD4" and
CD8" T cells, and the secretion of IFN-y, TNF, and IL-6 in the supernatant of cell
culture from post-treatment and active disease individuals.
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Abstract

Dendritic cells (DCs) are specialized antigen presenting cells (APCs) with a key role
initiate and maintain an immune response and activation of these cells is important for
vaccine approaches. In a previous work, we reported the identification of potential
CD4" and CD8" T cell epitopes from the proteome of Leishmania braziliensis. The aim
of this work was to evaluate the effect of the peptide epitopes on murine bone marrow
(BMDC) and spleen dendritic cells and in other cell subsets. Bone marrow cell
precursors were stimulated for 10 days with granulocyte macrophage colony stimulating
factor (GM-CSF). Then, BMDC were stimulated with 20 pg/mL of each peptide for 24h
and 48h. After, cell supernatant was stored for cytokine measurements and cells were
labelled with monoclonal antibodies (anti-CD11c/MHCI/MHCII/CD40) for flow
cytometry. Groups of five BALB/c mice were weekly immunized in the left ear with 20
ug of each peptide plus 10 pg of CpG ODN for three weeks. After, spleens from each
group were collected, pooled, and cells stimulated with 20 pg/mL of each respective
peptide for 48h. Cells were labelled with monoclonal antibodies (anti-
CD11b/CD8a/CD103/1L-12p70/CD317/CD205/MHCII) for flow cytometry. The results
did not demonstrate any significant change in the expression markers for BMDC, and in
the cytokine levels. Although increased levels of MHCII and CD40 were verified for
BMDC CD11c’ stimulated with peptides, and high levels of TNF and IL-6 were seen
after 48h. For splenic cells, high levels of CD11b" DCs were verified after stimulation
with peptides 1 and 6, and also consistent levels of MHC Il. Additionally, cell subsets
expressing CD103" 1L-12p70" and CD205" were observed after stimulation with peptide
1. The results suggest that some of the peptides evaluated have a potential to stimulate
an immune response against Leishmania based on the DCs and cell subsets which were
activated.

1 Introduction
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The leishmaniasis are diseases caused by the infection of protozoans from the
genus Leishmania transmitted to humans or animals (which can act as important
parasite reservoirs), through the bite of infect phlebotomine sand flies (“WHO |
Leishmaniasis”, 2015). These diseases are endemic in more than 98 countries and
territories, and new epidemics are occurring in endemic and free areas due to migration,
tourism, and military activities (OKWOR; UZONNA, 2016a). The main clinical forms
are the visceral (VL) and cutaneous leishmaniasis (CL) with an estimated number of 0.2
to 0.4 million and 0.7 to 1.3 million cases per year, respectively. VL is more fatal if left
not treated, and CL has been more implicated with high morbidity due to disfigurement
and economic impact through the loss of productivity (BACON et al., 2013;
GILLESPIE et al., 2016). Two important species are involved with the development of
CL, in the Old World the Leishmania Leishmania major and in the New World the
Leishmania (Viannia) braziliensis (COSTA, C. H. N. et al., 2011b). Besides the current
strategies to control, there is no vaccine available or in the pipeline against human
leishmaniasis, and a limited number of clinical trials (REZVAN, HOSSEIN; MOAFI,
2015). Therefore, it is of great need the development of effective vaccines against
human leishmaniasis that could help in the control and limit the use of toxic drugs.

Desired anti-Leishmania vaccines are intended to correct stimulates the host’s
immune response in order to achieve the optimal level of protection. For that, the
immune response against these pathogens and the role of different cell subsets and
molecules has been investigated (DE LUCA; MACEDO, 2016a). Leishmania parasites
are intracellular pathogens and most of the data acquired in the last years comes from L.
major infection of BALB/c mice. It indicates that an effective anti-Leishmania immune
response involves mainly a pro-inflammatory response with CD4" and/or CD8" T cells
recognizing peptide epitopes derived from Leishmania proteins, and secreting interferon
(IFN)-y to activate infected cells to produce nitric oxide (NO) and other reactive species
to kill the parasites. Antigen presenting cells (APCs) are cell types which express high
levels of Class | and Class Il major histocompatibility complex (MHC) molecules
capable of presenting epitopes to CD8" and CD4" T cells, respectively (INABA et al.,
2000).

In this regard, dendritic cells (DCs) are specialized APCs with the unique
capacity to prime naive T cells and thus induce activation through the engagement of
MHC-peptide with T cell receptor (TCR), cross-presentation, delivery of co-stimulatory
signals, and production and secretion of key cytokines to induce different T cell profiles
(FREITAS-SILVA; BRELAZ-DE-CASTRO; PEREIRA, 2014). CD40 is a co-
stimulatory molecule and triggering of signals through it induces changes in the DC,
such as upregulation of other co-stimulatory molecules and of MHC Il (MA; CLARK,
2009). In addition, 1L-12p70 is the biological active form of IL-12, and it is produced
and secreted by DC after encounter of pathogens and it acts on T cells supporting a Thl
profile with production of IFN- y. IL-12 secreted by DC can modulate protection against
L. major infection in murine models (SCHWARZ et al., 2013), and molecular defined
antigens can stimulate DC production of IL-12 in vaccination models against L. major
(BERBERICH et al., 2003). Up to today, distinct methods are available to in vitro
investigate DCs, such as the generation of high amounts of murine bone marrow
dendritic cells (BMDC) by stimulating bone marrow precursors with granulocyte
macrophage colony stimulating factor (GM-CSF) (LUTZ et al., 1999) or with Fms-like
tyrosine kinase 3 (FLT-3) (BRASEL et al., 2000). This process can also be done for
humans, by stimulating peripheral monocytes with a combination of GM-CSF and
interleukin (IL)-4 (TEDDER; JANSEN, 2001).
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Furthermore, different DC subsets present in the tissues of humans and animals
can be phenotypically characterized by the expression of functional markers, such as
CDl1c, CDI11b, CD8a, CD103, CD317, and CD205, for e.g. (HEATH; CARBONE,
2013). CD8" DCs are positive for CDSa and negative for CD11b and their main
functions are cross presentation of antigens, induction of Th1l cells, production of IL-12,
and capture of antigens from migratory DCs or from blood. In other hand, CD11b* DCs
are positive for CD11b and negative for CD8a and have the ability to capture soluble
antigens from blood or lymph nodes and present them via MHC 1l (SHORTMAN; LIU,
2002). Other cell markers are functionally present on DCs and other cell types, such as
the integrin alpha E (known as CD103) that can also be found in T cells and T
regulatory cells (LEFRANCOIS et al., 1994); the CD205 which is a glycoprotein
present on DCs and it is important to antigen presentation and induction of T cell
immunity (BONIFAZ, L. C. et al., 2004); the plasmacytoid DC antigen-1 (PDCA-
1/BST2/CD317) which is an specific marker for plasmacytoid DC present in less than
0.5% of splenocytes and it is upregulated after stimuli that triggers and IFN response
(BLASIUS et al., 2006).

Considering the potential of the different types of DC to activate an immune
response, a number of recently vaccination approaches relies on the target of these cells
to evaluate DC activation and vaccine efficacy for L. major infection (Remer et al., n.d.)
(MATOS et al., 2013; SCHWARZ et al., 2013). In a previous work, the biological
activity of potential CD4" and CD8" T cell epitopes from the proteome of L.V.
braziliensis was demonstrated with human peripheral blood mononuclear cells (PBMC).
The top-10 ranked epitopes are 15-mer peptides derived from at least four hypothetical
highly conserved proteins with an intrinsic capacity to both bind MHC | and MHC 11
from the main allele supertypes present in human populations. In this context, the aim
of this work was to evaluate the effect of the peptide epitopes selected on murine bone
marrow and spleen dendritic cells and in other cell subsets.

2 Material and Methods
2.1 Ethics statement

BALB/c mice were bred and feed at the animal facility of Aggeu Magalhaes
Research Centre (CPqQAM-FIOCRUZ), Recife, Brazil. The protocol used in this work
was previously approved by the Animal Ethics Committee at CPqAM/FIOCRUZ
(Protocol number 47/2013).

2.2 Synthetic peptides and storage

Molecules corresponding to the top 10 ranked 15-mer peptides described in
previous work were commercially synthesized (Genome Biotechnology, Brazil). Linear
peptides were purified through a high performance liquid chromatography (HPLC)
approach with a final purity greater than 95%. All the synthetic peptides were
individually resuspended in dimethyl sulfoxide (DMSO) and stored at -80°C until use.

2.3 Induction of bone marrow derived dendritic cells (BMDC)

The protocol for generation of BMDC was adapted from Lutz et al. (LUTZ et
al., 1999). For each experiment performed with BMDC, five males of BALB/c mice
were euthanized in a CO, chamber and femurs and tibiae were carefully removed. Intact
bones were left in 70% ethanol for 1 min and washed with roswell park memorial
institute (RPMI) 1640 media containing 2 mM of L-glutamine, 50 mg/L of gentamicin
sulfate, supplemented with 10% fetal bovine serum (both Cultilab reagents, Brazil).
Then, both ends were cut and the marrow washed with RPMI 1640 supplemented using
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a syringe with 0.45mm diameter needle. Bone marrow clusters were removed by
vigorous pipetting followed by passage through a 0.45mm pore filter. After, cells were
deposited in 6-well plates and left resting overnight. After, cell concentration was
adjusted and 2 x 10° cells were deposited per well in 6-well plates. At day 0, 3, 6 and 8
cells were replenished with recombinant granulocyte macrophage colony stimulating
factor (rGM-CSF, Sigma, USA) at final concentration of 20ng/mL. At day 10 cells were
completely differentiated and non-adherent cells were harvested to use. Cell
morphology was confirmed by optical and fluorescence microscopy.

2.4 BMDC expression of CD11c, MHC I, MHC 11, and CD40 after stimulation with
peptides

BMDC concentration was adjusted and 2 x 10° cells were deposited in 96-well
U-bottom plates, and each well individually stimulated with 20 pg/mL of each peptide.
This was performed in duplicates, separately for each tested peptide. Cell plates were
incubated at 37°C with 5% CO, for 24h and 48h. After each period, plates were
centrifuged for 10 min at 400 x g and cell supernatant was collected and stored at -80°C
for cytokine measurement by flow cytometry. Then, cells were harvested with phosphate
buffered saline (PBS, pH 7.2), transferred to polystyrene tubes and labelled with anti-
CD11c fluorescein isothiocyanate (FITC) conjugated (Clone N418), anti-MHC |
phycoerythrin (PE) conjugated (Clone AF6-88.5.5.3), anti-MHC 1l allophycocyanin
(APC) conjugated (Clone M5/114.15.2), and anti-CD40 conjugated with APC (Clone
1C10) (all antibodies from Affymetrix eBioscience, USA) for 30 min at room
temperature. After, cells were washed (400 x g, 10 min) and resuspended in 400 pL of
paraformaldehyde (PFA) 1% until flow cytometry acquisition.

2.5 Mice immunization and in vitro cell stimulation

Immunization experiments were carried out in groups of 5 female BALB/c mice.
Five peptides which had shown significant results with human cells in a previous work
were selected for immunization and cell subsets evaluation. Mice were inoculated three
times at one-week interval in the left ear with 20 ug of each peptide plus 10 pg of CpG
ODN 1688 5’-tccatgacgttcctgatgct-3° (InvivoGen, USA) as adjuvant in a total volume
of 20 pL. Control groups were immunized either with PBS (pH 7.4) or with CpG ODN
only. Two weeks after the last immunization 5 animals per group were euthanized to
collect the spleen. Spleens were aseptically removed, pooled and macerated. Clusters
were removed by vigorous pipetting followed by passage through a 0.45mm pore filter.
After, cell concentration was adjusted to 10° cells/mL and 10° cells were deposited per
well and stimulated with 20pug/mL of each peptide. This was performed in duplicates,
separately for each tested peptide. Cell plates were incubated at 37°C with 5% CO, for
48h. After 48h, cells were harvested for labelling with monoclonal antibodies.

