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There is grandeur in this view of life, with its several powers,
having been originally breathed into a few forms or into one; and
that, whilst this planet has gone cycling on according to the fixed

law of gravity, from so simple a beginning endless forms most
beautiful and wonderful have been, and are being, evolved.

Charles Darwin



Resumo

BARBOSA, Liana Nunes. Avancos no estabelecimento de bases para o
desenvolvimento de vacinas recombinantes contra a leptospirose. Orientador:
Alan John Alexander McBride. 2021. 188f. Tese (Doutorado em Ciéncias, énfase em
Biotecnologia) - Programa de Pos-Graduacao em Biotecnologia, Universidade Federal
de Pelotas, Pelotas, 2021.

A leptospirose € uma zoonose de incidéncia mundial causada por leptospiras
patogénicas. O crescimento in vitro de espécies patogénicas de Leptospira
permanece dificil e pode ser um processo demorado. Uma importante contribuicdo
para a microbiologia do género Leptospira foi o desenvolvimento do meio de cultura
EMJH (Ellinghausen-McCullough-Johnson-Harris), que possibilitou o cultivo de
diversas cepas fastidiosas e tornou-se um meio amplamente utilizado na area.
Entretanto, o conhecimento acerca da influéncia do crescimento in vitro na viruléncia
leptospiral é limitado, o que pode resultar em culturas bacterianas com viruléncia
alterada e influenciar os testes com vacinas candidatas. Vacinas recombinantes tém
sido estudadas como uma alternativa promissora para o controle da leptospirose,
porém poucos antigenos apresentaram o potencial para compdr uma vacina universal
contra a doenca. Novas abordagens na fase de descoberta, incluindo a vacinologia
reversa (RV) e estrutural (SV), imunoprecipitacéo de superficie celular (CSIP) e o0 uso
de leptospiras ao hospedeiro tém sido utilizadas para identificar novas proteinas.
Essas abordagens identificaram antigenos diferencialmente expressos com potencial
imunogénico e que preditos como expostos na superficie celular. Esta tese apresenta
quatro manuscritos sobre os desafios enfrentados nos estudos com vacinas
recombinantes contra a leptospirose. Uma revisdo de literatura publicada destacando
esses topicos na pesquisa de uma vacina recombinante para humanos também esta
incluida. O cultivo in vitro das cepas patogénicas de L. interrogans Fiocruz L1-130 e
RCA e de L. kirschneri 61H foi utilizado para comparar duas composi¢cdes diferentes
de meio EMJH (comercial e caseiro), a 28°C e 37°C, usando trés frascos diferentes.
Posteriormente, o impacto das condi¢cdes de crescimento in vitro foi avaliado da dose
letal para 50% (DLso) no modelo hamster de leptospirose. Ambos os meios IHM e
EMJH, incubados a 28°C, em tubos estaticos, proporcionaram as melhores condicdes
de crescimento. Para o isolamento de leptospiras de amostras clinicas, o meio IHM
ofecreceu uma melhoria significativa em comparacdo com o meio EMJH. O indculo
inicial mais baixo em IHM foi de uma leptospira em comparac¢ao com 1000 leptospiras
para o meio EMJH, quando cultivadas nas seguintes condi¢cbes: 28°C e tubos
estaticos. Leptospiras em fase de crescimento exponencial (inicial, intermediario e
tardio) foram altamente virulentas (a DLso variou de uma a 13 leptospiras). Enquanto
a viruléncia das leptospiras em fase estacionaria foi significativamente reduzida em
>250 vezes (DLso >1000 leptospiras). Esses resultados nos permitiram desenvolver
um protocolo otimizado para o cultivo in vitro de leptospiras virulentas. A cepa Fiocruz
L1-130 foi utilizada para produzir leptospiras adaptadas ao hospedeiro pela técnica de
DMC, seguida por CSIP (utilizando anticorpos em soros humanos de pacientes
convalescentes com leptospirose) para identificar novas proteinas leptospirais. CSIP
identificou 24 proteinas imunogénicas que foram preditas como localizadas na
membrana externa de leptospiras. Destas, o potencial imunigénico das LICs 10496,
10881, 11086 foi avaliado no modelo de hamster de leptospirose aguda. Os alvos
vacinais foram imunogénicos por western blot, no entanto, eles ndo induziram



respostas imunes protetoras contra a leptospirose. Em resumo, os resultados obtidos
representam avanc¢os na busca de vacinas recombinantes contra a leptospirose e
devem contribuir para a avaliacdo de vacinas candidatas em modelos animais de
leptospirose. Isso permite a comparacéo de resultados de diferentes laboratorios de
pesquisa, uma grande limitacdo no momento.

Palavras-chave: Leptospira. Crescimento in vitro. Viruléncia. Candidatos vacinais.



Abstract

BARBOSA, Liana Nunes. Advances in establishing bases for the development of
recombinant vaccines against leptospirosis. Advisor. Alan John Alexander
McBride. 2021. 188p. Thesis (PhD in Sciences, emphasis in Biotechnology) —
Graduate Program in Biotechnology, Federal University of Pelotas, Pelotas, 2021.

Leptospirosis is a zoonosis with worldwide incidence that is caused by pathogenic
leptospires. The in vitro growth of pathogenic Leptospira spp. remains difficult and can
be a time-consuming process. An important contribution to the microbiology of the
genus Leptospira was the development of the EMJH culture medium (Ellinghausen-
McCullough-Johnson-Harris), which enabled the cultivation of several fastidious
strains and became a widely used medium in the field. However, knowledge of the
influence of in vitro growth on leptospiral virulence is limited, resulting in altered
virulence that can negatively influence the evaluation of vaccine candidates.
Recombinant vaccines have been studied as promising alternatives for the control of
leptospirosis, however only a few antigens have shown potential as universal vaccine
candidates. New approaches in the discovery phase, including reverse vacinology
(RV) and structural vacinology (SV), cell surface immunoprecipitation (CSIP) and the
use of host-adapted leptospires have been used to identify novel proteins. These
approaches identified differentially expressed antigens with immunogenic potential,
and which were predicted to be exposed on the cell surface. This thesis includes four
manuscripts on the challenges faced in studies using recombinant vaccines against
leptospirosis. A published literature review highlighting these topics in the research for
a human recombinant vaccine is also included. The in vitro cultivation of L. interrogans
pathogenic strains Fiocruz L1-130 and RCA and the L. kirschneri 61H strain was used
to compare two different EMJH compositions (commercial and in-house), at 28°C and
37°C, using three different flasks. Subsequently, the impact of in vitro growth
conditions on virulence was evaluated via the 50% lethal dose (LDso) in the hamster
model of leptospirosis. Both the IHM and commercial EMJH media, incubated at 28°C,
in static tubes provided the best growth conditions. For the isolation of leptospires from
clinical samples, the IHM offered a significant improvement compared to commercial
EMJH. The lowest initial inoculum for IHM was one leptospira compared to 1000
leptospires for commercial EMJH when grown under the following conditions: 28°C
and static tubes. Leptospires in the exponential growth phase (early, mid and late)
were highly virulent (LDso ranged from one to 13 leptospires). While the virulence of
leptospires in the stationary phase was significantly reduced by >250 fold (LDso >1000
leptospires). These results allowed us to develop an optimized protocol for the in vitro
cultivation of virulent leptospires.. The Fiocruz L1-130 strain was used to produced
host-adpated leptospires by the DMC technique followed by CSIP (using antibodies in
human sera from convalescent leptospirosis patients)to identify novel leptospiral
proteins. CSIP identified 24 immunogenic proteins that were predicted to be localized
on the leptospiral outer membrane. Of these, the immunoprotective potential of LICs
10496, 10881 and 11086 were evaluated in the hamster model of acute leptospirosis.
The vaccine targets were immunogenic by Western blotting, however they did not
induce protective immune responses against leptospirosis. In summary, the results
obtained represent advances in the search for recombinant vaccines against
leptospirosis and should contribute towards the evaluation of vaccine candidates in



animal models of leptospirosis. Permitting the comparison of results from different
research laboratories, a major limitation at present.

Keywords: Leptospira. In vitro growth. Virulence. Vaccine candidates.
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1. Introducéo geral

A leptospirose é uma zoonose de ampla distribuicdo mundial, em especial em
regides tropicais e paises em desenvolvimento (ADLER E DE LA PENA
MOCTEZUMA, 2010; PICARDEAU et al, 2014). As espécies patogénicas do género
Leptospira sdo as responsaveis pela infeccdo (AHMED et al, 2006), sendo capazes
de infectar uma gama de hospedeiros e também de sobreviver no meio ambiente por
longos periodos (ADLER, 2015). A transmissdo da doenca esta associada ao contato,
direto ou indireto, de hospedeiros suscetiveis com a urina e tecidos de animais
reservatérios infectados, ou com &gua, solo, lama e alimentos contaminados por
leptospiras. Humanos sao hospedeiros acidentais (ADLER E DE LA PENA
MOCTEZUMA 2010; ADLER, 2015; PICARDEAU, 2017; THIBEAUX et al, 2018;
GUGLIELMINI et al, 2019; CAIMI E RUYBAL, 2020), onde a doenca pode se
apresentar de forma leve, e evoluir para formas graves como a Sindrome de Weil
(LEVETT, 2001; BHARTI et al, 2003) caracterizada por hemorragias, ictericia,
insuficiéncia renal aguda (YANG et al, 2001; KO et al, 2009) e também a sindrome
hemorragica pulmonar grave (CRODA, 2008; KO et al, 2009; HAAKE E LEVETT,
2015).

Vacinas contra a leptospirose sdo o foco das pesquisas devido a falta de
medidas de controle efetivas implementadas. Diversas vacinas recombinantes
compostas por antigenos de membrana externa ja foram avaliadas, revisadas em
Dellagostin et al (2011) e Félix et al (2020), entretanto, nenhum alvo apresentou todas
as caracteristicas necessarias para compor uma vacina universal contra a doenca.
Um conjunto de problemas séo associados a ineficacia das vacinas, como aspectos
da biologia basica de leptospiras que ainda sdo desconhecidos, além de fatores in
vitro que influenciam a viruléncia bacteriana. Da mesma forma, o isolamento de novas
cepas ambientais e de hospedeiros € um passo importante para entender aspectos
como a distribuicdo das espécies nos hospedeiros e 0os contextos ambientais (CAIMI
E RUYBAL, 2020). Nesse contexto, o uso de um meio adequado para o cultivo de
leptospiras a partir de amostras bioldgicas, é uma ferramenta valiosa para aprimorar
as técnicas e elucidar aspectos da microbiologia que sao essenciais para a evolucéo
dos estudos na area.