2.6 Labelling of spleen cell subsets

For this, cells were then washed with a solution called PBS-W which is
composed of PBS with 0.5% bovine serum albumin (Sigma, St. Louis, MO) and 0.1%
sodium azide (Sigma, St. Louis, MO); then cells were centrifuged (400g, 10 min) and
transferred to polystyrene tubes. Monoclonal antibodies anti-CD11b-FITC, anti-CD8a-
PE, anti-MHC 1I-APC, anti-CD103-FITC, anti-CD317-PE, anti-CD205-Alexa Fluor
(AF) 488 were added to the tubes (all antibodies from Affymetrix eBioscience, USA).
Following, the cells were incubated for 30 min at 25°C. Afterwards, cells were fixed
with 1% paraformaldehyde (PFA) in PBS, washed by centrifugation with PBS-W
(400g, 5 min). Cells labelled for IL-12p70 were previously permeabilized with PBS
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plus 0.5% of saponin. Subsequently, the cells were washed with PBS-W by
centrifugation (400g, 5 min), and then they were incubated with anti-IL-12p70-PE
conjugated (Affymetrix eBioscience, USA) for 30 min at 25°C. After this time, they
were washed by centrifugation with PBS-W (400g, 5 min) and resuspended with 1%
PFA until flow cytometry acquisition.

2.7 Flow cytometry analyses

All flow cytometry analyses were performed on a FACScalibur flow cytometer
(Becton Dickinson Company, San Jose, USA) equipped with an argon laser
(wavelength 488 nm) and using the software CELLQuestProTM (BD Bioscience, San
Jose, CA) for acquisition. Fluorescence of 20,000 BMDC and splenocytes gated events,
based on scatter parameters of size and granularity, was acquired. The data was
analyzed and treated with FlowJo v10.1 (Tree Star Inc., USA). For splenocytes, boolean
gates were drawn in order to access the levels of MHC 1l expression for the different
subsets analysed.

2.8 Thl, Th2, and Th17 cytokines measurements

Cell supernatants from BMDC were thawed and cytokine measurement of IFN-
v, IL-2, 1L-10, IL-4, TNF, IL-6, IL-17a was performed using kit for mice Thl, Th2,
Th17 cytometric bead arrays (Cytometry Bead Array kit, BD Bioscience). All methods
were carried out according to manufacturer’s recommendation. Afterwards, samples
were analysed by flow cytometry on a FACScalibur flow cytometer (Becton Dickinson
Company, San Jose, USA). For each sample, 2,100 bead-events were acquired as
recommend by the fabricant. The standard curve for the CBA assay was determined
using 9 dilutions and the data was analyzed with FCAP Array software provided by BD.

2.9 Statistical analysis

The graphs and statistical analysis were performed using the GraphPad Prism
Software v.7, the data were analyzed with non-parametric Kruskal-Wallis and Mann-
Whitney U-tests. Differences were considered statistically significant when p < 0.05.

3 Results
3.1 BMDC expression of MHC I, 11, and CD40

For this assay, BMDC were, independently, stimulated with the different
peptides investigated for 24h and 48h. After each period, BMDC were harvested and
labelled with monoclonal antibodies for flow cytometry. During analysis, two
populations of cells were distinguished, one CD11c" and another CD11c’, based on this,
the levels of MHC 1, Il and CD40 were measured in both BMDC sub-populations (Fig
1). The results are expressed as the mean and its standard deviation calculated from two
independent experiments.

Fig 1 A shows the expression of MHC I, MHC I, and CD40 for CD11c"
BMDC. High levels of these markers were found among the controls for this cell type,
with 60% - 80% of the CD11c" cells expressing the molecules investigated. However, a
decrease in the levels of expression of MHC I, MHC 11, and CD40 was observed among
the CD11c* BMDC stimulated with the peptides for 24h and 48h.

In general, for the population of CD11c” BMDC, low levels of the markers were
found for non-stimulated and stimulated cells with the peptides for both time periods.
However, the levels of MHC 1l and CD40 for the cells stimulated with the majority of
the peptides were higher than the control non-stimulated for both time periods.
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Figure 1: Evaluation of bone marrow dendritic cells (BMDC) markers MHC 1,
MHC II, and CD40 stimulated with 20 pg/mL of each peptide for 24h and 48h. The
values are expressed as mean and its standard deviation calculated from two
independent experiments. In A, it is presented the values for the BMDC CD11c", and in
B it is presented the values for the BMDC CD11c'.
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3.2 Cytokine levels in the BMDC supernatant

Fig. 2 shows the cytokine levels found in the supernatant of the BMDC
stimulated, individually, with the peptides investigated in this work. The results are
expressed as the mean and its standard deviation calculated with data from two

independent experiments.
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Low or undetectable levels of IL-17a, IFN-y, IL-10, IL-4, and IL-2 were found
in the samples. Fig. 2 represents the two main cytokines, TNF and IL-6, measured in the
supernatant of the BMDC stimulated with the peptides. It might be remarked a slightly
high level of these cytokines in the supernatant of cells stimulated with the peptides 1,
3,4, 7,9 and 10 when comparing with the control non-stimulated. Among the peptides
evaluated, peptides 5, 6, and 8 were the molecules which induced the lowest levels of
the TNF and IL-6 when comparing with the control. Low levels of the cytokines were
found for cells stimulated with the total antigen of L. braziliensis, except for IL-6 after
48h in which the levels were slightly higher than the control.

Figure 2: Levels of two cytokines, tumour necrosis factor (TNF) and interleukin
(IL)-6, in the supernatant of BMDC stimulated with 20 pg/mL of each peptide for
24h and 48h. The values are expressed as mean and its standard deviation calculated
from two independent experiments.
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3.3 Levels of CD11b and CD8a dendritic cells

For this assay, the percentage levels of CD11b" CD8a and CD11b  CD8a’
splenocytes and its levels of MHC Il expression after stimuli with the peptides were
evaluated. The dot-plots and gates drown for the analyses of the parameters are
represented in Fig. 1 A. The results are represented in Fig. 3 B as the mean and its
standard deviation calculated from two independent cell cultures. A low frequency of
CD11b" CD8a" cells was found, and the medium levels of MHC Il expression was
higher or equal to 40%, except for cells stimulated with the peptide 5 which showed
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lower levels of MHC Il. For this subset, the highest levels of MHC Il expression was
found after peptide 6 stimulation.

In other hand, a higher frequency of CD11b" CD8a- cells was found for samples
stimulated with peptides 1 and 6 when comparing with the control. In addition, the
levels of MHC Il expression for these last samples was also high than the other peptides
and equal to the control cells non-stimulated. Samples stimulated with peptides 3, 5 and
7 presented low levels of this cell subset and also of MHC I1.

Figure 3: The levels of CD11b" and CD8" dendritic cells (DCs) and its MHC 11 in
splenocytes of peptide immunized mice, and after in vitro stimulation with 20
pg/mL of the respective peptide for 48h. In A, representative dot-plots of how the
analysis was performed to achieve the values. In B, the values are expressed as mean
and its standard deviation calculated from two independent cell cultures.
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In this evaluation, the percentage levels of CD103™ IL-12p70°, CD103" IL-
12p70*, and CD103" 1L-12p70" cells was assessed and its expression of MHC II. The
dot-plost and gates drown for the analyses are represented in the Fig. 4 A. The results
are expressed in Fig. 4 B as the mean and its standard deviation calculated from two
independent cell cultures.

Regarding the percentage levels of cells, a slightly higher level of CD103" IL-
12p70" cells was found for samples stimulated with peptide 1 when comparing with
non- and peptide-stimulated cells. In other hand, increased levels of CD103" IL-12p70°
cells were found in samples stimulated with peptides 1 and 6 when comparing with the
controls. Low levels of this cell subset were seen for the samples stimulated with
peptides 3, 5, and 7. Samples stimulated with peptide 1 also presented increased levels
of double positive cells for CD103" IL-12p70*. For peptide 6, these levels were the
same for the control non-stimulated. Very low levels of these double positive cells were
found for samples stimulated with peptides 3, 5, and 7.

In terms of MHC 1l expression, CD103" 1L-12p70™ cells expressed almost the
same levels of MHC Il among the samples. For the other two cell subsets analysed,
same levels of MHC Il were found for samples stimulated with peptide 1 and 6 when
comparing with the control non-stimulated, and low levels of MHC Il expression for
samples stimulated with peptides 3, 5, and 7. The lowest levels of MHC Il expression
were found among the peptide 5 samples when comparing the different subsets and and
the other peptide samples.

Figure 4: Levels of CD103, IL-12p70 and MHC 11 in splenocytes of peptide
immunized mice, and after in vitro stimulation with 20 pg/mL of the respective
peptide for 48h. In A, representative dot-plots of how the analysis was performed to
achieve the values. In B, the values are expressed as mean and its standard deviation
calculated from two independent cell cultures.
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3.5 Levels of CD317 CD205 MHC 11 cells

In this assay, the percentage levels of CD317" CD205", CD317° CD205", and
CD317" CD205" cells were assessed and its levels of MHC |1 expression. In Fig. 5 A it
is represented the dot-plots and gates drown for the analyses performed. The results are
expressed in Fig. 5 B as the mean and its standard deviation calculated from the data of
two independent cell cultures.

Very low levels of CD317* CD205 and CD317" CD205" cells were found in all
samples, including the cells non-stimulated with the peptides. Even tough, relevant
levels of MHC |1 expression were found in these cell subsets. In other hand, high levels
of CD317 CD205" cells were found in the samples stimulated with peptide 1, and low
levels in samples stimulated with peptide 3 when comparing with the control. The
percentage level of CD317° CD205" cells for peptides 5, 6, and 7 was the same as the
control non-stimulated. Regarding the levels of MHC Il expression, the highest levels
were found for peptides 1 and 6 in this cell subset. For peptides 3 and 7 the levels of
MHC Il expression were the same as the control non-stimulated.

The differences found in this study were not statistical significant.

Figure 5: Levels of CD317, CD205 and MHC Il in splenocytes of peptide
immunized mice, and after in vitro stimulation with 20 pg/mL of the respective
peptide for 48h. In A, representative dot-plots of how the analysis was performed to
achieve the values. In B, the values are expressed as mean and its standard deviation
calculated from two independent cell cultures.
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4 Discussion

APCs, especially DCs, have an important role in developing a property immune
response and several vaccines approaches available are intended to activate this cells
type. For Leishmania, once activated the DCs can modulate the antigen presentation and
induce a Thl cell profile which is correlated with parasite elimination in murine models
of infection. However, the murine models of infection and vaccine efficacy are not the
best in translating the antigen efficacy, since there are several differences in the
response triggered in humans. Therefore, in this work, potential CD4" and CD8" T cell
peptide epitopes which were identified from the proteome of L. braziliensis and tested
significantly with human cells have their effect evaluated on bone marrow and splenic
dendritic cell subsets.

BMDC CD11c" have shown high levels of MHC I, MHC 1l and CD40
expression for the controls non-stimulated and lower levels for cells stimulated with
peptides for both time points. However, the DC marker CD11c is down regulated in
murine bone marrow and spleen DC after activation by Toll-like receptors (TLRs) 3, 4
and 9 (SINGH-JASUJA et al., 2013). Therefore, it is possible that in this BMDC
CD11c" population, the peptides could have induced cell activation and somehow the
down regulation of the express markers MHC I, MHC Il and CD40. On the other hand,
increased levels of MHC Il and CD40 were observed in the cell population BMDC
CD11c for both time points. The CD40 pathway is one of the main pathways that could
trigger the production of I1L-12 which is well known to stimulate Th1 profile with IFN-y
and resistance to L. major (OKWOR; UZONNA, 2016b).