Outro problema importante € que poucos fatores de patogenicidade e
viruléncia sdo conhecidos, impedindo um delineamento de estratégias vacinais mais

racionais. Um conjunto de proteinas codificadas no genoma de L. interrogans sao
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anotadas como hipotéticas e sem funcéo caracterizada, incluindo possiveis proteinas
de membrana externa que desempenham funcfes relacionadas a viruléncia em
leptospiras (MURRAY, 2015). Além disso, a resposta imune induzida por leptospiras
e antigenos recombinantes € pouco investigada em estudos de imunoprotecdo, em
funcdo do modelo hamster utilizado (ZUERNER, 2015). A partir dessas informacgdes,
é evidente a necessidade da identificacdo de novos alvos vacinais. As abordagens
como a vacinologia reversa (VR, do inglés Reverse Vaccinology) e estrutural (SV, do
inglés Structural Vaccinology) (GRASSMANN et al, 2017; LESSA-AQUINO et al, 2017,
ZENG et al, 2017; DHANDAPANI et al, 2018), bioinformética (LATA et al, 2018; VALIDI
et al, 2018; NAZIFI et al, 2018), obtencao de leptospiras adaptadas ao hospedeiro
(CAIMANO et al, 2014; GRASSMANN et al, 2015; NALLY et al, 2017) e
imunoprecipitacdo de superficie celular (NEWCOMBE et al, 2014; CUNHA et al, 2017)
foram aplicadas na identificagédo de novos alvos vacinais de membrana externa. Esses
alvos vacinais, selecionados em abordagens racionais, sdo candidatos promissores
para testes com vacinas recombinantes.

Nesta tese sdo apresentados quatro artigos relacionados aos problemas
encontrados no campo da vacinologia para a leptospirose. Uma reviséao de literatura
publicada na revista Expert Opinion on Drug Discovery trazendo o estado da arte de
vacinas recombinantes para humanos contra a leptospirose é apresentada, com 0s
principais problemas e possiveis solugfes relacionados ao tema. O cultivo in vitro
utilizando o meio de cultura EMJH (ELLINGHAUSEN E MCCULLOUGH, 1965;
JOHNSON E HARRIS, 1967) foi otimizado e a sua influéncia na viruléncia bacteriana
foi determinada. Isso garantira a consisténcia dos experimentos envolvendo a
viruléncia das espécies patogénicas e auxiliara na reprodutibilidade dos experimentos
de vacinologia. Em um experimento piloto, foram obtidas leptospiras adaptadas ao
hospedeiro pela técnica de DMC (do inglés, Dialysis Membrane Chamber) e a selecao
de antigenos imunogénicos expressos no hospedeiro pela técnica de CSIP (do inglés,
Cell Surface Immunoprecipitation) utilizando soros humanos convalescentes. Foram
identificados diversos alvos que possuem o0 potencial para testes em vacinas
recombinantes. Por fim, o Ultimo artigo desta tese apresentou o potencial
imunoprotetor dos antigenos LIC10496, LIC10881, LIC11086 e de uma quimera
contendo regifes expostas a membrana externa das proteinas LIC10496 e LIC10881,

identificados pela abordagem acima no modelo hamster de leptospirose letal aguda.



2. Revisao bibliografica

2.1 Epidemiologia

A leptospirose € uma zoonose de ampla distribuicdo mundial, presente em
todos os continentes, em especial nos paises tropicais (ADLER E DE LA PENA
MOCTEZUMA, 2010; PICARDEAU et al, 2014; NAING et al, 2019). Esta doenca é
considerada a zoonose mais difundida mundialmente, com estimativa superior a 1
milh&o de novos casos em humanos ao ano, e aproximadamente 6% dessas infec¢des
resultando em 6bitos (COSTA, HAGAN et al, 2015). No Brasil, entre os anos de 2007
e 2017, foram confirmados 42.310 casos de leptospirose, com as regides norte e sul
apresentando as maiores taxas de prevaléncia no pais (MARTELI et al, 2020).

A carga global da doenca é comparavel, e muitas vezes maior, que outras
doencas tropicais negligenciadas como dengue e leishmaniose (PICARDEAU, 2017,
CDC, 2020). Entretanto, apesar do seu impacto na saude publica e carater emergente,
a leptospirose ndo esta presente na lista de doencas infecciosas negligenciadas pela
Organizacdo Mundial da Saude (OMS). Uma vez que nao existem ferramentas
disponiveis para a rapida deteccdo da doenca, ou capazes de prevenir a infec¢céo pela
administragdo de tratamentos seguros/efetivos em massa como vacinas, a
leptospirose € considerada uma doenca infecciosa “tool deficient”. Esse status a
define como ndo sendo uma prioridade para as iniciativas de saude governamentais,
e conseguentemente, o destino de investimentos em pesquisas que resultariam em
uma maior visibilidade da doenca (OMS, 2011; PEREIRA et al, 2018; GOARANT et
al, 2019).

Dados epidemiolégicos mundiais demonstram a complexidade dos ciclos de
transmissao da leptospirose, que envolvem uma gama de hospedeiros carreadores,
varias espeécies e sorovares, além de diferentes fatores ambientais que desafiam o
controle efetivo da infeccdo (PEREIRA et al, 2018). Entretanto, os dados disponiveis
sao bastante limitados, e consequentemente, resulta em poucas informacgdes sobre
cepas circulantes que seriam essenciais para compreender melhor o cenario
epidemiologico, desenvolver novas vacinas e avaliar testes diagnosticos para a
doenca (PICARDEAU, 2013). Apesar dos esforgcos, o peso global da leptospirose
ainda é amplamente subestimado por varios motivos, incluindo o fato de que a grande
maioria dos paises ndo possui sistema de notificacdo ou este ndo é obrigatorio

(HAAKE E LEVETT, 2015). Da mesma forma, questbes como a propagacao e
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aumento de casos da doenca permanecem desconhecidas, uma vez que a qualidade
e disponibilidade do diagndstico, instalacdes para a testagem e sistemas de vigilancia
sdo altamente varidveis e muitas vezes ausentes (HARTSKEERL et al, 2011).

Mesmo sendo uma doenca infecciosa subestimada, as estimativas atuais
apontam que aproximadamente 2,9 milhbes de anos de vida ajustados por
incapacidade (DALYs, do inglés Disability-Adjusted Life Years) séo perdidos ao ano
mundialmente por leptospirose, com 80% desse impacto representado por homens,
em especial com idades entre 20-49 anos (TORGERSON et al, 2015). Isso reflete,
principalmente, o impacto da leptospirose na capacidade produtiva econémica global,
apresentando uma magnitude de DALYs semelhante a doengcas como
esquistossomose, leishmaniose, filariose linfatica e célera (TORGERSON et al, 2015).
Além disso, a morbidade e impacto na satde de animais de criacdo ocasionados pela
infeccdo resultam em grandes perdas econémicas na pecuaria, entretanto, ndo se tem
estudos suficientes que quantifiquem esses custos apropriadamente (PEREIRA et al,
2018). Em consequéncia da alta interacao entre humanos e animais, além da invasao
de ambientes naturais, a leptospirose € uma infecgcdo emergente de importancia para
a saude publica global (PAL, 2021). Dessa forma, a doenca pode ser considerada o
maior problema de salde publica em alguns paises, especialmente na América Latina
e sudeste da Asia (PICARDEAU, 2013).

2.2 Fatores de risco relacionados a leptospirose

A leptospirose é uma das doengas infecciosas de maior ocorréncia
especialmente porque é de dificil diagnostico e prevencédo (PUTZ et al, 2020). A
incidéncia da doenca é maior em regifes tropicais, devido ao aumento de estacbes
chuvosas e a ocorréncia de enchentes sazonais. Além disso, a sobrevivéncia de
leptospiras nos ambientes umidos potencializa o risco de exposi¢ao para 0s animais
suscetiveis (HAAKE et al, 2002; BHARTI et al, 2003). O aumento significativo no
namero de casos de leptospirose apés periodos de enchentes esta associado,
principalmente, a trés fatores: i) sexo masculino, provavelmente como resultado de
praticas diarias e exposi¢cado ocupacional; ii) exposicdo a animais de criacao, e iii) a
presenca de cortes ou abrasdes na pele e membranas mucosas (NAING et al, 2019).

O aumento da migracdo de populagdes rurais pobres para comunidades
urbanas desfavorecidas (favelas) em paises em desenvolvimento, tornou a

leptospirose um problema de saude publica em crescimento (GOARANT et al, 2019;
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HAGAN et al, 2016). Além disso, o numero de casos em humanos cresce a cada ano,
e isso pode ser explicado também pela invaséo dos habitats silvestres em resultado
do aumento da populacdo, potencializando a interagdo com outros animaise a
exposicdo a diferentes cepas de leptospiras (PINTO et al, 2017). Em paises
desenvolvidos a doenca esta relacionada a viagens turisticas, pratica de esportes e
atividades recreativas em regides de incidéncia da infeccdo (MCBRIDE et al, 2005;
ADLER 2015). Ja nas populacdes rurais, a agricultura e producéo animal séo praticas
de risco para os trabalhadores expostos aos ambientes contaminados (ADLER AND
DE LA PENA MOCTEZUMA 2010). Os individuos que possuem ocupacdes de risco
incluem veterinarios e profissionais que tenham contato direto com os animais
infectados, além dos riscos associados ao trabalho ao ar livre, como exercicios
militares e agricultura em regides tropicais de alta precipitacdo, sendo este ultimo, o
mais importante numericamente (HARTSKEERL et al, 2011; HAAKE E LEVETT,
2015).