Although the up-regulation of these makers expression can be used to evaluate
cell activation, it is also important to consider that different levels of these markers can
occur among the cell populations. Additionally, this evaluation is limited to the
presence of the markers and does not consider whether the peptides used for stimulation
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are present or not on the BMDC surface. Recently, Mou et al. have identified naturally
processed and MHC-coupled peptides after in vitro infection of BMDC with
Leishmania parasites (MOU et al., 2015). Moreover, the infection by L.V. braziliensis is
related with DC activation and consequently induction of a protective immune response
(VARGAS-INCHAUSTEGUI, D. A et al., 2009).

The cytokine environment of DCs is important for T cell activation and higher
levels of IL-6 and TNF were found among the cells stimulated with peptides 3, 4, 7, 9
and 10, when comparing with the control non-stimulated. Considerable levels of these
cytokines were also produced by the controls, mainly for IL-6. The enhanced production
of pro-inflammatory cytokines such as IL-6 and TNF by BMDC has been reported after
stimulation with TLR type 2 ligands, lipopolysaccharide (LPS), for e.g. (BOONSTRA
et al., 2006; GEISEL et al., 2007). However, in this work the BMDC were not
stimulated with LPS and presented this cytokine phenotype. Complex signalling
cascades are activated after binding of TLR ligands which depend on the intracellular
adaptor molecules myeloid differentiation primary response gene 88 (MyD88) and/or
TIR-domain containing adaptor protein inducing IFN (TRIF), leading to production of
pro-inflammatory cytokines, such as TNF (HIROTANI et al., 2005; KAWAI; AKIRA,
2006). In human monocyte derived dendritic cells, the presence of IL-6 dampens the
capacity of antigen presentation, reducing co-stimulation by CD86, production of IL-
12p70 and MHC 11 expression (OHNO et al., 2016). Because of the difficulties for the
generation of this cell type, the observation that different peptide epitopes tested would
trigger the production of IL-6 and TNF is of interest.

In terms of spleen DCs, a slightly higher level of CD8a" MHC II" DCs was
found after stimulation with peptide 6 when comparing with the controls and the other
peptides. This cell type is particularly efficient in cross-presenting antigens and produce
IL-12, and during intracellular infections they promote antigen presentation to CD8" T
cells (SHORTMAN; HEATH, 2010b). Differently from the result with CD8" DCs, a
higher frequency of CD11b" DCs was observed after stimulation with peptides 1 and 6,
and also high levels of MHC Il expression. The CD11b* DC subpopulation is
heterogeneous and it remains less characterized than the CD8* DC subpopulation. Most
functions of CD11b" cells are still not clear and, conventionally, they do not have the
same functions as CD8" DCs. They are inefficient to cross-present antigens and produce
cytokines like 1L-12 (MILDNER; JUNG, 2014). However, compared to the CD8" DCs,
the CD11b" DCs are superior at inducing CD4" T cell immunity due to its high capacity
to express MHC Il (DUDZIAK et al., 2007; LEWIS et al., 2011). Thus, it is suggestive
that the peptides could stimulate the more frequency of this cell type in the spleen of
vaccinated mice.

In this work, increased levels of a CD103" cell subset were found for the cells
stimulated with peptide 1 and 6. In addition, CD103" IL-12p70" cell subsets were also
up-regulated after peptide 1 stimulation. These results suggest a role for migratory DC
producing considerable levels of IL-12p70 after stimulation which may trigger Thl
protective immune responses. The presence of high levels of MHC Il on this cell subset
confirms its function as APC. CD103 is a typical marker found in CD103" DC and in
some T cells, and the DC subset is particularly important as a migratory DC and an
important inducer of CD8" T cell responses (BELZ; NUTT, 2012)(BROZ et al., 2014;
RUFFELL et al., 2014). CD103" DCs producing IL-12 may act as important antagonists
of a Th2 immune response which is not desired for an anti-Leishmania vaccine
(EVERTS et al., 2016).

Low levels of CD317" DC were found in all samples analysed in this study.
CD317 is a typical marker of DCs with an important role in the innate immune system
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due to its capacity to produce type | IFN (BIERLY et al., 2008), mainly IFNa, and poor
antigen presentation. Other cell subsets may also express the CD317, such as B cells
and macrophages, which can also express MHC II. The CD205" cells presented
increased levels in terms of frequency for peptide 1 and expression of MHC Il for
peptides 1 and 6. It suggests that these peptides may up-regulate the levels of these cell
subsets. CD205 has been one of the main important receptors for targeting antigens in in
vivo vaccination approaches for delivery of antigens to DCs in the body (PACK et al.,
2008). In murine models, targeting of antigens to CD205 improves at least 100-fold the
process of antigen presentation (BONIFAZ, L. et al., 2002; HAWIGER et al., 2001).

In summary, these results indicate that there are no significant changes in the
expression markers evaluated on BMDC after stimulation with peptide epitopes, but
higher levels of MHC Il and CD40 were found among BMDC CD11c". Together with
the cytokine levels, the presence of pro-inflammatory cytokines may indicate triggering
of downstream pathways that could stimulate cell activation. Considering the splenic
cell subsets and the markers investigated, a higher proportion, even though not
statistically significant, of CD11b* DCs and of CD103" 1L-12p70" cells was observed
after stimulation with peptide 1 and peptide 6. Probably due to the limited number of
samples evaluated, the differences observed were not statistical significant. This result
suggests that the peptides are capable of inducing activation of splenic APCs and the
role of the different subsets in developing immunity against Leishmania is not yet
understood.
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CONCLUSOES

O presente trabalho permitiu identificar, de forma inovadora, potenciais
epitopos vacinais de linfécitos T CD4" e T CD8" no proteoma de Leishmania
braziliensis;

As ferramentas e o protocolo de métodos in silico empregados, permitiram
identificar epitopos peptidicos com alta afinidade de ligacdo as moléculas do
MHC de Classe | e Classe Il de diferentes alelos humanos;

Alguns dos epitopos peptidicos foram capazes de estimular,
significativamente, a proliferacdo de PBMC de individuos com leishmaniose
tegumentar apds cura clinica; contudo, ndo foram capazes de estimular a
proliferacdo de PBMC de individuos com leishmaniose tegumentar ativa;

Os epitopos foram capazes de estimular, significativamente, altos niveis de
proliferacdo de PBMC de individuos residentes de areas endémicas para
leishmaniose tegumentar;

Alguns dos peptideos investigados foram capazes de induzir a producéo de
citocinas dos perfis Thl (IFN-y, TNF) e Th2 (IL-6) no sobrenadante de
cultura de células de individuos com leishmaniose ativa e apds cura clinica;
Verificou-se niveis significativos de expressao do fator de transcricdo T-bet
em linfécitos T CD4" e CD8" de individuos com leishmaniose tegumentar
apos cura clinica;

Dentre os peptideos testados, os identificados como peptideos 1, 2 e 7,
estimularam significativamente a producédo e secrecdo de IFN-y e TNF no
sobrenadante de cultura de células dos pacientes, estimularam a expressao
do fator de transcricdo T-bet e a proliferacao celular;

Os peptideos testados estimularam células dendriticas mieldides murinas e
células dendriticas esplénicas e outras subpopulacfes desse 6rgao;

Os resultados apresentados no presente trabalho indicam que os epitopos
possuem um grande potencial de induzir uma resposta protetora contra a

leishmaniose tegumentar.
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7 PERSPECTIVAS

X/
L X4

X/
L X4

X/
L X4

Imunizar camundongos susceptiveis com o0s peptideos e desafia-los por
meio da infecgdo com cepa infectiva de L. braziliensis;

Analisar a resposta proliferativa induzida pelos peptideos com células de
pacientes com leishmaniose visceral causada por L. infantum e tegumentar
causada por L. amazonensis;

Imunizar camundongos susceptiveis com BMDC estimuladas com os
peptideos e desafia-los por meio da infeccdo com cepa infectiva de L.
braziliensis;

Construir moléculas poli-epitopos no intuito de avaliar a imunogenicidade e a

capacidade de proteger contra a leishmaniose tegumentar.
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Abstract:

In the absence of an effective and safe vaccine for most trypanosomatid infections,
the main strategies currently available for the control of these diseases are
chemotherapy whit drugs limited by their cost, toxicity, long time of treatment, and
by emergence of resistant parasites. Therefore, in silico methods have arisen in the
last years as powerful tools to optimize the search for new drugs and targets and for
potential antigens for vaccines. In this context, the aim of this chapter is to provide
the reader with important tools in use for drug design, particularly for molecular
docking and epitope prediction for vaccines, in order to make useful to put this
concepts and approaches in practice. All these tools should be applied in the fight
against trypanosomatids.

Keywords: in silico, trypanosomatids, target, molecular docking, drug design, vaccine

design, epitope.

INTRODUCTION

The in silico term follows the trend from in vitro and in vive, and refers to the silicon
chip inside the computers. The term is widely used in medicinal chemistry literature to
designate the use of computational methods to perform modeling studies, including the
molecular modeling techniques. The importance of in silico approaches has been

already perceived by the scientific community around the world, and by the
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Abstract: The control of diseases caused by trypanosomatids, such as those caused
by Leishmania spp. and Trypanosoma cruzi, are focused on the use of drugs to treat
infected patients which are limited by their high cost, high toxity, and safe
concerns; in the absence of an effective and safe vaccine for use in humans.
Therefore, new strategies for vaccines have emerged in the last years and it is
expected better perspectives for the future. In this context, the aim of this chapter is
to discuss with the reader the past, present and future of vaccines against
Leishmania spp. and Trypanosoma cruzi. In addition, not less important, it will be
pointed out important aspects for the development of anti-trypanosomatids
vaccines.

Keywords: trypanosomatids; vaccines; epidemiology; immunology; antigens;

challenges.

INTRODUCTION

Vaccines are the major achievement of modern medicine in the last years, and the
development of vaccines to combat Neglected Tropical Diseases (NTDs) remains as one
important challenge for this century. It is well known that for many bacterial and virus
infections there are already prophylactic vaccines that can prevent infection, thus,

maintaining the individual and the population protected (herd immunity). However, for
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Abstract

Leishmaniases are caused by obligate intracellular protozoan parasites of the genus Leishmania. They cause a
spectrum of diseases, most notably visceral (VL), cutaneous (CL), and mucosal (ML) leishmaniasis, which affect
millions of people around the world, each year. Despite scientific advances, leishmaniases cases are expanding,
constituting an important public health problem. Immunological and molecular diagnostic tools have been
increasingly applied for the early detection of these parasitic infections, since the existence of limitations in clinical
and parasitological examinations may provide false results, thus interfering in epidemiological research and diseases
control. Although there is a great diversity of available immunological assays, important common deficiencies
persist, which explains the current exploration of the molecular biology in research fields, especially the Polymerase
Chain Reaction (PCR) and its variants, such as real-time quantitative PCR. However, in the last years, significant
results have also been reached inside of immunological context (especially by Flow Cytometry), for humans and
dogs, demonstrated by research works of the New and Old worlds. In spite of their potential to clarify and minimize
the present global situation of the diseases, the implementation of molecular or immunological innovative reference
assays for VL and CL at health services is still a challenge due to several reasons, including lack of standardization
among laboratories and structural concerns. In this article we bring classical and current information about
technological advances for the immunological and molecular leishmaniases diagnosis, their features, and applications.

Keywords: Visceral leishmaniasis, Cutaneous leishmaniasis, Diagnosis, Immunological tools, Molecular tools

Introduction

Leishmaniases are caused by obligate intracellular proto-
zoan parasites of the genus Leishmania, capable of de-
veloping a spectrum of diseases, most notably visceral
(VL), cutaneous (CL), and mucosal (ML) leishmaniasis
(1, 2]. Global VL and CL incidences are approximately
0.2—0.4 million and 0.7-1.2 million cases occurring each
year, respectively [3]. Despite the increasing number of
infected individuals being registered in several countries
of the Americas (New world) Europe, Asia and Africa
(Old world), a huge number of cases are believed to be
under-reported [4].
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Leishmaniases are still ignored in discussions of trop-
ical disease priorities, even being estimated to cause the
ninth largest disease burden among individual infectious
diseases [5, 6]. Despite scientific advances, leishmaniases
constitute an important public health problem. Up to
the moment, the leishmaniases diagnosis is performed
by an association of clinical, epidemiological and labora-
torial data. Particularly in relation to laboratorial methods,
the lack of a gold-standard for human patients or animals
is a limitation for the disease control, because the achieve-
ment of accurate epidemiological data is associated with
the guidance of control measures, thus helping to increase
their efficiency. Furthermore, false-negative results could
delay early implementation of treatment, thereby con-
tributing for maintenance of reservoirs, and as a conse-
quence, the preservation of parasitological cycles in
their environment.

© 2015 de Paiva-Cavalcanti et al This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http//creativecommaons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly credited. The Creative Commons Public Domain Dedication waiver

(http//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated
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Rapid methods for diagnosis and species identification
are urgently needed, along with therapies, prophylactics,
and control measures that are effective, safe, affordable,
and easily administered [2]. In this context, this article
provides an overview on classical diagnosis and current
information about technological advances for the im-
munological and molecular leishmaniases diagnosis, their
features, applications, limitations and perspectives.

Immunological tools for visceral and cutaneous
leishmaniasis diagnosis

The immunological procedures have been employed for
screening and for the definitive diagnosis of diverse
parasitological illnesses because of their easiness and
accuracy. For leishmaniases, these methods are largely
applied, being, in some routine protocols, the single
diagnostic principle, before anti-Leishmania drug pre-
scription [7]. Nonetheless, important limitations may carry
to incorrect diagnostic interpretation, like cross-reactions,
especially with phylogenetically closely related species,
and loss of accuracy in immunosuppressed patients. The
combination of different techniques, like immunochroma-
tographic test (ICT) and rapid immunoenzyme assay, or
the employment of different antigenic targets and the
combination of distinct recombinant proteins in the same
assay are strategies that may improve the global specificity
and sensitivity, thus bringing a higher accuracy to the
routine protocols [8-10]. The association with the mo-
lecular biology, mainly in reference centers, has become a
common approach to the differential diagnosis of leish-
maniases, especially when parasitology is also inconclusive
[11, 12]. Even so, researchers around the world have been
developing new protocols and technologies to the con-
tinuous enhancement of the immunological diagnosis,
thus ensuring smaller risks to patients in the detection of
leishmaniases.

Classical immunological tools

Montenegro skin test (MST) has been successfully used
in the diagnosis of cutaneous forms, but is negative for
recent lesions, in the diffuse form, and also in immuno-
suppressed patients [13]. The test is commonly positive
in endemic areas due to the occurrence of subclinical in-
fections. Furthermore, other characteristics may hamper
the applicability of the method: cross-reactions; long
time to retest, if necessary (at least two years); false-
positive results caused by lack of patient cooperation,
which itches the application site; subjectivity of the read-
ing (especially when the diameter of the induration has
between 4 and 5 mm) and so on [14]. In the diagnosis of
CL the use of indirect immunofluorescence assay (IFA)
associated with MST or a parasitological technique is
recommended to provide a differential diagnosis. The
limitation of IFA lies in the fact that it does not correlate
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the levels of circulating antibodies with disease staging.
In addition, there is the possibility of cross reactivity
with other trypanosomatids and fungi [15-17]. IFA is
based on the detection of anti-leishmania antibodies by
employing specific antigens (promastigote form, nor-
mally) and secondary antibodies (anti-immunoglobulin
antibody) conjugated with a fluorescent dye [16, 17].
The technique is becoming less explored in routine not
only for CL diagnosis, but also for canine VL (CVL)
diagnosis mainly because of its low specificity, in contrast
with the high sensitivity. Incompatibility or poor reaction
between the secondary and primary antibodies or the anti-
gen are also constraints associated with this indirect im-
munological assay.

The majority of the immunological techniques for de-
tection of anti-Leishmania antibodies has been based on
reactions like Enzyme-Linked Immunosorbent Assay
(ELISA) [11, 18]. The sensitivity and specificity of ELISA
depends on the antigen used [11]. In this context, several
antigens with different molecular weights have been
identified for potential use in the diagnosis. Recombin-
ant Leishmania protein K39 (rK39), a very important
and broadly employed antigen, showed 100 % specificity
and 96 % sensitivity for the diagnosis of VL [19]. An in-
teresting feature of this antigen is that it can be used in
patients co-infected with HIV, in which anti-K39 anti-
body levels decline rapidly with the treatment success
[11, 20, 21]. Other candidates for the diagnosis of several
forms of leishmaniases are recombinant or purified
membrane glycoproteins (gp): gp63, gp70, and gp72, and
A2 protein, all of which are specific for the genus Leish-
mania. A2 protein is present in amastigotes, and studies
suggest that is particularly useful for diagnosis of canine
VL [20, 21]. The use of recombinant or purified gp63,
gp72 or gp70 improved the sensitivity and specificity of
ELISA. However, cross-reactions with other diseases
caused by trypanosomes may occur [22, 23].

The numerous commercial kits of rapid diagnostic
tests (RDTs) available are largely explored nowadays in
routine. The easiness concerning its use and interpret-
ation, as well as the quick results have contributed to its
broad application, especially for screening. The high sta-
bility in a broad range of temperature (generally 4-30 °C)
facilitates its employment in field for screening of CVL.
RDTs are based on the detection of specific antibodies in
serum or peripheral blood of the patient with VL. An im-
portant RDT, known as TRALd (Rapid Antibody Test
Leishmania donovani) was developed using two recom-
binant proteins, the rK39 and K26, fixed on nitrocellulose
paper. An initial clinical evaluation of TRALd observed
100 % of sensitivity and 98 % of specificity [11, 21, 23, 24].
Even when antigenic combinations are used, there is the
possibility of cross-reactions with other trypanosomatids,
being then indicated the application of a confirmatory
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exam, normally of a distinct principle (e.g. IFA, ELISA
etc.) or distinct antigenic composition.

New immunological tools

In relation to the new immunological tools, the use of
flow cytometry (FC) in the diagnosis of canine VL through
the detection of anti-fixed L. infantum antibodies has been
increasingly explored [25]. Researchers demonstrated an
excellent performance of an FC prototype in canine VL
diagnostic, with high specificity, sensitivity, predictive
values and accuracy, even when animals were infected
with other pathogens (such as Trypanosoma cruzi and Ba-
besia canis), and also absence of false-positive results in
vaccinated dogs [26]. Recently it was demonstrated the
potential of a magnetic microsphere coated with Leish-
mania recombinant antigens associated with FC as a
viable tool for a highly sensitive laboratorial serodiagnosis
of both clinical and subclinical forms of canine disease
[27]. For human form, it was shown the detection of spe-
cific IgG antibodies against L. chagasi using FC for cure
assessment [28].

FC to detect anti-live L. braziliensis antibodies has
been first described by Rocha ef al. [29], in which they
demonstrated 93.6 % sensitivity in patients with active
disease. Researchers working with live and fixed L. brazi-
liensis showed that FC can be a useful serological
technique to detect anti- L. braziliensis 1gG antibodies,
with the antigens displaying an 86 and 90 % sensitivity,
respectively [30]. A good performance using fixed L.
amazonensis promastigotes was also demonstrated [31].
Oliveira et al. [32] showed that FC had a better perform-
ance compared to [FA in the monitoring of specific post
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therapeutic cure of CL. Therefore, FC is becoming an in-
creasingly useful tool in health care and research labora-
tories, due to its accuracy and reproducibility. Although
there is still a substantial cost regarding the operational
support in experiments involving FC, Shared Resource
Laboratory models are enhancing the scope and quality
of scientific research that applies the FC based method-
ologies [26, 33, 34].

The Table 1 summarizes the main aspects addressed
in the immunological methods used in leishmaniases
diagnosis.

Molecular tools for leishmaniases diagnosis

The limitations demonstrated by the conventional tech-
niques, both parasitological and serological, have led the
scientists to an increasing exploration of the molecular
biology as a complement, as well as an alternative for
the accurate diagnosis of leishmaniases. The practicality,
safety and reliability of the molecular tools, in addition
to the wide number of applications and the promising
results have contributed to the continuous acceptance of
these methods in routine and reference laboratories
around the world.

The Polymerase Chain Reaction (PCR) technique and
its variations, like Nested-PCR (nPCR), Seminested-PCR
(snPCR) and Quantitative Real Time PCR (qPCR) have
been largely employed for the optimization of new diag-
nostic assays, using different target regions and samples
[35-37]. The follow-up of the treatment aiming the
evaluation of a drug efficacy is a common approach [38]
proportionated by the gPCR, with its capacity to estimate
the parasitological burden in several specimen types (39,

Table 1 Advantages and limitations of immunological methods used in leishmaniases diagnosis

Method Antigen

Advantage

Limitation

Montenegro skin test Killed whole parasites

Enzyme-Linked Immunoabsorbent Recombinant molecules

Assay (ELISA)
Immunofluorescence Killed whole parasites
Flow cytometry Recombinant molecules and/

or killed whole parasites have
been tested

Rapid Antibody Test (RAT) Recombinant molecules

Direct Agglutination Test (DAT) Killed whole parasites

Low cost and detection of T cell
immunity

Low cost and high sensitivity and
specificity

High sensitivity and specificity

Better sensitivity and specificity
when compared with all other
methods. Small amount of blood.
Can differentiate between infection
and disease, and cured patients.

Low cost, small amount of blood,
fast

Low cost, small amount of blood

May not detect cases of visceral
leishmaniasis in some stages of
the disease. Cannot differentiate
between infection and disease, nor
active and progressive disease. Risk
of recurrence.

Sensitivity and specificity is highly
dependent on the antigen used

Laborious process, time and cost
consuming. Need of trained
personnel to perform the test.

Cost associated with reagents and
equipment. Few studies yet.

Sensitivity and specificity is highly
dependent on the antigen used

Need of long incubation time,
well-trained laboratory technicians,
antigen cost, and quality controlled
antigen
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40). Species characterization of Leishmania is also an
important application of the PCR, and it has been strongly
explored nowadays [41, 42]. Coupled with different meth-
odologies, including gene sequencing and Restriction
Fragment Length Polymorphism (RFLP) analysis, the
studies have brought this kind of analysis with distinct
goals: species confirmation in epidemiological researches
[43, 44], specificity assessment of new optimized assays
[11, 45] and comparative studies [46], for example.
Ozensoy-Toz et al. [47] have used fluorescent dyes and
the resulting melting temperature (Tm) interpretation as
criterion for Leishmania species differentiation, to both
CL and VL etiological agents, with success. The author, as
others [43, 48], also performed phylogenetic analysis of
species from isolates by gene amplification and sequen-
cing. According to Grimaldi and Tesh [49], the correct
identification of the causative Leishmania species is dir-
ectly related to decision upon the appropriate treatment
regimens and to design effective control programs.