As espécies patogénicas sdo generalistas na natureza, o que reflete na
colonizacdo dos rins de muitos hospedeiros reservatorios selvagens e domeésticos,
especialmente roedores, pequenos marsupiais, bovinos, suinos e caninos (ADLER E
DE LA PENA MOCTEZUMA, 2010). Quase todos os mamiferos, incluindo os
aquaticos e marsupiais, sdo hospedeiros de leptospiras (ADLER E DE LA PENA
MOCTEZUMA, 2009; EVANGELISTA E COBURN, 2010). O principal reservatério
para a bactéria sdo os roedores, que apresentam a infeccdo de forma crénica e
assintomatica, excretando leptospiras ao ambiente por longos periodos através da
urina uma vez dada a colonizagao dos tubulos renais desses animais (PICARDEAU,
2013). Ratos sdo animais sociaveis, e o contato individual dentro dos grupos de
roedores pode facilitar a transmissdo da doencga na colénia (PUTZ et al, 2020).
Roedores resistentes aos raticidas (anticoagulantes de primeira geracéo), carreando
leptospiras sdo um fator de risco para animais de producéo e subsequente exposicao
a humanos (MARQUEZ et al, 2019). Alguns fatores de risco para infeccdes em
bovinos, caprinos e ovinos no nordeste do Brasil sdo sistemas intensivos de manejo,
instalagcdes de madeira suspensas, rebanhos de mais de 20 animais agrupados,
pastejo, auséncia de tratamento veterinario e desverminacao, e o uso de fontes de
agua naturais como acudes e riachos (CAMPOS et al, 2017). A exposicao de racoes
bovinas a roedores e 0 acesso de cées aos pastejos, sao fatores de risco

comprovados para a infecgio em bovinos no sul do Brasil (FAVERO et al, 2019).
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Os cées séo reconhecidos como hospedeiros crénicos do sorogrupo Canicola,
sendo especialmente importantes pela disseminacdo desse sorogrupo no ambiente e
um risco para a populacdo humana em contato direto com esses animais (ELLIS,
2015; PINTO et al, 2017). Diferentemente dos cées, os gatos e felideos selvagens sdo
considerados bastante resistentes a leptospirose (ELLIS, 2015). Apesar da
soroprevaléncia facilmente detectada em gatos, até recentemente ndo havia
evidéncias da colonizacdo renal por leptospiras nesses animais, além de poucas
confirmacdes de doenca clinica (ELLIS, 2015). Entretanto, um estudo recente avaliou
231 amostras de urina de gatos de rua e comprovou que pelo menos 15% desses
animais excretavam leptospiras na urina, tornando-se uma fonte de infecgdo para
outros animais ainda subestimada (DORSCH et al, 2020). Leptospiras ja foram
isoladas de diferentes hospedeiros ndo-convencionais, como ledes, elefantes e lobos
marinhos, focas, guaxinims, raposas, baleias, golfinhos, gambas, tatus, diversos
pequenos roedores selvagens, capivaras, porco-espinho, esquilos, tenreques,
morcegos, primatas ndo humanos como |émures, macaco-esquilo, macaco-prego e
sagui, cobras, sapos/ras, peixes e aves (revisado em CILIA et al, 2021; ELLIS, 2015;
COPOLLA et al, 2020). Considerar hospedeiros selvagens no cenario epidemioldgico
da leptospirose é importante, uma vez que é possivel que estes animais
desempenham um papel na circulagéo da infecgcdo no meio ambiente, embora possam
ser ou nado reservatorios significativos para a infeccdo humana. Entretanto, a infeccao
por leptospiras em animais silvestres ainda € pouco conhecida e a funcdo destes
animais como hospedeiros de cepas de leptospiras que podem infectar animais
domésticos e humanos diverge (VIEIRA et al., 2017). De fato, uma regido com uma
ampla gama de hospedeiros domésticos e selvagens, vai permitir a coexisténcia de

diversos sorogrupos, em comparacao com regides com poucos animais hospedeiros.

2.3 O género Leptospira

A leptospirose é causada por espiroquetas patogénicas do género Leptospira.
As leptospiras sao bactérias espiraladas, flexiveis e mdveis, impulsionadas por dois
flagelos periplasméaticos ancorados nas suas extremidades, e que se estendem em
direcdo ao meio da célula sem se sobrepor (MURRAY, 2015; PICARDEAU, 2017,
TAHARA et al, 2018). A motilidade é um fator de viruléncia importante, e as leptospiras
alternadamente utilizam duas fases de motilidade — nadar e arrastar-se - para invadir
e se dispersar no ambiente do hospedeiro (TAHARA et al, 2018; XU, 2020). Possuem
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de 10-20 um de comprimento e 0,1 um de diametro, e curvatura em forma de gancho
em uma ou ambas extremidades. A membrana de leptospiras é composta por uma
membrana interna com proteinas a-hélices transmembranares, seguido por uma
camada de peptidoglicano no espaco periplasmatico, e finalmente uma membrana
externa que apresenta lipoproteinas, lipopolissacarideos (LPS) e proteinas barril-B
transmembranares (GRASSMANN et al, 2017; PICARDEAU, 2017) (Figura 1). A
membrana externa de leptospiras é uma das estruturas mais estudadas, em especial
as proteinas que a compde. Essas proteinas sdo essenciais e desempenham funcbées
importantes como o fluxo de componentes entre o ambiente intracelular e extracelular,

além de diversos fatores de viruléncia.
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O género Leptospira compreende 66 espécies descritas até 0 momento,

reclassificadas recentemente em dois grandes clados, sapréfitas e patogénicas, e
quatro subclados designados S1, S2, P1 e P2 (Figura 2). Os subclados S1 e S2
compreendem as espeécies ambientais isoladas que ndo sao responsaveis pela
doenca, enquanto que os subclados P1 e P2 sdo compostos pelas espécies que
causam a infeccdo em humanos e/ou animais, bem como espécies ambientais que

ainda nao tiveram seu status de virulentas comprovados (VICENT et al, 2019; CAIMI
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E RUYBAL, 2020; CASANOVAS-MASSANA et al, 2020; ABDULLAH et al, 2021).
Dentre as espécies do género Leptospira, pelo menos 17 sdo comprovadamente
patogénicas, e possuem a capacidade de infectar diversos hospedeiros mamiferos
(ADLER, 2015). Atualmente, mais de 300 sorovares sao classificados entre todas as
espécies do género e distribuidos em 32 sorogrupos. Destes, mais de 260 sorovares
séo relacionados as espécies patogénicas, bem como, pelo menos 60 sorovares
associados as espécies saprofitas (ADLER AND DE LA PENA MOCTEZUMA 2010;
ADLER, 2015; PICARDEAU, 2017; THIBEAUX et al, 2018; GUGLIELMINI et al, 2019;
CAIMI E RUYBAL, 2020).
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Figura 2. Arvore filogenética baseada na sequéncia de 1371 genes inferidos como ort6logos. Os ramos
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vermelho e rosa representam as espécies patogénicas, e/ou ndo caracterizadas quanto a viruléncia,
pertencentes aos subclados P1 e P2. De forma similar, os ramos verde e azul compreendem as
espécies classificadas como saprdéfitas de vida livre, agrupadas nos subclados S1 e S2. Fonte: VICENT
et al, 2019.
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Os dois primeiros genomas completos sequenciados foram da espécie L.
interrogans sorogrupo Icterohaemorrhagiae sorovares Lai e Copenhageni (REN et al,
2003; NASCIMENTO et al, 2004). Atualmente, mais de 620 genomas ja foram
sequenciados, o que expandiu a compreensao da diversidade e estrutura do género.
Além disso, essas sequéncias auxiliaram o entendimento de aspectos como a
distribuicdo das espécies nos diferentes hospedeiros, 0os contextos ambientais, a
biodiversidade, evolucéo e dispersédo geografica de sorogrupos e sorovares (CAIMI E
RUYBAL, 2020). Os sequenciamentos desses genomas tém revelado diversas
caracteristicas, inclusive a alta plasticidade genémica que as leptospiras apresentam.
Dessa forma, leptospiras patogénicas possuem um repertorio génico diverso, e
consequentemente, um pangenoma mais aberto (VICENT et al, 2019; ABDULLAH et
al, 2021). O género Leptospira vem apresentando um crescimento exponencial de
novas informacdes relacionadas a diversidade gendmica nos ultimos anos. Isso gera
um grande banco de novos dados e cria um cenario ainda inexplorado, onde sera
interessante verificar se diferentes variantes genéticas estdo associadas a diferentes
resultados e manifestacdes clinicas (CAIMI E RUYBAL, 2020).

2.4 O metabolismo e cultivo in vitro de leptospiras

O genoma de leptospiras codifica vias completas para a biossintese de
aminoacidos e acidos nucleicos (REN et al, 2003). Leptospiras realizam a p-oxidacéo
de acidos graxos de cadeia longa, presentes em meios de culturas ou ambientes
naturais onde elas estdo presentes, conferindo as fontes de carbono e energia
essenciais para o seu metabolismo (BASEMAN, 1969; NASCIMENTO et al, 2014;
PICARDEAU et al, 2008; CAMERON, 2015). Da mesma forma, o genoma também
possui um conjunto completo de genes relacionados ao transporte de elétrons da
cadeia respiratoria e do ciclo de Krebs, uma vez que sdo microrganismos aerobicos
(REN et al, 2003; NASCIMENTO et al, 2004). As leptospiras necessitam de uma fonte
de nitrogénio que € normalmente fornecida pela adi¢cdo de sais de aménio aos meios
de cultura, ou pela desaminacdo de aminoacidos (ADLER, 2015). Além disso, a
espécie saprofita L. biflexa pode sintetizar purinas e pirimidinas e pode crescer na
presenca da 8-azaguanina (analoga de purina), diferentemente das espécies
patogénicas, e a adicdo desse composto aos cultivos proporciona a diferenciagdo

entre leptospiras patogénicas e sapréfitas (CAMERON, 2015).
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Em contrapartida, as espécies patogénicas possuem o repertorio completo de
genes necessarios para a biossintese de vitamina B12 (CAMERON, 2015), o que pode
permitir que as bactérias patogénicas sobrevivam em nichos com nutrientes limitados
dentro do hospedeiro, sugerindo que a producao de vitamina B12 € um processo critico
in vivo (CAMERON, 2015; FOUTS et al, 2016). A maioria das leptospiras patogénicas
possui todo ou parte do conjunto de genes para a biossintese de &cido sidlico, e
proteinas modificadas com este acido podem desempenhar funcdes nas interacbes
patégeno-hospedeiro (FOUTS et al, 2016). As leptospiras com todo o cluster de
biossintese de acido sidlico possuem sintetases preditas para produzir os acidos
legionaminico e pseudaminico. Esses dois &cidos se mostraram necessarios tanto
para a biogénese flagelar quanto para a viruléncia em outras bactérias, sugerindo um
mesmo papel nas leptospiras (FOUTS et al, 2016).

Os requerimentos nutricionais para o crescimento in vitro incluem fontes de
carbono (4cidos graxos de cadeia longa), nitrogénio, desintoxicantes como &cidos
graxos complexados com sorbitol (Tweens) e/ou albumina, tiamina, cobre, manganés,
ferro, fosfatos de célcio e magnésio (CAMERON, 2015). Para otimizar o isolamento e
manutenc¢ao de cepas patogénicas, a adicdo de soro animal, vitamina B2, piruvato de
sédio e superéxido dismutase tém apresentado resultados satisfatorios para o cultivo
in vitro de cepas fastidiosas (FAINE et al, 1999; CAMERON, 2015). O meio EMJH,
descrito por Ellinghausen e McCullough (1965), e posteriormente aprimorado por
Johnson e Harris (1967), tornou-se amplamente utilizado no cultivo de leptospiras
(ELLINGHAUSEN, 1973; RODRIGUEZ et al, 2002; ADLER 2015). Apesar da sua
qualidade, o alto custo de seus reagentes e a necessidade de grande rendimento
celular em experimentos com vacinas, por exemplo, o torna dispendioso para
pesquisa basica de laboratoério. Alternativamente, outros meios de cultura eficazes
foram desenvolvidos, como os meios T80/40LH (tween 40 e 80, lactoalbumina
hidrolase) e HAN (Horsny-Alt-Nally), além do aprimoramento do EMJH pela adi¢cdo de
diferentes componentes nutricionais (ELLIS, 1985; HORNSBY, 2020). Componentes
como tween 80, piruvato de sddio, superoxido dismutase, hemina e soro de coelho
proporcionaram o aumento do rendimento celular nas culturas, o crescimento a partir
de pequenos indculos e o isolamento de cepas exigentes nutricionalmente e
fastidiosas, além da recuperacdo mais efetiva de leptospiras transformadas
geneticamente por conjugacdo (JOHNSON et al, 1973; ELLIS, 1985; ADLER E DE LA
PENA, 2009; RODRIGUEZ et al, 2002; ZUERNER, 2005; ADLER, 2015; HORNSBY,
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2020). Para reduzir o crescimento de contaminantes a partir de amostras bioldgicas,
podem ser adicionados coquetéis de antibiéticos seletivos contendo 5-fluorouracil,
anfotericina B, fosfomicina, trimetoprim, sulfametoxazol, neomicina e vancomicina
(CHAKRABORTY et al, 2010; CAMERON, 2015; LOUREIRO et al, 2015).