Visceral leishmaniasis diagnosis

Between 2011 and 2013, conventional PCR protocols for
VL presented a sensitivity variation from 53.7 to 97.78 %
for humans and from 72.2 to 98.7 % for dogs, and the
specificity varied from 61.82 to 100 % for humans and
from 83.3 to 96.4 % for dogs [41, 43, 50, 51]. The high
variability also occurs to gPCR for humans, with a speci-
ficity variation from 29.6 to 100 %. The range of sensitiv-
ity (91.3-100 %) [41, 51] presented short and with high
values, thus demonstrating the applicability of the gPCR
at situations in which a sensitive tool is pivotal, like dis-
ease monitoring to predict relapse. Results obtained by
Solca et al. [52] show the PCR as being more sensitive
than qPCR in dog samples. This reinforces that some
characteristics like the DNA target region, as well as the
pair of primers used may be determinant.

As occurs in different clinical statuses, the parasitic
burden in the various samples differs. Getting advantage
on the specimen type, Pandey et al. [53] and Silva et al.
[54] standardized PCR reactions (snPCR and qPCR,
respectively) to detect the parasite DNA from Giemsa-
stained smears, prepared from bone marrow aspirates.
The first author’s assay detected L. donovani DNA in
68.7 % of the human samples. The second author de-
tected L. chagasi DNA in 100 % of the canine samples.
Both assays presented superiority in relation to micros-
copy and culture. Other alternative samples, like urine
and conjunctival swabs are being largely explored for
humans [55, 56] and dogs [39, 57-60] with good accur-
acy. Although the small parasite DNA amount, they do
not request invasive procedures for obtaining, thus
bringing security and comfort to the patient [36, 57].

Despite these advantages, several Tag Polymerase in-
hibitors are found in these clinical specimens or they are
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commonly used for sample collection and DNA extrac-
tion, like EDTA, Proteinase K, Phenol and high salts
concentrations [61, 62]. Recently, some authors have
brought the strategy of the multiplex PCR to include en-
dogenous controls altogether with the detection system
of Leishmania sp., in the same reaction, for PCR [61]
and qPCR [63] assays. Mohammadiha et al [41] per-
formed this multiplex format for humans and dogs,
using TagMan-based qPCR, having reached a very good
sensitivity in both cases (93.9-100 %, respectively). Gon-
calves-de-Albuquerque et al. [64] standardized a triplex
PCR to CL capable to monitor not only the sample qual-
ity, but also small losses of DNA during the extraction
process by using a plasmid as reporter.

Innovative molecular approaches, as the Nucleic Acid
Sequence-Based Assay (NASBA), the Loop-Mediated Iso-
thermal Amplification (LAMP), and the low-tech Oligo-
TesT have been increasingly applied for Leishmania DNA
or RNA detection. The NASBA have its variations, the
quantitative (QT-NASBA) and coupled to oligochromato-
graphy (NASBA-OC) [65-69]. Vries et al. [65] have used
QT-NASBA for the evaluation of the efficacy of a drug for
VL treatment, by estimating the quantification of L. infan-
tum parasites in blood. Basiye ef al. [66] and Mugasa et al.
[67] have applied NASBA-OC to diagnostic assays devel-
opment, based on L. donovani RNA detection, reaching
sensitivity of 79.80-93.30 % (respectively) and specificity
of 100 % (both). The NASBA-OC uses a sensitized mem-
brane of an oligochromatographic dipstick to detect the
amplified RNA, in 5-10 min just with a pipette and a
water bath, but without quantification capacity [68]. QT-
NASBA has the inconvenience of the electrochemilumi-
nescence as tool of detection, which involves more
handling steps and procedure time than qPCR and Re-
verse transcription-qPCR (RT-qPCR) [69].

The LAMP, a promising diagnostic tool, has been
adopted as an alternative technique to PCR, since it is a
faster, sensitive and less expensive technology, which
uses the turbidity of the sample as criteria of positivity.
There is no need of a thermal cycler, just a water bath or
a heat block, since the reaction is isothermal. Therefore,
this is a tool suitable for field application [70, 71]. Verma
et al. [72] developed a LAMP-based assay for L. dono-
vani detection in humans with VL and Post-Kala-azar
Dermal Leishmaniasis (PKDL) in which the sensitivity
and specificity rates were good to both cases, achieving
96.4-98.5 % (in VL blood samples); 96.8-98.5 % (in tis-
sue biopsy samples). Nevertheless, Chaouch et al. [73]
developed a LAMP amplification for L. infantum detec-
tion in dogs, and the sensitivity reached was low (54.2 %),
though having performed better than IF and PCR, statisti-
cally. The chosen target (cysteine Protease B gene - cpb)
and the non-use of an internal quality control can in part
explain this result.
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Cutaneous leishmaniasis diagnosis

As presented for VL, molecular techniques are advan-
cing in studies for increasing their sensibility and specifi-
city. They have been increasingly recommended for CL
diagnosis due to their accuracy and speed [74], when
compared to conventional diagnostic methods [47, 74].
Mohaghegh et al. [75] used PCR for confirming negative
direct stained smear, confirming the higher sensitivity of
the molecular method in comparison with classical diag-
nosis (direct stained smear). As for VL, different biological
samples can be used with the molecular technology: blood
[76], smear [75], scarification of the edge lesion [77] and
biopsy skin [78, 79].

Several authors have used the gPCR technology to de-
tect the DNA from the etiological agents in varied sam-
ples from animals and human patients, allowing studies
related to parasite load, host-parasite interaction, monitor-
ing of therapy and post-treatment response in infected hu-
man patients [80, 81]. Another common approach to CL
is the application for differentiation of Leishmania species
[47, 81-83]. Authors using dyes or fluorescent probes
have had great results. Paiva-Cavalcanti et al. [82] used
skin samples from humans and blood samples from
domestic animals; Ozensoy Toz et al. [47] used skin aspir-
ation fluid, smear, and biopsy from human patients;
Pita-Pereira et al. [83] used skin biopsy samples from
patients living in areas with well-known occurrences of
CL. They have differentiated Viannia and Leishmania
subgenera through Tm. Nonetheless, the qPCR requires
a laboratory with the technical capacity to perform it;
thus, this technology is becoming available at Central
Diagnostic Laboratories, in countries where leishmania-
ses are endemic [81].

The nPCR is commonly used for some researchers
[78]. Shirian et al. [84] performed the technique by using
scraped off of slides with impression smears from 20
suspect cases of ML, getting 18 positive samples (90 %).
Only eight were positive through direct microscopy
(44.4 %). The PCR based method was not only a useful
and more precise diagnostic approach in the identifica-
tion of ML cases with negative cytology, but also showed
to be efficient in determining the species of the parasites.
Azzi et al. [74] concluded that nPCR is a useful technique
for studying the molecular epidemiology in the field.

The QT-NASBA assay is a useful instrument to moni-
tor parasite load in skin biopsies of patients with CL
after treatment and can help to predict clinical outcome
[69]. qPCR, RT-qPCR and QT-NASBA were compared
by Van der Meide et al. [69], and they concluded that
RT-gqPCR and QT-NASBA are the most sensitive assays,
generating reproducible results. However, as described
before, QT-NASBA is less convenient since the electro-
chemiluminescence detection involves more handling
steps and procedure time.
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Despite the variety of molecular tools (Pulsed Field
Gel Electrophoresis — PFGE, the Multilocus Enzyme
Electrophoresis — MEE, and more), PCR still represents
one of the major advances on diagnosis and research of
the leishmaniases [85], even presenting its deficiencies,
which have been minimized due to the continuous effort
of researchers, attempting to bring more viability to its
application in health service.

Table 2 summarizes the main aspects addressed in the
molecular methods used in leishmaniases diagnosis.

Table 3 gathers the clinical sensitivities and specific-
ities of the immunological and molecular methods com-
mented throughout the text.

Molecular targets

Several different genomic targets are used for Leish-
mania sp. detection as rDNA (ITS-1 and SSU rDNA),
kinetoplastid minicircle DNA (kDNA), splice leader mini-
exon (SMLE), tryparedoxin peroxidase gene and, heat-
shock protein 70 gene (HSP70) [47, 77, 79, 82, 86-89].
This is one of the challenges to be surpassed for a future
implementation of a gold-standard molecular method-
ology for CL and VL. Nevertheless, the choice of each
target is related to the different applicability, i.e., with
the objectives of each study, such as the case of HSP70
used by authors for species typing [45, 89, 90], while the
kDNA is the main target used for diagnostic screening
(79, 91-93].

The kDNA is largely elected for DNA amplification of
L. donovani complex, because of the high number of
copies (10,000) per parasite [94]. This target has been
chosen for several applications, like for epidemiological
studies in canine populations, took place in countries like
Brazil and China [43, 95, 96], for species characterization
[43, 97], for treatment follow-up and for assays develop-
ment, with great results [72, 98].

Rocha et al. [99] compared different PCR protocols for
Leishmania subgenus species detection, based on kDNA
minicircle or mini-exon amplification. Concerning the
kDNA minicircle, as long as the PCR protocol for L. ama-
zonensis pointed out no specificity, since L. infantum was
also detected, the PCR assay for L. infantum did not amp-
lify DNA of any Viannia spp. or L. amazonensis, showing
thus the importance also in selecting a specific and repre-
sentative region of the target DNA, for primers design or
selection from other authors. The mini-exon protocol pre-
sented inability to recognize any Leishmania subgenus
species. Intraspecific variations of the utilized strains were
considered to explain it. Roelfsema et al [42] have com-
pared the mini-exon and the Internal Transcribed Spacer-
1 (ITS-1) rDNA in molecular typing of clinical samples.
The mini-exon has performed better for typing species
belonging to L. Viannia subgenus by sequencing, whereas
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Method

Advantage

Limitation

Conventional PCR (cPCR)

Quantitative real-time PCR (gPCR)

Nested-PCR (nPCR)

Quantitative Nucleic Acid
Sequence-Based Assay (QT-NASBA)

NASBA coupled with oligochromatography
(NASBA-OQ)

Loop-Mediated Isothermal Amplification
(LAMP)

High sensitivity, specificity and accurate results.
Many applications in molecular analysis. Easy
diagnostic interpretation.

Higher sensitivity, specificity and security,
quantitative capacity and speedy results.
Possibility of species differentiation by melting
temperature.

Higher specificity and sensitivity. Useful
technigue for studying the molecular
epidemiclogy in the field.

High specificity. It is based on an isothermal
reaction and thus overcomes the need for a
thermocyder; Ideal for lower-tech laboratories.
Quantitative capacity. Indicated to detect active
diseases; RNA detection.

High specificity. Speedy results. There is no
need of complex laboratorial structure. Simple
dipstick format for the detection of
amplification products. RNA detection.

High sensitivity. Low cost. Isothermal reaction,
there is no need for a thermocycler. The
temperature stability of the reagents enables its
use in field conditions.

Unable to quantify the target DNA. Qualitative
test. Time consuming. Limited detection
range of some assays.

High cost due to equipment (thermocycler).
Difficulty in interpreting the results, needing
thus of a well-trained operator.

Time consuming and higher cost. Unable to
quantify the target DNA. Qualitative test

It uses electrochemiluminescence as tool of
detection, which involves more handling
steps and procedure time. Assays developed
only for RNA detection. . Few studies yet.

Unable to quantify the target RNA. Assays
developed only for RNA detection. Few
studies yet.

Unable to quantify the target DNA. Qualitative
test. Few studies yet.

ITS-1 PCR has differentiated L. infantum and L. donovani
after a Hae III RFLP analysis.

As kDNA, the ribosomal RNA small subunit gene
(SSU rRNA), as well as the ITS-1 region have been ex-
plored for many objectives, including epidemiological re-
searches in human and canine populations [40, 97, 100],
assays optimization (35, 47, 70] and for studies involving
HIV/VL co-infected patients, a situation in which the

serological diagnosis of VL is limited, and the molecular
diagnosis is highlighted [101, 102]. A qPCR system for
CL created by Paiva-Cavalcanti et al. [82] using kDNA
as target has applicability in population studies, etiological
diagnosis and the monitoring of treatment efficacy of indi-
vidual patients. The same work demonstrated the high
concordance between kDNA and SSU rDNA, concluding
that both may be used for American CL diagnosis;

Table 3 Clinical sensitivity and specificity of different immunological and molecular methods for diagnosis of leishmaniases

Method/clinical form Specimen Antigen/target Sensitivity (%) Specificity (%) Reference (s)
Immunological tests:

ELISA/VL Human serum K39 96 100 [19]
TRALAVL Human serum K39, K26 100 a8 [24]
FC-ALPA/CL Human serum Live L braziliensis promastigotes 85.7-979 760-937 [29]
FC-ALPA-IgG/CL Human serum Live L braziliensis promastigotes 86 78 [30]
FC-AFPA-1gG/CL Human serum Fixed L braziliensis promastigotes 90 78 [30]
Molecular tests:

cPCRAVL Human blood ITS-1, kDNA minicircle 53.7-97.78 61.82-100 [41, 51]
cPCRAVL Canine blood ITS-1, kDNA minicircle 722-987 833-964 [41, 43, 50]
qPCR/VL Human blood ITS-1, kKDNA minicircle 91.3-100 296-100 [41, 51]
INASBA-OC/VL Human blood 185 RNA; 185 DNA 79.8-933 100 [66, 67]
LAMPAVL Human blood KDNA minicircle 96.4 985 [72]
LAMP/PKDL Human tissue biopsy KDNA minicircle 96.8 985 [72]
LAMPA/L Canine blood cysteine Protease B (cpb) 38.2-69.5 65.2-89.5 [73]

ELISA Enzyme-linked immunosorbent assay, TRALd Rapid Antibody Test Leishmania donovani. FC-ALPA/AFPA flow cytometry anti-live/fixed promastigote antibody,
cPCR conventional PCR, gPCR real-time quantitative PCR, NASBA-OC Nucleic Acid Sequence-Based Assay- oligochromatography, LAMP Loop-mediated

isothermal amplification
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altogether, the results indicate the best performance of the
kDNA protocol. Summarizing, the kDNA target may be
used for diagnosis due to its sensitivity [78, 79, 87, 103—
105], whereas ITS-1 is more specific and may be used for
species identification [78].

Regarding the advances in molecular biology, the choice
of the target region to be imaged is the key point for the
successful use of diagnostic PCR-based technologies.

Proposal of gold-standard diagnostic strategies
for leishmnaniases detection in humans
Technological advances have contributed to raise new
diagnostic guidelines not only in the parasitological field,
but also in all areas regarding pathology. The technology
has brought new analytical possibilities, with increasingly
speed, accuracy and reliability. In microbiology, robotic-
based equipments are helping to provide molecular as-
sessments with safety and precision in both diagnostic
routine and research. Regarding the leishmaniases, the ad-
vent of real-time PCR thermocyclers and flow-cytometric
analysis (mainly) has contributed to the development of
sensitive and specific approaches which have especially
contributed to solve inconclusive cases, thus enabling im-
plementation of early and adequate treatment. The estab-
lishment of a gold-standard immunological or molecular
diagnosis is still a challenge, mainly because of a lack of
standardization among laboratories and also structural/
economic concerns. In fact, the complexity of leishmania-
ses also acts as an important barrier to be surpassed.
Therefore, we propose a combination of different tech-
niques for maximizing sensitivity and specificity, for a safe
and reliable diagnosis: for CL, when MST is positive and
parasitological analysis is negative (or is not performed),
qPCR and/or FC could be employed as complementary
investigation. For VL, when clinical evaluation is indicative
(after differential diagnoses) and screening serological
tests show negative results, gPCR could be employed as
an alternative exam performed in reference centers, thus
avoiding the painful and invasive bone marrow biopsy, es-
pecially for children. For immunosuppressed individuals
such as HIV/VL co-infected patients, the monitoring of
parasite load through qPCR is fundamental to predict re-
lapses as well as treatment failures.

Conclusions

Immunological tools are options in leishmaniases diag-
nosis, highlighting the growth of FC as a more specific
and sensitive alternative to overcome the limitations of
these techniques and even as a method to assess clinical
cure. Likewise, molecular diagnosis has become a poten-
tial strategy to provide the early detection and conse-
quently the fast treatment implementation, as well as for
species characterization, assessment of treatment effi-
cacy and monitoring of relapses. The easiness, safety and
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high accuracy have made the molecular biology increas-
ingly interesting as complement or as alternative for
defining the definitive VL and CL diagnosis. The techno-
logical advance in this case has becoming an adjuvant to
prevent the continuous spread of the disease and its so-
cial consequences, mainly at poor populations.
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DENDRITIC CELL ROLE IN THE IMMUNE
SYSTEM AND ITS MANIPULATION
The immune system works to contain
infections through activation of different
molecules and cell types. Correct presenta-
tion of antigens by antigen-presenting cells
{APCs) is a critical step necessary to ini-
tiate an immune response. APCs have the
ability to take-up and process antigens, and
express high levels of co-stimulatory and
major histocompatibility complex (MHC)
molecules bound to antigens (1).
Dendritic cells (DCs) are
immune cells first characterized and
reported by Ralph Steinman in 1973 (2).
For their unique properties and features,
DCs are the most important APCs act-
ing at the interface of innate and adaptive
immunity, which results in the activation
of immune responses in the body. Distinct

innate

subsets of DCs are associated with lineage
and receptor expression patterns (3).

Dendritic cells have different roles in
the immune system, such as activation and
regulation of adaptive immune responses,
and other opposing functions in the induc-
tion of tolerance and anergy (4). During
immune responses, DCs are crucial deci-
sion makers toward the development of
naive T cells to T helper type 1 (Thl) or
type (Th2) profile (5).

Among the different families of mole-
cules expressed by DC to aid in their func-
tion, one of them is the family of toll-like
receptors (TLR). TLR which are expressed
by different types of DCs, and bind to com-
mon molecules associated with pathogens.
Once bound, molecules such as bacter-
ial lipopolysaccharide and hypomethylated
CpG DNA, can induce activation of bio-
chemical cell pathways, resulting in over-
expression of MHC, co-stimulatory mole-
cules (CD80, CD86), and cytokines ().

In this context, a number of methods
have been available to manipulate DCs
from diverse sites in the body resulting in
activated cells for therapy. These methods
include reinfusion of unloaded D(Cs; rein-
fusion of DCs co-cultured with peptides or
proteins of interest; in vivo DC loading; DC
transfection with antigen-encoding viruses
or nucleic acids; and DC-derived exosomes
(7, #). After this, DCs might be ready
to promote protection or treat specific
diseases.

In this context, the availability of meth-
ods to manipulate DCs in laboratory, arise
as an important tool for immunointerven-
tions in different diseases. In this opinion
article, we focused on the basis of DC
approaches already available in the field
of cancer currently in test for infectious
diseases, and future interventions that are
needed.

DENDRITIC CELL APPROACHES FOR
CANCER

Since initial tests with murine models, acti-
vated DCs have been an attractive alterna-
tive to treat cancer as an Immunostimu-
latory vaccine. This vaccine has the abil-
ity to induce effective cancer immunity by
inducing Th1 cells and specific cytotoxic T
lymphocytes to tumor antigens, as well as
natural killer (NK) cells (9, 10). The poten-
tial of anti-cancer vaccines also lies on their
capacity to stimulate long-lasting memory
T cells against tumor antigens. Among the
subsets of memory T cells, the presence
of central memory (T.y) cells has been
associated with a better antitumor function
than effector memory cells (11).

The first attempt of vaccination was per-
formed with DCs derived from patients
with non-Hodgkin's lymphoma who have
failed current treatment. Immunoglobulin

idiotype from the patient’s tumor were
used to load DCs ex vive and then were
reinjected into the patient’s body = what
resulted in the complete remission of the
tumor (12).

To date, many clinical assays employ-
ing different methods to activate DCs have
been in test for different types of cancers.
Most trials were performed using autolo-
gous DCs pulsed ex vivo with tumor anti-
gens or derived peptides, and administered
to patients with or without chemother-
apy or other immune agent (13). However,
other types of interventions are in course
in clinical trials, such as those using DCs
engineered to express tumor antigens with
or without molecules such as CD40 lig-
and, CD70, and TLR-4 (14, 15). Impor-
tant results were shown in one trial per-
formed by Tel et al. (16), who reported
a strong immune-specific response against
melanoma after administration of a par-
ticular subset of DCs, called plasmacytoid-
DCs (pDCs) pulsed with melanoma spe-
cific antigens. pDCs have been seen as
interesting players in this task, since once
properly activated they are able to produce
high levels of gamma-interferon (IFN-y)
and elicit a robust Th1l immune response.

Most clinical assays have used ex
vivo manipulation of patient’s peripheral
blood monocytes cultured in the pres-
ence of interleukin (IL)-4 and recombinant
granulocyte macrophage-colony stimulat-
ing factor (GM-CSF) to achieve DCs for
therapy (17). In this way, a DC-based
preparation of autelogous cells expanded
ex vivo in the presence of a prostatic
acid phosphatase/GM-CSF fusion protein
(sipuleucel-T, Provenge®) was approved
by the US FDA and other interna-
tional regulatory agencies for use in
patients with advanced metastatic prostate
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cancer (12). From trials initiated in 2012,
sipuleucel-T is involved in at least seven
trials against prostate cancer, combin-
ing sipuleucel-T with: different regimens
of radiotherapy (19); administration of
monoclonal antibody against cytotoxic T
lymphocyte-associated protein 4 (CTLA-
4) (20); administration of recombinant
human IL-7 (21); and injection of DNA-
based anti-cancer vaccine together with
GM-CSF (22). Thus, it is expected that
further results with sipuleucel-T will be
disclosed in the next years.

However, ex vivo manipulation of DCs
are limited by some factors, such as the
high cost, the long time needed to handled
in laboratory, and ultimately the high risk
of infection to the patients (23, 24). The
latter issue is clearly one of the most impor-
tant, since cancer patients might be already
immunocompromised and susceptible to
diverse pathogen infections.

To overcome this issue, searching for
new alternatives to ex vive manipulation
are in course, and many of them are being
developed, such as activation and load-
ing DCs with antigens in vivo. One good
example is the use of specific peptides com-
bined with GM-CSF to attract and acti-
vate DCs in vivo, which showed prospective
clinical results (25). Other strategy is the
use of cancer cells genetically modified to
express GM-CSF, resulting in the attrac-
tion and activation of DCs (26). Another
tactic is the delivery of oncolytic viruses,
which preferentially infect and kill cancer
cells (27).

One of the most promising approaches
is the in vivo targeting of specific DC recep-
tors using antibodies coupled with antigens
(28, 29). It was verified that administration
of this type of vaccine with DC activators
such as TLR3, TLR-7-8, and CD40 agonists
allows the establishment of immunity in
diverse diseases settings, including infec-
tions [e.g., malaria and human immunod-
eficiency virus (HIV)] and cancer (30, 31).

Although prospective results are dis-
closed and expected, most clinical trials fail
to go beyond Phase II due to a reduced suc-
cess rate. This indicates that more studies
are needed to fill gaps in the comprehen-
sion of the immune response necessary to
eliminate cancer and explore this knowl-
edge in DC cancer vaccines, such as the use
of TLR agonists and the particular role of
each DC subset. In parallel, work groups

are dedicating efforts to identify better cor-
relates of clinical efficacy to evaluate results
from clinical trials more properly.