Entretanto, apesar do uso de meios de cultura enriquecidos para o cultivo de
leptospiras in vitro, a manutencdo das cepas ainda € um processo lento e que
necessita de profissionais treinados para execucdo. O isolamento por cultura ndo é
sensivel, podendo levar meses para apresentar um resultado definitivo, além de
introduzir um viés significativo na populacao patogénica em uma amostra especifica
(CAIMI E RUYBAL, 2020). Para o cultivo de cepas mais fastidiosas, torna-se
necessario pelo menos 16 semanas de incubacao para obter um crescimento visivel
sob microscopia de campo escuro, especialmente no isolamento primario de amostras
clinicas (ZUERNER, 2005; ADLER E DE LA PENA, 2009). Os tempos de duplicacao
de leptospiras patogénicas em modelos animais, e culturas in vitro previamente
adaptadas aos meios de cultura, sdo estimados em 6-8 h, enquanto o tempo de
duplicacdo para espécies patogénicas recentemente isoladas de seu hospedeiro é em
torno 14-18 h (CAMERON, 2015). Em contrapartida, o crescimento in vitro de cepas
saprofitas € mais rapido, com um tempo de duplicacdo de aproximadamente 4,5 h
(CAMERON, 2015). As densidades finais alcancadas sdo rotineiramente 10°
bactérias/ml para cepas laboratoriais bem adaptadas. Em fase estacionaria, as células
podem sofrer mudancas consideraveis, resultando em degradacdo rapida do DNA
gendmico e autdlise (ZUERNER, 2005; CAMERON, 2015).

O pH 6timo para o crescimento é de 7.2-7.6 e a temperatura ideal de
crescimento para as espécies de Leptospira spp. € de 28-30 °C. Entretanto, as
espécies de vida livre sdo capazes de crescer em temperaturas de 11-13 °C
(CAMERON, 2015). Diferentemente, as cepas patogénicas nao crescem em
temperaturas mais baixas, e s&o mantidas nas temperaturas mais altas acima citadas
(CAMERON, 2015). Além disso, o cultivo sob temperatura de 37 °C também pode ser
realizado, especialmente em estudos que objetivam mimetizar a temperatura do
hospedeiro mamifero (ELLINGHAUSEN, 1973; CAIMANO et al, 2014; CAMERON,
2015; HORNSBY et al, 2020). Entretanto, o efeito de temperaturas elevadas sobre o
crescimento de leptospiras in vitro ainda € pouco compreendido, e a auséncia de
crescimento em temperaturas mais altas como 37 °C, em especial para cepas nao

adaptadas ao cultivo in vitro, € um problema frequente. Dessa forma, a propagacao
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laboratorial eficiente exige incubacao entre 28-30 °C normalmente. Rotineiramente, a
manutencdo das culturas é realizada semanalmente para cepas bem adaptadas in
vitro, através de sucessivas passagens em meio liquido e/ou meio semi-solido,
utilizando inéculos iniciais de 1-10% do volume final de meio fresco (CAMERON,
2015). Para estocagem a longo prazo, idealmente utiliza-se nitrogénio liquido, que
proporciona bons resultados e € o método indicado para manter a viruléncia (ADLER
AND DE LA PENA MOCTEZUMA, 2010).

2.5 Fatores de viruléncia em leptospiras

Apesar de esforcos recentes para elucidar aspectos da patogénese de
leptospiras, diversos aspectos da viruléncia bacteriana e as suas interagcdes com o
sistema imunolégico do hospedeiro permanecem desconhecidos (CHIN et al, 2019;
CHIN et al, 2018). O transcriptoma de leptospiras foi estudado in vitro em resposta a
estresses como mudancas na temperatura, osmolaridade, niveis de ferro, exposicéo
ao soro e sua interacdo com células fagociticas, a radiagdo UV do ambiente e
cultivadas dentro do hospedeiro mamifero (LO et al, 2006; QIN et al, 2006;
MATSUNAGA et al, 2007; LO et al, 2009; PATARAKUL et al, 2010; CAIMANO et al,
2014; FRASER E BROWN, 2017; PICARDEAU, 2017; ZHUKOVA et al, 2017). As
leptospiras possuem um elevado nimero de sistemas sensoriais de dois componentes
(TCS, do inglés Two Component Systems), que se correlacionam com a diversidade
de nichos ecolégicos que as espécies podem encontrar (FOUTS et al, 2016). O menor
namero de TCSs é encontrado nas espécies patogénicas, mais de 70 genes TCSs,
gue podem estar relacionados aos processos de adaptacdo do hospedeiro (FOUTS
et al, 2016). Diferentemente, um maior nimero de TCSs Unicos em intermediérias, e
ainda maior em saprofitas, sugerindo a deteccéo e adaptacdo a uma gama mais ampla
de condicbes ambientais. Isso indica que as leptospiras necessitam de uma rede
complexa de processos de sinalizagéo no seu ciclo de vida (FOUTS et al, 2016).

A motilidade é um fator de viruléncia comum e diversos mutantes para 0s
genes 1b139, fliY, FlaA2 e familia Che resultaram na atenuacdo das cepas, reducéo
da motilidade e quimiotaxia, porém os mecanismos envolvidos na atenuagéo ainda
sdo desconhecidos (PICARDEAU, 2017). O estresse oxidativo ocasionado pela
resposta imune do hospedeiro apés a infecgdo, ou até mesmo durante o metabolismo
aerdbico, € regulado pelo sensor de peroxido e regulador de transcricdo PerR

(PICARDEAU, 2017). A aquisicao de genes nas espécies patogénicas codificadores
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da catalase, TCS e proteinas MCPs podem ter habilitado leptospiras patogénicas a
colonizar seus hospedeiros (PICARDEAU, 2017). As proteinas de viruléncia
identificadas nesta categoria incluem a catalase KatE e a chaperona ClpB, onde o
nocaute dos respectivos genes resulta numa susceptibilidade ao estresse oxidativo
(ADLER, 2014). A catalase KatE € necessaria para a sobrevivéncia in vitro na
presenca de H20: e para a viruléncia em modelos animais (PICARDEAU, 2017). Além
disso, a adaptacdo a exposicao a radiacdo UV do ambiente pode envolver LexA, que
esta relacionada a resposta ao dano do DNA induzido por UV (PICARDEAU, 2017).

O LPS é um importante componente para a viruléncia em bactérias Gram-
negativas (ADLER, 2014; PICARDEAU, 2017). Leptospiras podem modificar a
estrutura do LPS para evitar o reconhecimento pelo sistema imune dos hospedeiros e
se adaptar ao ambiente (PICARDEAU, 2017). Dois mutantes para o LPS foram
completamente atenuados em hamsters e também perderam a capacidade de
colonizar os rins de camundongos (MURRAY et al, 2010; MARCSISIN et al, 2013). A
adesao aos tecidos e componentes dos hospedeiros € um pré-requisito importante
para a infeccdo bem sucedida (VIEIRA et al, 2020). Da mesma forma, sugere-se que
um homologo em leptospiras da proteina micobacteriana para entrada em células de
mamifero (Mce, do inglés Mammalian cell entry) também possui um papel na adesao
celular e viruléncia (ZHANG et al, 2012). Além disso, a inativacdo dessa proteina
resultou em uma reducdo da adesdo e invasdo de macrofagos, e viruléncia em
hamsters (ZHANG et al, 2012). Através da interacdo das suas proteinas com o0s
fatores do hospedeiro, as leptospiras se equipam com uma atividade proteolitica
associada a membrana. Isso contribui para a degradacéo dos componentes da matriz
extracelular (EMC, do inglés Extracellular matrix) e das respostas imunes inata e
adaptativa, como fatores do complemento, peptideos antimicrobianos,
imunoglobulinas, reducdo da opsonizacdo, penetracdo dos tecidos e evasao do
sistema imune (VIEIRA et al, 2020). Diversas proteinas de leptospiras ja foram
relatadas por interagir com as moléculas da EMC purificadas, como as proteinas
LenA, Lsa, LipL53, OmpL1, Lp95, OmpL37, OmpL47, TlyC, LipL32, Loa22, OmpL45,
LIC10774, LIC10920 (laminina, colageno tipo I, 11, Il e IV, fibronectina, plasminogénio),
sugerindo que estas proteinas sdo importantes para a patogénese e na viruléncia
leptospiral (FERNANDES et al, 2015; PICARDEAU, 2017; PASSALIA et al, 2020;
ROSSINI et al, 2020; VIEIRA et al, 2020).
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As proteinas Lig também s&o consideradas importantes na patogénese do
microrganismo. LigA e LigB foram descritas como proteinas de ligacdo capazes de
interagir com fibronectina, laminina, elastina, plasminogénio, heparina, tropoelastina,
coladgeno |, lll e IV, e complemento in vitro (ADLER, 2014; FERNANDES et al, 2015;
PICARDEAU, 2017; SUN et al, 2020; VIEIRA et al, 2020). As proteinas LigA, LigB,
Lsa25.6, LIC12238, Lsa33, LIC11975, LIC10508, Lsa37, ErpY-like, OmpL1 e OmpL37
foram descritas como proteinas de ligacao ao fibrinogénio (FERNANDES et al, 2015;
VIEIRA et al, 2020). Loa22 e LipL32 sdo as duas lipoproteinas mais abundantes na
parede celular de leptospiras, mas apenas Loa22 € necesséria para a viruléncia da
bactéria (PICARDEAU, 2017). A lipoproteina de membrana externa LipL41l
demonstrou se ligar a hemina (LIN et al, 2013), no entanto, um mutante nocauteado
para essa proteina manteve a viruléncia no modelo hamster (KING et al, 2013). Além
disso, a partir do uso de outros mutantes nocauteados para as proteinas LigB, LipL41
e LipL32, alguns dos alvos expressos no hospedeiro, conservados e Unicos em
espécies patogénicas, demonstraram ser dispensaveis para a viruléncia, infeccéo
aguda e/ou para colonizacao renal (CRODA et al, 2008; KING et al, 2013; MURRAY
et al, 2013). Os estudos in vitro com as proteinas LipL32 e LigB demonstraram que
mutantes silenciados para essas proteinas ndo perderam a habilidade de se aderir e
nem de colonizar os rins de hamsters (ADLER, 2014). Entretanto, quando ambas as
expressdes de LigA e LigB foram reduzidas por TALEs (do inglés Transcription
Activator-Like Effectors) ou silenciadas por CRISPi (do inglés Clustered Regularly
Interspaced Short Palindromic Repeat interference) concomitantemente, resultou em
leptospiras avirulentas e incapazes de colonizar os rins dos animais infectados
(PAPPAS et al, 2015; FERNANDES et al, 2021). Isso indica que as proteinas possuem
funcdes que se sobrepdem e séo essenciais na viruléncia bacteriana (PAPPAS et al,
2015; HAAKE E MATSUNAGA, 2021).