DENDRITIC CELL APPROACHES FOR
INFECTIOUS DISEASES

Dendritic cell manipulation offers an inter-
esting approach to fight against infectious
diseases, and an alternative to prompt
a protective immunity, since some treat-
ments are ineffective or inexistent in those
(32, 33). Previous studies have shown that
DCs can induce protection against differ-
ent pathogens, including protozoan, bac-
teria, and virus. DCs recognize microor-
ganisms through TLR or C-type lectin
receptors (34, 35). Vaccination works have
reported protection against leishmaniasis
(36, 37), Herpes simplex virus (38, 39),
influenza wirus (40), and Candida albi-
cans {41), among other pathogens, such
as HIV.

Human immunodeficiency virus has
different mechanisms of evasion from the
immune system, and nowadays the main
source of treatment to infected patients is
to follow combination antiretroviral ther-
apy (cART) for life. However, attention
was drawn to promising results obtained
by the use of DC-based vaccine against
HIV. Lu et al. (42) performed the first
success clinical trial described, and found
a significant reduction in plasma viral
load (VL) after administration of autolo-
gous DCs loaded with inactivated autol-
ogous virus in HIV-1 infected patients.
At least 12 studies have achieved interest-
ing results, and evolved to clinical trials
with HIV-1 infected patients and reported
HIV-1 specific-immunological responses
{43). Recently, Garcia et al. (44) observed
a significant decrease in VL in HIV-
1 chronic infected patients who have
interrupted cART treated with autologous
monocyte-derived DCs pulsed with autol-
ogous heat-inactivated whole HIV. Pre-
viously, Garcia et al. (45) also showed
promising results with significant drop in
VL in HIV-1 infected patients off-cART
treated with the same vaccine prepara-
tion. Based on this, it is expected that in
the next few years good results will be
achieved, enhancing the chances to develop
an immunointervention that could help
infected individuals.

Although now it is possible to tar-
get vaccine antigens to DCs in T and

B areas and to modulate their function
with adjuvants, there is still no currently
approved DC therapy for infectious dis-
eases, and most experimental approaches
are especially with animal models (46).
One good example is leishmaniasis, which
is one of the most important neglected
diseases that cause deaths and morbid-
ity in more than 88 countries. Current
human anti-leishmania vaccines available
are limited by their inefficiency to con-
fer protection against the different species
and also by their safety, which is con-
tested. DCs approaches for leishmania-
sis were proposed by different groups of
research with remarkable results showing
low levels of parasite burden and high lev-
els of Thl cytokines in animals treated
(47, 48). However, results from studies
with animal models might be difficult to
translate the results to humans, and it
will remain a goal for further investiga-
tions. DCs therapy for leishmaniasis and
other infectious diseases would aid mainly
refractory patients to current treatments
due to high toxic drugs that are available
for use or the increasing number of resis-
tant pathogens. Furthermore, immuno-
compromised individuals, such as those
with AIDS or grafted, would be benefited
by more safety and effective treatments
against different pathogens.

CONCLUSION

In the last couple of years, DC therapies
approaches have been shown to be feasi-
ble and secure. Successful results were and
are being obtained with cancer patients
and animal models. DCs have an extra-
ordinary capacity to orchestrate the host’s
immune response, which offers new per-
spectives for the development of vaccines
and immunotherapeutic strategies against
cancer and infectious diseases among oth-
ers. However, due to the success that is been
observed with cancer and also due to the
efforts that is being put by many research
groups in the development of antigens and
adjuvants with good immunological stim-
ulatory capacities, we believe that in a closer
future DC therapies will be also a viable
approach to treat and/or prevent infectious
diseases.
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LEISHMANIASIS: GLOEAL BURDEN,
CLINICAL FORMS, AND CURRENT
STRATEGIES OF CONTROL
Leishmaniasis is an important group of
neglected diseases caused by more than
20 spp. of protozoan from the genus Leish-
mania. It is transmitted by sandfly bite
(1), and impacts populations by inducing
disfiguration, loss of productivity, and a
burden estimated at 2,357.000 disability-
adjusted life years (DALY) (2). Ninety-
eight countries have reported cases of leish-
maniasis, and over 350 million people
are living at risk, with 0.2-0.4 and 0.7=
1.2 million cases of VL and CL annu-
ally, respectively (3). Three main clinical
forms are known: visceral ( VL, more lethal,
e.g., L. donovani and L. infantum), cuta-
neous (CL, more common, e.g., L. major),
and mucocutaneous (MCL). Strategies to
limit these diseases are controlling the vec-
tors and chemotherapy of affected indi-
viduals, but these approaches have a high
cost and led to resistant parasites and vec-
tors (4). Thus, there is an urgent need
of vaccines and more effective therapies
for leishmaniasis, otherwise the number
of cases and resistant strains will prob-
ably continue to rise. Since they have a
key capacity to initiate and maintain an
immune response, dendritic cells (DCs)
have been seen as an important target
for the control of different diseases, such
as leishmaniasis. Thus, in this article we
present the principal strategies to efficiently
induce activation of DCs in the context of
leishmaniasis.

DENDRITIC CELLS AS THE MAIN
TARGET OF VACCINES AGAINST
LEISHMANIA

The major task for a vaccine is to correctly
induce the immune system to develop a
protective response against one specific
pathogen. In the case of leishmaniasis, this
protection comes from Thi CD4% T cells
producing IFN-y, TNF, and IL-12, which
have been associated with disease con-
trol, macrophage activation, and elimina-
tion of parasites (5). However, to initi-
ate this response, antigen presenting cells
{APCs), present in different tissues of the
body, must be activated to induce a proper
response to eliminate or control the para-
site. DCs are highly spedialized APCs of the
immune system capable of priming naive
T cells, and mounting a T-cell response
upon pathogen entry in the body. Dis-
tinct subsets of DCs are associated with
lineages and receptor expression patterns
(6), and they develop from hematopoietic
stem cells stimulated with fms-like tyrosine
kinase 3 ligand (Flt3L) or with granulo-
cyte/macrophage colony-stimulating fac-
tor (GM-CSF) (7). The majority of DCs
develop from myeloid precursors, whereas
plasmacytoid DC (pDC) develops from
lymphoid precursors and shares many fea-
tures with B cells (3). To aid in their
function, DCs express different toll-like
receptors (TLR), which bind to common
molecules associated with pathogens, and
have been target for the development of
new vaccine adjuvants. DCs express a
large variety of receptors involved with

uptake of molecules and pathogens, such as
DC-SIGN (CD209) and DEC205 {CD205)
(9). Immature DCs have a high endo-
cytic capacity, which leads to pathogen or
pathogen's antigens degradation, process-
ing, and finally loading of major histo-
compatibility complex (MHC) molecules.
Later, mature DCs lose their high capac-
ity of endocytosis, and change efforts to
up-regulate the expression of several recep-
tors for cytokines, MHC, adhesion, and
co-stimulatory molecules, such as CD80,
CD86, and CD40. It is estimated that
each mature DC expresses around 10°-107
MHC Class II and 10° MHC Class I mol-
ecules, and “fix” a repertoire of peptides
bounded onto MHC Class I to present to
T cells ( 10). Eventually, DCs acquire capac-
ity to activate a specific T-cell response
against the pathogen that induced its acti-
vation (11). The last years were marked
by an increase in the knowledge on the
role and function of DCs in the immune
system, and thus, the emergence of poten-
tial applications based on its manipula-
tion. Starting on the field of cancer, which
finally led to the US FDA approval of a
DC-based vaccine against prostate cancer
(Sipuleucel-T, Provenge®) (12), applica-
tions were quickly transferred to the field of
infectious diseases with very encouraging
clinical results against HIV (13). Although
prospective results for infectious diseases
were achieved, there is no DC vaccine or
therapy for any infectious diseases that are
currently available or in the pipeline (14,
15). Most of the results were gathered by
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ex vive manipulation of DCs, and in vitro
assays by loading it with desired antigens.

EX VIVO ASSAYS WITH DCs

Different researches have shown interest-
ing results with murine models vaccinated
with DCs ex vivo loaded with leishmania
lysate antigen (14, 16). These results were
encouraging since they showed that ani-
mals presented low levels of parasite bur-
den and high levels of protective cytokines
from the Th1 profile after vaccination. DCs
engineered to overexpress IL-12 were suc-
cessfully used for both vaccination and
immunotherapy of murine models with
infections already established (17). Inter-
estingly, it was also reported that differ-
ent subsets of DCs may induce different
responses upon activation. Vaccination of
BALB/c mice with pDCs pulsed with L
major complete antigen showed that they
were protected against subsequent infec-
tion (18). In parallel, the use of DCs
pulsed with L. donovani-soluble antigen
combined with chemotherapy with pen-
tavalent antimonials was able to eradicate
parasites from infected mice (19). Curi-
ously, regarding viability of DCs present
in the vaccine, Schnitzer et al. (20) have
reported that fragments of DCs or exo-
somes derived from DCs that had been
previously exposed to parasite lysate of L.
major, conferred protection in susceptible
mice. Although modulation of DCs activity
is highly dependent on the specie of Leish-
mania causing the infection, some of these
studies were performed using L. major that
is responsible for cases of CL. Thereby,
there is an outstanding importance of stud-
ies dedicated to evaluate the action of
molecular defined antigens of Leishma-
nia spp. in the activity of DCs as a tar-
get for vaccines. Furthermore, many anti-
gens from the Leishmania spp. proteome
have unknown function and could be key-
molecules to induce protective immunity.
The importance of using defined antigens
is so expressive that DCs pulsed with pep-
tide (154—16%aa) from gp63 induced a Thl
protection in BALB/c mice infected with
L. major, while stimulation with a second
peptide (467—482aa) resulted in a Th2 shift
and disease exacerbation (2 1). In this sense,
computational immunoclogy has been con-
stantly increasing its value, and now diverse
in silico approaches are available for identi-
fication of potential epitopes and antigens

for vaccines, since experimental methods
are difficult and time-consuming (22). In
addition, the DNA sequencing techniques
are getting cheaper, therefore, many para-
site genome strains can be sequenced and
their predicted proteomes can be assessed
regarding their variability, an important
feature for antigen candidates for vac-
cine development. Thus, sequence- and
structure-based methods investigating the
binding affinity of peptides to the MHC
molecules Class I and II, and other para-
meters such as sequence diversity may aid
in the search of new antigens (23). Tak-
ing advantages of these methods, Agallou
et al. (24) have recently reported the con-
struction of a multi-epitope peptide vac-
cine against leishmaniasis by analyzing four
known proteins from L. infantum. In this
last study, some of the proteins (histone H1
and KMP-11) have been previously tested
in DCs vaccines against L. infantum (25,
26). Different studies for vaccines against
Leishmania spp. have used defined mole-
cules for classical immunization, without
considering aspects of DCs activation, and
maintenance of a Thl response by mem-
ory cells. DCs have been implicated with
the induction of a Thl immune response
through the production of IL-12, as seen in
C57BL/6 and C3H resistant mice strains.
On the other hand, BALB/c susceptible
mice are more prone to produce a Th2
immune response with the presence of IL-
4, IL-5, and IL-13; IL-4~'~ BALB/c mice
were capable to partially control the infec-
tion with some strains of L. major (27).
It has been shown that IL-4 during the
early phase of DC activation induces a
potent Thi response induced by IL-12 {25);
and in the context of vaccination with
DCs, it was reported that IL-4 might be
an important adjuvant, since IL-4Rx sig-
naling is key to promote a Thl immune
response (14). Studies have enrolled IL-10
with disease progression by means of sup-
pression of the anti-leishmanial immune
response in humans and mice (29=31).
Recently, Schwarz et al. (16) have shown
that T cell are the main source of IL-10
in early infection, however, BALB/c mice
vaccinated with fragmented DCs that had
been pulsed with L. major lysate and CpG
oligodeoxynucleotides (CpG-ODN) were
able to suppress IL-10 favoring the con-
trol of infection. One of the main concerns
in the vaccine development is the use of

adjuvants, in this regard, DC approaches
in leishmaniasis studies have used, mainly,
CpG-0DN, which is a TLRY ligand (32).
The effect of CpG-ODN is to induce
DC activation and maturation, enhanc-
ing humoral responses, with Thl indicator
IgG2a antibodies, and activity of cytotoxic
T lymphocytes (CTL) (33, 34). It has been
shown that CpG-ODN induce the produc-
tion of CXCL10, a chemokine with anti-
leishmanial properties, regulation of para-
sitic load, and CD4*CD257 regulatory T
(Treg) cells in mice infected with L. dono-
vani (35, 36). Some issues may concern this
approach of ex vivo activation, such as the
type of antigen that is used, the method
itself, which is time-consuming and labor,

and also the high risk of infection.

OVERALL ADVANTAGES OF IN VIVO
ACTIVATION OF DCs

Toward a more rational and feasible DC-
based vaccine against different pathogens,
groups of research have endeavored to
in vivo manipulate DCs, and thus, trying
to understand the ways of induction a spe-
cific T cell response. In a very interesting
work, Bonifazet al. (37) have demonstrated
that it is possible to manipulate DCs in vivo
by directing antigen-conjugated antibod-
ies against uptake receptors (DEC205).
Other works followed the same strategy
and achieved promising results for different
pathogens, such as HIV, and also induc-
tion of immunity in distinct sites that are
challenges for classical route immuniza-
tion, such as mucosal sites (3%, 39). For
L. major, it was shown that in vivo tar-
geting of DEC205 receptor of DCs with
different antigen (LACK, LelF, LmSTI1a)-
conjugated antibodies can elicit a protec-
tive immune response with INF-y and
TNF-a in different mice strains (40).
Therefore, based on these results collected
during the last years, other uptake recep-
tors could be a target to proper induce DCs
maturation and activation. Nevertheless, as
well as for other approaches, for a vaccine
against Leishmania is not different, as there
is a big gap in translating the research from
murine models to humans due to envi-
ronmental and genetic differences (41).
Since murine models are difficult and do
not always reproduce Leishmania infec-
tion, it might be interesting to test some of
these approaches with cells from individ-
uals affected or living in endemic regions,
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like recently described for other types of
vaccine (42). Another ongoing challenge
to be considered is the number of DCs
present in vive. DCs in vivo are rarer than
other leukocyte populations. To overcome
this issue, it has been shown that using
FIt3L in vive through gene transfection, one
can enhance the number of DCs in vive
(43). In this context, it is worth mention-
ing the importance of works designed for
VL, due to its high mortality level. However,
in terms of number of cases and morbid-
ity, CL and MCL are much more expressive
than VL, especially in developing nations,
such as Brazil.

CONCLUSION AND PERSPECTIVES

The results of DCs-based vaccines against
leishmaniasis are wvery encouraging;
demonstrating that either ex wivo or
in vivo target of DCs can elicit an effective
immune response to combat Leishma-
nia spp. However, a number of biological
and methodological challenges should be
overcome prior to the development of a
DCs-based vaccine. It is possible that mov-
ing researches forward to animal, and then,
clinical studies will better point out if the
target of DCs is safe and effective for an
anti-Leishmania spp. vaccine.
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APENDICE VI — Material suplementar do capitulo 1.
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Supplementary Figure 1. Comparison of the Isc values found for the conformations
obtained with FixBB (red triangles) and Relax (blue squares) protocols (Rosetta), for
both MHCI (a) and MHCII (b). The predicted epitopes selected to this evaluation are
classified as "best", "regular" and "worst" (see text for details).
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Supplementary Figure 2. The highest sum of occurrences of the top epitope pair
(MHC Il + MHC I window) found for each cutoff (%).
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given complex present

NO
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Epitope's frequency
IS increased by 1

Switch to the next allele
(keeping the same epitope)

there more
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Supplementary Figure 3. Filtering algorithm, using the example of 30% cutoff.
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ANEXO | — Parecer do comité de ética no uso de animais

Miristério da Suide
FIOCRUZ
F (o Cruz

Cenlro de Pesquisa Aggen Magalhaes

COMISSAO DE ETICA NO USO DE ANIMAIS

Certificado de Aprovacéo

Certificamos que o projeto intitulado: Avaliacdo de novas moléculas
para tratamento e vacinagdo nas leishmanioses. Protocolado sob n°
47/2013 pelo (a) pesquisador (a) Dra Valéria Régo Alves Pereira. Esta de
acordo com a Lei 11.794/2008 e foi aprovado pela COMISSAO DE ETICA NO
USO DE ANIMAIS do Centro de Pesquisas Aggeu Magalhdes/Fundagédo
Oswaldo Cruz (CEUA/CPgAM) em 27/02/2014. Na presente versdo, este
projeto esta licenciado e tem validade até 28/fevereiro/2018.

Quantitatlvo de Ammals Aprov

Espécle N° de Ammals

Camundongoslsogemco Balb-c macho 1130
Hamsters golden macho 48

We certlfy that project entltled Avaliagdo de novas moléculas para
tratamento e vacinagio nas leishmanioses. Protocol n° 47/2013, coordinated
by Dra Valéria Régo Alves Pereira. Is according to the ethical principles in
i arch adopted by the Brazilian law 11.794/2008 and so was
the Ethical Committee for Animal Research of the Centro de
Aggeu Magalhaes/Fundagédo Oswaldo Cruz on February, 27, 2014.
In present version thls project is hcensed and valid until February, 28,2018.

Recife (PE Brazn) February, 27, 2014.

Dr Laurd Helena Véga Gonzéies
Coordenadora CEUA/CPgAM

Av. Professor Moraes Rego, s/n - Cidade Universitaria — Campus da UFPE
Recife - PE - CEP: 50.670-420
Telefone: (81) 2101-2500/2101-2600 Fax: (81) 3453-1911
www.cpgam.fiocruz.br
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ANEXO Il — Parecer do comité de ética em pesquisa com seres humanos

Titulo do Projeto: “Avaliagéo In Vitro da Resposta Imunolégica de Pacientes
com Leishmaniose Utilizando Antigenos Recombinantes”

Pesquisador responsavel: Valéria Régo Alves Pereira

Instituigiio onde seré realizado o projeto: CPgAM/Fiocruz

Data de apresentagdo ao CEP: 10/01/2014

Registro no CAAE: 19252013.2.0000.5190

Namero do Parecer PlatBr: 522.964

PARECER

O Comité avaliou e considera que os procedimentos metodoldgicos do
Projeto em questdo estéo condizentes com a conduta ética que deve nortear
pesquisas envolvendo seres humanos, de acordo com o Cadigo de Etica,
Resolugdo CNS 196/96, e complementares.

O projeto esté aprovado para ser realizado em sua ultima formatacéo
apresentada ao CEP e este parecer tem validade até 05 de fevereiro de 2017.

Em caso de necessidade de renovagéo do Parecer, encaminhar relatorio

e atualizacéo do projeto.

Recife, 13 de fevereiro de 2014.

%ﬁmw /("//* (')(/LJ

Coordenadora do CEPICPqAM
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ANEXO Il — Carta de aceite do livro: Tropical Diseases: Immunological

and Molecular Tools Applied to the Epidemiology and Control

Abstract Acceptance : eBook Entitled 'Tropical Diseases: Immunological and
Molecular Tools Applied to the Epidemiology and Control' [Dr. Cavalcanti, Ref.
No. 21-01-14-EBK1//EOI-35]

August 21, 2014
Dear Dr. Cavalcanti,

I am very pleased to inform you that we have received positive review reports from
neutral referees and our review board for your proposed e-book entitled "Tropical
diseases: immunological and molecular tools applied to the epidemiology and control’

You may view the author’s guideline at http://ebooks.benthamscience.com/manuscript-
organization.php that will help you in the eBook preparation. | have also enclosed the
sample chapter which will assist you to prepare the chapters as per our format.

Pleased note that we require all non-native English speaking contributors to have the
eBook /chapter checked and certified by native English speakers for language and
grammar.

If you will be involving other contributors to contribute chapters in the book, you are
kindly advised to engage eminent scientist largely from technologically advanced
countries to contribute various chapters.

Before submitting your ebook, use the enclosed Checklist to make sure you have taken
care of all the particulars and confirm that your book is complete and ready for
submission.

In case if you need any assistance you may contact me, | will be pleased to help you in
all my capacities.

Sincerely!

Humaira Hashmi

In-charge eBook Department

Editorial Manager Publications
Bentham Science Publishers

UR: http://ebooks.benthamscience.com/
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proteome of Leishmania braziliensis”

M Gmail Rafael Silva <rafa. freitassB6@gmail.com>

José Mordoh via Frontiers: Provisional acceptance of your manuscript

Frontiers <noreply@frontiersin.om> Mon, Aug 15, 2016 at 6:46 PM
Reply-To: José Mordoh <jmordohifieloir.cng-ar=>
Toc rafeel silvai@upe.br

José Mordoh has sent you a message. Please click 'Reply’ to send a direct response
Dear Or & Silva,

I am pleased to inform you that your manuscript Combination of in silico methods. in the search for potential CO4d+
and CO8+ T cell epitopes in the proteome of Leishmania braziliensishas been provisionally accepted for publication
im Frontiers. in Immunology, section Immunotherapies and Vaccines. Please note that youwr manuscript is in the final
validation stage while the Frontiers Editorial Office is venfying that production can be initisted. During this stage, you
may be contacted should issues be identified that require re-activation of the review process to resolve the concems.
Uinidl this stage is complete your submission has not been definitely accepted. You will receive a notification of final
acceptance when the manuscrhipt has been approved.

Articks type: Original Research

Title: Combination of in sdico methods in the search for potential CO4+ and CO8+ T cell epitopes in the proteoms of
Leishmania braziliensis

Authors: Rafzel de Freitas & Silva, Luiz Felipe Gomes Rebello Ferreira, Marcelo Zaldini Hemandes, Maria Edileuza
Felinto Dwe Brito, Beatnz Coutinho De Oliveira, Alliton Alvaro Da Siva, Oswvaldo Pompilio De Melo Meto, Antonio
Mauro Rezende, Valéna Régo Ales Persira

Manuscript 1D: 216646

Edited by José Mordoh

You can access the review reports and your manuscript directly here:
http:/ffrontiersin_org/ Review/E nterReviewF oum_aspx Yactivationno=32d004 2c-6502-497 1-861 2-033781 662563

{If clicking on the Enk dossnt work, try copying and pasting it into youwr browser. )

If your manuscript is not the latest version, or if there are further modifications to be made fo your manuscript,
please contact the Frontiers Editorial Office immediately. This excludes typographical or grammatical emons, which
should be handled in the author proofs during the eventual production stage.

At Frontiers, improving peer review has abaays been a priorty. Our unigue system is engineersd o be rigomus, yet
at the same time efficient, collaborative, transparent and fair. To help achiewe our goal of offering the best open-
access publishing experience, we would appreciate it if you could take two minutes to complate the following survey
on your expenence with Frontiens Collaborative Review: https-ifrontiers_qualtrics .comfSEMTSID=5V_
GMSHeS8UThzF3bD&swvey=author

Thank you for submitting this paper to Frontiers.
With best regards,

José Mordoh

Associate Editor,

wena frontiensin. o

http:feawea frontiersin.org/MailibarMail. aspx Yop=4&magid=13016348& msg=In