A atividade proteolitica de metaloproteases do tipo M-16 e as proteinas
recombinantes dessas enzimas, foram capazes de hidrolisar proteinas da ECM (GE
et al, 2020). Mutantes nocauteados para essas enzimas apresentaram atenuacao na
transmigracéo através das camadas monocelulares, reducéo de carga leptospiral no
sangue, pulmdes, figado, rins e urina. Além disso, apresentou uma Dose Letal para
50% dos animais (DLso) reduzida, com danos histopatolégicos mais leves em
hamsters. Esses resultados sugerem que Lep-MP1e3 estao envolvidas na viruléncia,

invasao e difusdo de L. interrogans no hospedeiro (GE et al, 2020). Exceto pelo LPS,
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muitas hemolisinas demonstram uma habilidade poderosa para induzir citocinas pro-
inflamatorias e apoptose de hepatocitos (SUN et al, 2020). Fatores de viruléncia
conhecidos, e que foram identificados em modelos animais de leptospirose aguda e
em modelos de macréfagos in vivo, foram revisados em Kedzierska-mieszkowaska et
al (2020) e Abdullah et al (2021).

2.6 Respostaimune

Leptospiras patogénicas desenvolveram diversas estratégias para a evasao
do sistema imune, e esses mecanismos Sdo importantes para a sobrevivéncia da
bactéria no hospedeiro (MURRAY, 2015; CHIN et al, 2019). O estabelecimento da
infeccdo bacteriana frequentemente resulta em invasao, colonizacéo, disseminacao e
extracdo de nutrientes dos seus hospedeiros (CHIN et al, 2019). Leptospiras
patogénicas resistem a fagocitose por macrofagos e neutréfilos na auséncia de
anticorpos especificos (ADLER, 2014). J& foi sugerido que leptospiras sdo capazes
de sobreviver dentro dos macrofagos, induzindo a apoptose nessas células através
da liberacdo do fator mitocondrial indutor de apoptose e endonucleases (EndoG), o
que facilita a sobrevivéncia e proliferacdo no hospedeiro (ADLER, 2014; RAMIREZ-
GARCIA et al, 2019). Um estudo recente demonstrou que as leptospiras, macrofagos
e células endoteliais dos hospedeiros secretam exoproteinas em resposta a infeccéo
(HU et al, 2021). As proteinas leptospirais secretadas estao envolvidas nas respostas
ao estresse dentro do hospedeiro, fatores de viruléncia e transducao de sinal. Em
contrapartida, as exoproteinas secretadas pelos hospedeiros infectados foram
relacionadas ao estresse, sistema complemento, citocinas inflamatérias, proteinas da
matriz extracelular e fatores de coagulacdo do sangue (HU et al, 2021).

A imunidade inata do hospedeiro, especialmente os neutréfilos e o sistema
complemento, estdo envolvidos na primeira linha de defesa e sdo importantes no
controle da leptospirose (MURRAY, 2015; CHIN et al, 2019; SILVA et al, 2020).
Porém, neutrdfilos e o complemento sdo mais efetivos contra leptospiras saprofitas do
gue as patogénicas (CHIN et al, 2019; BARBOSA E ISAAC, 2020). A participacao de
neutrofilos, bem como suas armadilhas extracelulares (NETS), sdo importantes na
fase inicial da infeccdo, tanto para impedir a disseminagdo bacteriana, como a
secrecdo de antimicrobianos e producado de espécies reativas de oxigénio (ROS), ao
invés da fagocitose (SCHARRIG et al, 2015; VIEIRA et al, 2018). As NETs estao

envolvidas na resposta imune inata a infeccédo, onde o DNA de neutrofilos e proteinas
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bactericidas resultam no aprisionamento e morte de leptospiras (SCHARRIG et al,
2015; CHIN et al, 2019). Entretanto, as leptospiras patogénicas sdo capazes de
escapar das NETs ao produzir DNAses extracelulares (PICARDEAU, 2017).

Durante o0 estresse oxidativo no hospedeiro as ROSs sdo produzidas,
incluindo peréxido de hidrogénio, radicais hidroxila e &cido hipocloroso (HOCI), e
medeiam a morte bacteriana (VIEIRA et al, 2018). As leptospiras possuem resisténcia
as ROSs produzidas pela resposta imune em resposta a atividade da enzima KatE
(ESHGHI et al, 2012). De forma semelhante, as proteinas LipL21 e LipL45 séo
inibidoras de mieloperoxidase (MPO), uma enzima que catalisa oxidantes que reagem
com proteinas, lipidios e DNA bacterianos (VIEIRA et al, 2018; CHIN et al, 2019). A
MPO é estocada nos granulos primarios de neutrofilos e liberada nos fagossomos
durante a fagocitose, sendo um agente antimicrobiano potente. Uma vez que LipL21
€ uma das mais abundantes proteinas na membrana externa de leptospiras, a sua
acao contra o estresse oxidativo pela inibicdo da MPO pode ser um passo crucial para
a viruléncia bacteriana, evasao do sistema imune e sobrevivéncia nos hospedeiros
(VIEIRA et al, 2018; CHIN et al, 2019).

Citocinas pro-inflamatérias desempenham funcao importante na iniciagdo da
resposta imune nos estagios iniciais da infeccéo (XIA, 2017). A ativacao de linfocitos
T durante a infeccdo inicia a resposta inflamatoria, principalmente a producdo de
citocinas, para a eliminacdo da bactéria no inicio da infec¢do. As células leucocitarias
e linfécitos T produzem 1L-1b, IL-6, IL-12, INF-y e TNF-a que atuam como
guimioatrativos para intensificar a acao dos leucocitos no local da infeccao (VIEIRA et
al, 2018; SILVA et al, 2020; BARBOSA E ISAAC, 2020; CHIN et al, 2019). Um estudo
sugere que a regulacdo da expressdo de citocinas, especialmente a IL-10 anti-
inflamatoria, pode ser de importante para a patogénese na leptospirose (MATSUI et
al, 2017). Dessa forma, usando um neutralizador de IL-10 no modelo de camundongo,
foi também evidenciado uma possivel funcdo dessa citocina na suscetibilidade do
hospedeiro, eliminacdo bacteriana e regulacdo da expressdo génica de citocinas
(MATSUI et al, 2017).

Receptores do tipo Toll-like (TLRs) e NOD-like (NLRs) presentes nos
hospedeiros reconhecem padrdes moleculares associados aos patégenos e danos
(PAMPs, do inglés Pathogen-associated molecular patterns, e DAMPs, do inglés
Damage-associated molecular patterns) de leptospiras, como LPS e peptidoglicano
presentes nas membranas da bactéria (HAAKE E LEVETT, 2015; MURRAY, 2015;
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ZUERNER, 2015). Em humanos e animais suscetiveis, os PAMPs sao capazes de
ativar somente o TLR2, enquanto que em hospedeiros resistentes TLR2 e TLR4 s&o
ativados (HAAKE E LEVETT, 2015; MURRAY, 2015; ZUERNER, 2015). A ativacao
de TLR4 é importante para a producdo de anticorpos, e consequentemente, a
eliminagdo da bactéria do sangue (HAAKE E LEVETT, 2015; MURRAY, 2015).
Hemolisinas do tipo esfingomielinases 1, 2 e 3, proteina A semelhante a histona HIpA
e hemolisina A TlyA séo secretadas, tem atividade hemolitica e induziram a producao
de citocinas pro-inflamatdrias em macréfagos humanos e de camundongos, atravées
das vias de sinalizacao c-Jun N-terminal quinase (JNK) e fator nuclear kappa B (NF-
kB, do inglés Nuclear Factor Kappa B) dependentes de TLR2 e TLR4 (WANG et al,
2012; CHIN et al, 2018). O heterodimero TLR2/TLR1 reconhece o LPS e a proteina
LipL32 de leptospiras, induzindo a producéo do fator de necrose tumoral alfa (TNF-a,
do inglés Tumor Necrosis Factor a), e é reconhecido como o principal receptor
envolvido no reconhecimento da bactéria (RAMIREZ-GARCIA et al, 2019).

E bem estabelecido que o reconhecimento do LPS pode iniciar as rotas de
sinalizacdo imune, e essas podem ser protetoras ou danosas para 0 hospedeiro,
estando associadas a hemorragias subcutaneas e pulmonares provavelmente através
de mediadores da cascata pré-inflamatéria, em especial, a enzima O6xido nitrico
sintase (INOS) (XIA et al, 2017). LPSs que estimulam fracamente as respostas do tipo
TLR4 podem ser essenciais para que leptospiras causem a doenca, evitando assim a
contencdo pela resposta imune local (XIA et al, 2017). O 6xido nitrico € um mediador
crucial de disfuncdo endotelial na sepse, e tem similaridades no espectro clinico de
sepse severa e leptospirose severa (CHIN et al, 2018). Além disso, TLR5 é o receptor
que reconhece flagelinas (FlaB) que compdem o endoflagelo bacteriano,
especialmente em humanos e bovinos, sugerindo que este receptor poderia ser
importante para o controle da leptospirose nesses hospedeiros (HOLZAPFEL et al,
2020). Alem disso, sugere-se uma possivel funcéo da proteina FlaB na evasao da
resposta imune, uma vez que essa proteina é localizada no core do endoflagelo
bacteriano, e a sua expresséao foi reduzida no ambiente do hospedeiro, levando a crer
que é importante durante a infeccdo (HOLZAPFEL et al, 2020).

As leptospiras séo resistentes a atividade bactericida do complemento, e tém
desenvolvido estratégias para escapar dele mediante a ligagdo de proteinas as
moléculas do complemento e a secrecdo de proteases que diretamente clivam
moléculas chave do complemento (ADLER, 2014; MURRAY, 2015; PICARDEAU,
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2017; RAMIREZ-GARCIA et al, 2019). As proteinas de Leptospira spp. que se ligam
ou degradam componentes do sistema complemento foram revisadas em Barbosa e
Isaac (2020). A proteina LIC10774 é uma proteina de membrana externa (OMP, do
inglés Outer Membrane Protein) que se liga a ions de célcio e a varios componentes
do soro e da matriz extracelular (PASSALIA et al, 2020). Ensaios in vitro sugerem
possiveis fun¢des na adesdo aos tecidos do hospedeiro, evasdo do sistema imune e
participacdo no processo de disseminacao bacteriana durante a infeccdo (PASSALIA
et al, 2020). As OMPs de L. interrogans LcpA, LigA e LigB possuem dominios
especificos de ligacdo a proteina regulatéria do sistema complemento C4b (BREDA
et al, 2015). LcpA, a proteina A de aquisicdo do regulador do complemento de
Leptospira spp., também interfere nos passos finais da cascata do complemento
sendo capaz de reduzir a atividade de varios pontos de controle dessa cascata
(BARBOSA E ISAAC, 2020). Um estudo recente demonstrou que o 11° dominio da
proteina LigA est& envolvido na modulagcdo da resposta imune inata do hospedeiro
dependente de TLR4 (KUMAR et al, 2020). Essa sinalizagdo em macrofagos de
camundongos através da rota de proteinas quinases ativadas por mitdgenos, leva a
producdo das citocinas pro-inflamatoérias IL-6 e TNF-a, além da expressdo das
moléculas coestimulatérias CD80, CD86, CD40 e o marcador de maturacdo MHC-II
(KUMAR et al, 2020).

O dominio 11 de LigA esta também envolvido na aquisicédo de inibidores como
o Fator H, além de possuir fungcdo como nuclease na degradacédo das NETs (KUMAR
et al, 2020). Esses resultados sugerem que a sinalizacdo dependente de TLR4 pelo
dominio 11 de LigA, poderia ativar células apresentadoras de antigenos (APC, do
inglés Antigen-presenting cell) para produzir efetores bactericidas e citocinas que
eventualmente aumentariam a sua atividade fagocitica, e subsequente ativacdo de
leucdcitos B para produzir anticorpos contra as leptospiras (KUMAR et al, 2020).
Dessa forma, as leptospiras interferem no sistema imunologico inato, 0 que promove
a disseminacdo das bactérias nos tecidos do hospedeiro e contribuem para danos
teciduais (PICARDEAU, 2017; BREDA et al, 2015; CHIN et al, 2019). A interagéo com
a cascata do complemento é necessaria nos estagios iniciais da infeccdo, nao
somente para promover a inibicdo dessa cascata e lise celular, mas também para
potencialmente reduzir o recrutamento e ativacdo de fagocitos, bem como da
opsonofagocitose (MURRAY, 2015).
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2.7 Prevencao

A leptospirose pode ser prevenida pela conscientizagdo da populacdo a
respeito da doenca e dos seus problemas atuais. Esse objetivo pode ser alcangcado
por meio da implementacdo de atividades de promocdo de saude, e de medidas
preventivas especialmente antes, durante e apoOs periodos de ocorréncia de
enchentes (HARTSKEERL et al, 2011; AIDID et al, 2018; ALI E BASAK, 2019). O
cuidado deve ser direcionado também as populacbes de areas de risco baixo e
moderado, bem como grupos de faixa etaria mais jovem e renda mais altos para
prevenir surtos da infeccdo nessas configuracdes (AIDID et al, 2018). Diferentemente
de populacdes em locais de alto risco, populacbes em &reas de risco baixo ou
moderado ndo possuem tanta consciéncia a respeito das medidas preventivas (AIDID
et al, 2018).

A prevencdo da infeccdo também pode ser adquirida pelo uso de
equipamentos de protecdo individual adequados. Além disso, o melhoramento nos
estoques de agua e alimentos, bem como a drenagem de areas alagadas, e melhorias
em estradas e ambientes externos, podem ter um impacto positivo na prevencao
(AIDID et al, 2018). O constante monitoramento da populacéo, e a vacinacdo dos
animais de producdo anualmente, sdo necessarios para predizer a situacao
epidemiolodgica da leptospirose na populacdo, além do melhoramento do diagndstico
para a infeccdo (VASYLIEVA et al, 2017). Além disso, animais suscetiveis, outras
medidas preventivas em animais suscetiveis estao relacionadas a antibiético terapia,
vacinagdo com vacinas tradicionais de bacterina e finalmente a manutencdo do
ambiente onde esses animais permanecem (MARTINS E LILENBAUM, 2017). As
boas praticas de prevencdo podem reduzir o nimero de casos e de mortes
ocasionados pela leptospirose. Nesse contexto, uma opc¢do adequada para detectar
a infeccdo em fase inicial pode ser a aplicacdo rotineira de testes de sorologicos, que
detectariam a infec¢ao e possibilitariam o inicio do tratamento precocemente (AIDID
et al, 2018).

Além disso, o controle constante e intensivo das populacées de roedores
poderia prevenir a transmissdo da infeccdo em um determinado ambiente
(HARTSKEERL et al, 2011; VASYLIEVA et al, 2017). O uso de raticidas
constantemente gera um um risco na resisténcia desses animais ao seu efeito, e
necessita de mao de obra especializada na sua aplicacdo (HARTSKEERL et al, 2011,

MARQUEZ et al, 2019). Uma opcéao viavel e realista em areas urbanas é a reducéo
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da atratividade dos ambientes onde esses animais habitam, como descarte de lixo
adequadamente e melhorias sanitarias (HARTSKEERL et al, 2011). Entretanto, como
tentativa de controlar a populacdo de roedores geneticamente resistentes aos
raticidas tradicionais, anticoagulantes de segunda geracdo que sao mais toxicos,
persistem por mais tempo nos tecidos, e frequentemente associados com
envenenamentos primarios e secundarios podem ser utilizados (MARQUEZ et al,
2019).

As vacinas de bacterinas sdo amplamente utilizadas na medicina veterinaria
para o controle e prevencao de infec¢des. Essas vacinas sao efetivas, com 100% de
protecdo nos animais imunizados, porém ainda possuem muitas limitacdes a serem
ajustadas para o uso em humanos (ADLER, 2015). Apesar disso, as vacinas de
bacterinas sdo as Unicas disponiveis para o0 uso animal, enquanto seu uso em
humanos ainda € restrito a situacdes de surtos e risco de exposi¢cdo aumentados em
paises como Franca, Cuba, China e Japdo (ADLER E DE LA PENA, 2010). Os
problemas que impedem o uso dessas vacinas em humanos estéo relacionados a
protecdo de curta duracdo em decorréncia da auséncia de resposta de memodria, as
reacOes adversas provocadas pelos componentes presentes nas vacinas, além de
que sdo sorovares-especificas, resultando em uma resposta imune direcionada
somente contra 0s sorovares presentes na composi¢cdo vacinal (ADLER, 2015;
HAAKE E LEVETT, 2015; ZUERNER, 2015). Embora as vacinas de bacterina tenham
problemas inerentes, sua eficacia pode ser melhorada (NAIR et al, 2020).

Estudos recentes com vacinas de bacterinas e outras cepas vivas atenuadas,
tém proposto diversas abordagens para melhorar o funcionamento das vacinas
tradicionais. L. interrogans sorovar Manilae M1352 com biossintese de LPS
comprometida foi capaz de proteger contra o desafio homdlogo e heter6logo com o
sorovar Pomona, também apresentando resultados superiores a vacina tradicional de
bacterina (SRIKRAM et al, 2011). Além disso, 0 mesmo grupo de pesquisa avaliou a
cepa M1352 quanto a protecdo heteréloga contra os sorovares Grippotyphosa,
Australis, Canicola, Autumnalis e Pomona, demonstrando a capacidade de prote¢céo
cruzada e aumentada e comparacgao a bacterina, porém sem impedir a colonizacéo
renal (MURRAY et al, 2018; PHOKA et al, 2021). Um modelo vacinal utilizando uma
cepa nao-virulenta viva e atenuada de L. interrogans sorovar Copenhageni, deficiente
na producdo da proteina flagelar FcpA, apresentou uma bacteremia transitoria e foi

capaz de proteger hamsters contra o desafio homodlogo e heterélogo contra as
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espécies L. kirschneri e L. borgpetersenii, superando os resultados da vacina de
bacterina (WUNDER et al, 2021). Além disso, em camundongos imunizados com
doses vacinais acima de 102 leptospiras, a protecdo heteréloga de 100% foi alcancada
contra mais de um sorovar de L. interrogans, com colonizagédo renal dos animais
variando de 25-100%. Dessa forma, a vacina viva atenuada fcpA”’ foi a primeira a
conferir protecéo cruzada entre diferentes espécies (WUNDER et al, 2021).

Experimentos com vacinas de bacterinas monovalentes e bivalentes para os
sorovares Copenhageni e Canicola, que tiveram a quantidade de LPS reduzida, foram
testadas recentemente (LAURETTI-FERREIRA et al, 2020). As vacinas monovalentes
foram 100% protetoras nos desafios homdlogos, e as vacinas bivalentes foram 100%
protetoras nos desafios com o sorovar Canicola, apresentando imunidade
esterilizante. Os anticorpos presentes nos soros dos animais vacinados foram
incubados com extratos bacterianos de diferentes sorovares de leptospiras nao
presentes nas formulagBes vacinais, e reagiram com proteinas de massa molecular
entre 17 e 60 kDa que podem ser relacionadas a protecédo cruzada observada contra
o0 sorovar Canicola. Além disso, transcritos de citocinas, quimiocinas e receptores
também foram observados nos animais vacinados. Essa alternativa poderia ser
interessante na reducdo dos efeitos colaterais de bacterinas pela presenca do LPS,
além de demonstrar a capacidade de gerar protecdo cruzada e de reconhecer
antigenos proteicos que podem estar relacionadas a essa protecdo (LAURETTI-
FERREIRA et al, 2020).

A abordagem One health, que reconhece que a saude humana esta
diretamente relacionada a salude animal e do nosso ambiente compartilhado (CDC,
2018), sugere algumas alternativas potencialmente eficazes na reducédo do impacto
da leptospirose. Essas alternativas consistem na integracao das instituicdes de saude,
agéncias medicas e governamentais, industrias ambientais e de cuidados veterinarios
para trabalhar em conjunto na tentativa de mudar o cenario mundial da leptospirose.
O conhecimento e consciéncia publica devem ser criados no ambito econdmico e de
saude publica e a abordagem deve ser enderecada para melhorar o desenvolvimento
e iniciativas para a deteccao, prevencao e estratégias de controle com o objetivo maior
de salvar vidas (PEREIRA et al, 2018; PAL et al, 2021). Dessa forma, identificar falhas
no conhecimento técnico e cientifico, que impedem a vigilancia epidemioldgica e a
manutencdo clinica, devem ser enderecadas aos diferentes niveis de politicas de

saude na intencdo de apoio para o desenvolvimento técnico e cientifico (CILIA et al,
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2021; PEREIRA et al, 2018). Por fim, o desenvolvimento de modelos matematicos que
predizem a evolugcdo de surtos da infeccdo, e quais aspectos podem estar
relacionados a estes fenbmenos, é uma ferramenta que poderia auxiliar
eficientemente na antecipacdo das medidas preventivas da infeccdo (GUALTIER E
HECHT, 2019).

2.8 Novas abordagens na selecado de alvos vacinais paravacinas recombinantes

Apesar dos resultados promissores recentes com vacinas de bacterinas e
vivas atenuadas, as pesquisas atuais com vacinas contra a leptospirose permanecem
focadas em vacinas de nova geracdo, que sejam capazes de gerar protecao
heterdloga, de longa duracao e induzam a imunidade esterilizante. Entretanto, pouco
foi conquistado em relacéo a prevencéao da infeccdo em humanos através vacinacao.
As abordagens atuais se concentram na identificacdo de proteinas associadas a
superficie, que podem servir como alvos para respostas imunes bactericidas. J& foram
identificadas varias proteinas supostamente expostas na superficie da bactéria, como
por exemplo as proteinas LemA (HARTWIG et al, 2013; OLIVEIRA et al, 2018), LigA
(KOIZUMI E WATANABE, 2004; SILVA et al, 2007; FAISAL et al, 2009; COUTINHO
et al, 2011; BACELO et al, 2014; HARTWIG et al, 2014; LOURDAULT et al, 2014;
MONARIS et al, 2015; EVANGELISTA et al, 2017; DA CUNHA et al, 2019; OLIVEIRA
et al, 2019), LigB (KOIZUMI E WATANABE, 2004; YAN et al, 2009; FORSTER et al,
2013; FORSTER et al, 2015; CONRAD et al, 2017; EVANGELISTA et al, 2017; DA
CUNHA et al, 2019), LipL21 (LIN et al, 2016), LipL32 (SEIXAS et al, 2007,
GRASSMANN et al, 2012; LIN et al, 2016; OLIVEIRA et al, 2019), LipL41 (HAAKE et
al, 1999), Lsal4, LIC13259 e LIC11711 (TEIXEIRA et al, 2020) e outras lipoproteinas
(FAISAL et al, 2009; FAISAL et al, 2009), administradas sozinhas ou como quimeras
combinadas, e induziram uma resposta imune protetora contra leptospirose letal em
modelos animais. Essas proteinas foram testadas utilizando diferentes formulacdes
vacinais, como diferentes adjuvantes, doses de proteina e modelos animais para
infeccdo letal aguda, conferindo protecao de 40-100% revisado em Dellagostin et al
(2011) e Felix et al (2020). No entanto, das proteinas avaliadas até o momento, poucas
conferiram protecdo cruzada entre diferentes sorovares e/ou foram eficientes na
indugcdo de imunidade esterilizante (SEIXAS et al, 2007; FORSTER et al, 2013;
FORSTER et al, 2015; LIN et al, 2016; CONRAD et al, 2017; OLIVEIRA et al, 2018;
OLIVEIRA et al, 2019). Apesar de mais de 20 anos de estudos com proteinas
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recombinantes, até o momento todas as proteinas testadas permaneceram em
ensaios pré-clinicos. Dessa forma, ainda ha a necessidade para identificar novas
vacinas protetivas contra a leptospirose, e para isso, diferentes abordagens vém
sendo utilizadas para a selecdo de novos antigenos vacinais de superficie.

A vacinologia reversa (RV) e estrutural (SV) consiste em predizer as estruturas
e a localizacdo de proteinas de interesse nos microrganismos a partir da sequéncia
do genoma, utilizando ferramentas de bioinformatica (RAPPUOLI, 2000; RAPPUOLI
et al, 2016; DELLAGOSTIN et al, 2017). Essa abordagem reduz o tempo de triagem
de novos antigenos vacinais, sem a necessidade de realizar diversos ensaios in vitro
e em modelos animais para identificar proteinas protetoras. Avancos na genémica,
transcriptbmica, protebmica e outros campos de pesquisa tém contribuido para a
triagem racional de alvos vacinais in silico, refinando a selecéo antigenos candidatos
para os testes in vitro e in vivo. Um resumo dos estudos relacionados a vacinologia
reversa aplicados a leptospirose é revisado em Dellagostin et al (2017). Com a
aplicacao da vacinologia reversa e estrutural, 18 proteinas barril-B transmembrana e
8 liproproteinas de superficie foram identificadas em Leptospira sp. como novos
potenciais candidatos vacinais, todos eles conservados entre espécies patogénicas
de leptospiras (GRASSMANN et al, 2017). De forma similar, 121 novas proteinas
antigénicas foram identificadas pela vacinologia reversa empregando uma nova
estratégia de selecdo negativa, combinada com a analise do pan-genoma de 17 cepas
de L. interrogans (ZENG et al, 2017). Além das proteinas LigB, LipL45 e OmpL1 ja
conhecidas como OMPs, as outras proteinas foram identificadas e apresentam
potencial como antigenos para uma vacina contra a leptospirose (ZENG et al, 2017).
Um estudo encontrou 21 OMPs que sdo comuns entre as espécies L. interrogans e L.
borgpetersenii pela aplicacdo de parametros que caracterizam a exposicdo na
membrana externa (DHANDAPANI et al, 2018). Esses alvos podem ser investigados
guanto a capacidade de gerar a protecao contra a doenca (DHANDAPANI et al, 2018).

As abordagens de imunoinformética podem auxiliar na identificagdo de OMPs
mais conservadas e imunogénicas. Um estudo recentemente utilizando essa
abordagem analisou todo o proteoma de L. interrogans identificando 2 OMPs, uma
proteina hipotética e a LIC20172 (LruC), que apresentaram um score antigénico
expressivo (LATA et al, 2018). Esse resultado indica a capacidade dessas proteinas
de induzir uma resposta imunoldgica potente, o que € interessante em antigenos

vacinais (LATA et al, 2018). Validi e colaboradores (2018) desenvolveram uma
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quimera contendo epitopos das proteinas LigA, Hapl, LAg42, SphH e HSP58. Através
da imunoinformética, os antigenos foram analisados quanto a predicdo de epitopos
para linfocitos T, INF-y e epitopos adicionais relacionados a CD4* e linfécitos T
auxiliares (VALIDI et al, 2018). O antigeno quimérico desenvolvido a partir desses
epitopos apresentou potencial na inducdo das respostas imunes mediadas por
linfcitos B e T, 0 que o torna um alvo vacinal interessante para testes in vivo (VALIDI
et al, 2018). Além disso, a predicdo de epitopos de linfécitos B, linfocitos T e epitopos
comuns entre eles nas proteinas OmpL1 e LipL32 foram realizados, com a intencao
de desenvolver uma quimera com mdultiplos epitopos para ser analisada
posteriormente em modelos animais como uma vacina contra a leptospirose (NAZIFI
et al, 2018). Utilizando o ORFoma de L. interrogans sorovar Copenhageni em um
microensaio proteico, foram determinados os perfis de anticorpos de pacientes
associados com a severidade da doenca (LESSA-AQUINO et al, 2017). Um conjunto
de 36 antigenos foram identificados usando os soros agudos e convalescentes
humanos, com 11 proteinas identificadas em soros na fase aguda da infec¢éo, que
podem ser utilizadas como antigenos no sorodiagnostico da infeccdo. Além disso, 33
dessas proteinas séo relacionadas a pacientes convalescentes apds a recuperacao
da leptospirose, demonstrando ter o potencial para 0 uso em vacinas contra a doenca.
As proteinas LigA/B dominios 1 ao 6, e LigB dominios 8 ao 12 apresentaram 0s
melhores resultados no diagndéstico de infeccbes leves e severas, respectivamente
(LESSA-AQUINO et al, 2017).

Estudos avaliando vacinas de bacterinas e de cepas vivas avirulentas e
atenuadas, tém realizado a triagem de diversos antigenos a partir dos soros de
animais vacinados que sobreviveram aos desafios letais homologos e heterdlogos
(SRIKRAM et al, 2011; LAURETTI-FERREIRA et al, 2020; PHOKA et al, 2021,
WUNDER et al, 2021). Esses antigenos podem ser 0s responsaveis pelas protecdes
cruzadas entre diferentes sorovares e espécies que essas vacinas promoveram. De
forma similar, para identificar novos antigenos expostos na superficie de Neisseria
meningitidis, foi desenvolvido um método para rastrear proteinas de N. meningitidis
por imunoprotedmica, que consiste na identificacdo das proteinas envolvidas na
resposta imune. Para isso, foi realizada a técnica CSIP utilizando células
meningocaocicas intactas com soro imune, e a identificacdo de proteinas que estavam
precipitadas com os anticorpos através de espectrometria de massas. Este método foi

bem sucedido na identificacdo de antigenos protetores, incluindo os atuais
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componentes da vacina para meningite (NEWCOMBE et al, 2014; DA CUNHA et al,
2017). Em um estudo piloto com Leptospira interrogans, o mesmo método de CSIP foi
utilizado para identificar varios dos candidatos vacinais mais comuns e 164 novos
antigenos alvo de Leptospira (dados ndo publicados, manuscrito 2). Enquanto esses
dados confirmaram o potencial de aplicar a CSIP a Leptospira spp., também foram
identificados antigenos que ndo estdo expostos a superficie, demonstrando que a
técnica requer mais refinamento. Além disso, outra fraqueza potencial da abordagem
acima é que ela so detecta antigenos que sao expressos in vitro.

Estudos de muitos organismos demonstraram que 0s agentes patogénicos
expressam um conjunto de antigenos apenas no ambiente do hospedeiro (CAIMANO
et al, 2014). Nesse contexto, um modelo desenvolvido para estudar os sinais
ambientais que influenciam a expressao génica diferencial em Borrelia burgdorferi foi
adaptado para Leptospira spp., como um modelo promissor para adaptacdo in vivo
das bactérias (CAIMANO et al, 2014; GRASSMANN et al, 2015). Esse modelo utiliza
DMCs que sao implantadas no peritonio de ratos (rattus norvegicus), os hospedeiros
reservatorios da bactéria. As DMCs possuem pequenos poros que permitem
eficientemente a troca de alguns nutrientes como glicose, ions e aminoacidos livres,
fazendo com que as bactérias tenham acesso aos nutrientes do hospedeiro e
permanecam protegidas do sistema imune, de forma similar ao ambiente encontrado
nos tubulos renais dos hospedeiros mamiferos. Através da utilizacdo da técnica de
DMC foram identificados 166 genes diferencialmente expressos no ambiente do
hospedeiro por RNAseq, incluindo genes que codificam proteinas associadas a
patogénese e fatores de viruléncia em leptospiras (CAIMANO et al, 2014). Estes
antigenos regulados no ambiente do hospedeiro sdo potenciais candidatos como

alvos vacinais.



3. Objetivos

3.1 Objetivo geral

Definir a influéncia das condic8es de cultivo in vitro na viruléncia de Leptospira
e identificar antigenos imunoreativos como potenciais alvos vacinais contra a

leptospirose.

3.2 Objetivos especificos

e Apresentar o panorama atual do desenvolvimento de vacinas recombinantes
contra a leptospirose para humanos, e os desafios que impedem o avanco

das pesquisas na area.

e Otimizar o cultivo in vitro de leptospiras garantindo a estabilidade da viruléncia

das bactérias.

e Selecionar novos antigenos vacinais expostos na membrana externa de
leptospiras pela aplicacdo das abordagens de vacinologia reversa e estrutural,
adaptacdo das leptospiras ao hospedeiro mamifero e imunoprecipitacdo de

superficie celular.

e Caracterizar os antigenos selecionados quanto a sua estrutura, funcéo predita
e capacidade imunogénica através de ferramentas de bioinformatica. Testar
guatro antigenos vacinais quanto as suas capacidades de gerar uma resposta

imune protetora no modelo animal de leptospiro aguda.
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ABSTRACT
Introduction: It's been 20 years since the first report of a recombinant vaccine that protecied against
leptospirosis, Since then, numerous recombinant vaccines have been evaluated; however, no recombl-
nant vaccine candidate has advanced to dinical trials. With the ever-increasing burden of leptospirosss,
there is an urgent need for a universal vaccine against leptospirosis,

Areas covered: This review covers the most promising vaccine candidates that induced significant,
repeoducible, peotection and how advances in the field of bicinformatics has led to the discovery of
hundreds of novel protein targets. The authors also discuss the most recent findings regarding the
innate immune response and host-pathogen inteéractions and their impact on the discovery of novel
vaccine candidates. In sddition, the authors have identified what they believe are the most challenging
problems for the discovery and development of & universal vaccine and their potential solutions.
Expert opinion: A universal vaccine for leptospirosis will likety only be achieved using a recombinant
vacaine as the bactenns are of limited use due to the lack of a cross-protective immune response.
Although there are hundreds of novel targets, due to the lack of immune correlates and the need for
more research into the basic microblology of Leptospira spp., @ unlversal vaccine fs 10-15 years away.
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1. Introduction

Considered to be the most widespread zoonosis in the world,
leptosplrosis Is caused by pathogenic spirochetes belonging
to the genus Leptospire, with 17 pathogenic species currently
described [1-4L This disease Is responsible for more than
1 million new, severe cases per year and almost 60 million
deaths, especially in underdeveioped countries where its
impact remains significantly underestimated [5), The global
burden of leptospirosis is comparable, or higher, to that of
other neglected Infectious diseases, such as dengue and
malania [6). However, while leptospiresis is an important public
health problem In many countries, especially South America
and Asia, it remains a neglected disease [7]. In addition, global
estimates show that aimost 2.9 million disability-adjusted life
years (DALYs) are lost to leptospirosis every year, Men from 20
to 49 years of age are most affected and this demonstrates the
impact of leptospirosis on global economic productive capa-
city, This puts the burden of leptaspirosis on the same scale as
schistosomiasis, leishmaniasis, lymphatic filariasis and even
cholera [B). Therefore, an effective vaccine against leptospiro-
sis Is urgently needed, especially given the fragile social-
economic situation in which remaln most people affected by
this disease.

Transmission of leptospires occurs by direct or indirect
contact with infected animals as, uniquely among the spiro-
chetes, can sunvive outside the host [3] although this is

reduced in L borgpetersenil (9], The bacteria enter their hosts
mainly through abrasions in the skin and mucous membranes
16]. However, current knowledge on the mechanisms involved
in leptospiral pathogenesis and virulence s limited, hindering
attempts at vaccne development. Key aspects Include two
periplasmic flagella [10] and components of these are essen-
tial for motility and virulence of pathogenic teptospira spp
[11]. Adherence to host tissues is likely to be important for
the establishment of an initial infection and several outer
membrane proteins (OMPs) have been shown to bind extra-
ceflular matrix components from the host [12]. On the surface
of leptospires, OMPs and lipopotysaccharide (LPS) are the main
virudence factors interacting with the host tissues and Immune
response [12). During disease, most of the specific antibodies
produced are against the Immuno-dominant LPS structure
[13]. Unfortunately, the anti-LPS cross-protective response is
limited to closely related serovars [6], and there are 24 ser-
ogroups containing over 300 serovars [14]. In the bloodstream,
leptospires are able to escape coagulation and the innate
immune system, thereby promoting their dissemination in
host tissues and resultant tissue damage [6,15). Invasion, dis-
semination, and colonization by the pathogen are supported
by the differential expression of ni virulence factors
116). Nevertheless, surface-exposed molecules are of particular
interest to vaccinologlsts, considering their vantage point at
the Interface of host-pathogen Interactions.
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Vaccine development studies are mainly focused on recom-
binant antigens, with the most promising targets being the
leptospiral immunoglobulin-like (Lig) proteins, Table 1 and
Table S1. In this review, we aim to provide an update on the
state-of-the-art  of leprospiresis vaccinology, 1o present
a streamlined protocol for the discovery of new vaccine can-
didates and to Identify the knowledge gaps which need to be
filled in order to accelerate development of an effective uni-
versal vaccine against this deadly disease.

2. The current landscape of leptospirosis
vaccinology

Even though # is over 100 years since the bacteria was identified,
the real impact of leptospirosis on public health remaing under-
estimated. To reduce the Incidence and control the disease, there
is an urgent need for new approaches to vaccine development.
Here, we will focus on the recombinant vaccines against leptos-
pirosis, highlighting the main achievements and their impacts. For
the purposes of this review, we adopted the following inclusion
criteria for vaccine candidates: that they conferred significant
protection {Fisher exact test (two-tailed], P < 005) 1251 and that
they were tested in more than one independent experiment.
Vaccines composed of inactivated whale cells (bactering)
have been used for over 100 yeass and are the only vaccines
currently licensed for the control of leptospirosis [1,15,26].

They are mainfy for animal use, but in countries such as
France, Cuba, Ching and Japan, bacterins are approved for
use in at-risk human populations [27]. Although there are
some downsides to the use of bacterins, they have signifi-
cantly reduced the Inddence of the disease and remain one
of the most viable strategies to control the infection in
humans [28]. These disadvantages Include adverse reactions
refated to bacterial LPS and/or growth media components,
short-term protection (memory B-cells are not induced as
LPS, the predominant immunogen in bacterins, s
a T-independent antigen) and the lack of cross-protection
13.25,29,30]. These factors are the most probable explanation
for the rejection of bactering by the developing countries most
affected by leptospirosis.

Several studies are ongoing to Investigate whether vac-
cination with live attenuated strains can achieve longer-
lasting protection. A promising study of a live attenuated
vaccine reported an efficacy of 60-100% and heterologous
cross-protection [31]. However, live attenuated vaccines
are considered less safe due to concerns over the possibi-
lity of reversion to virulence, an issue previously observed
with attenuated viral vaccines [32]; although this risk can
be minimized by deleting several virulence genes, as
reviewed in [33). These concems stimulated more recent
research Into recombinant vaccines and their development
{34,35], elther as live recombinant strains or subunit

Tulile 1. Secombinant vacdnes that Induced sigrif dudble, protection agains? leplospirosls,
Vaccine formadation Chalenge
Protein® Type Agpvane”  Rowed” WDy, equivalent  Type® % Efficacy”  Sterife immunity  Raferences
Ligh (681224} + Lig8 (68-1191)% Subunit A s 1000x HOM 100 No ]
Ligh (852-1224) 20x 100 s}
Ligh (825-1224) 25100 19}
Ugh (631-1224)° Xanthan gum 36x 100 (20
LigA (631-12241% FA 2x 10 (8}
LigA (631-1224) AIOH 100x 100 (45}
iuc §7.5-100
UgA (631-1224] + 6 OMPy AloH £0.0-100
FiiC 75.0-100
LigA (631-1225] Liposomes 0= 875 (edl]
LigA (631-12251 PLGA s0
LigB [131-645) NOH M 80,0-100 Yeu 22}
LigB {31630 + {630-1418) » (1418-1390)" «©C 25 856857 L) {3}
Lge {31-830" S00-714
AocaA® Brime-boost 1Y) 5% 100 You [44)
DA £13-100 L)
Peime-boost HET 100 Yes
DA £13-100 No
i Prime-boost a3
DA
LpCa0T + Lp1 118 + Lp1454 Subunit Leptanomes <« 0w HOM 50 7
Escheriosomes
wooor + Lp1 118 + Lpid54 Semegmosomes 750 (481
oMps™ AIOH 100x 50.0-700 (451
'Pmten:hmmn b protewn {or ded in the ONA) are shown in brackets.
FAdjovatt type; ANOH: Alumi frpdrooade; FIC: Solmonel enmsuvm'yphmhmhgdm XMlnuunrMmMMededvedthMnmuw.

FA: Frewrd's adjuvant: one dose with complete Freund's adj ad 2

dove with i whete Freund's adju from lipids

of (. bflexa; Escheriosomes Lipowomes made from Escherich

<oV lipids: S

M’-:mphm; mwnd of poky t«v«odywk i
v moute: IM:
“Chatlenge type: HOM: Chalongo wrh a

o Lp mode from m«tm meamom fpids; PLGA:

sarovar HET: Challenge with 3 heterclogous serowar,

mnabgua
WyItmm«dnmmmmmmmxlmnmmmmlmmmmml
experiments

'A mouse model was wed in theso

TTwo indepondent sxparimenas, ¥ the others weve from throe or moee Independant experiments,

"Two experiments were significant.

‘& OMPs: Pool of the outer membrane proteins Lp11 + Lp2) « Lp22 « £p25 + Lp3S » Lsadl,
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vaccines composed of recombinant antigens that are rela-
tively easy to produce as highly purified proteins that can
be either synthesized or heterologously expressed in large
scale [15,36).

The most extensively studied vaccine candidates to date
are the Leptospiral immunoglobulin-fike (Lig) proteins [37).
These surface-exposed proteins are highly conserved and are
only found in the pathogenic Leptaspira spp., reviewed in [38].
Initially discovered using convalescent human sera, they were
later shown to be upregulated during infection [37,39)] and are
likely to be involved in adhesion to host cells {40]. Vaccines
using the LigA or LigB recombinant proteins have demon-
strated a wide range of protection, dependent on the vaccine
composition and the challenge methods. Recombinant pro-
teins based on the unique C-terminal reglon of LigA (LigANI}
and the N-terminal portion of LigB (LigBrep), which is aimost
identical to that of LigA, have been used in different
approaches to confer protection against leptospirosis, see
Table 1. Numerous independent research groups have
shown that LighNI and aluminum hydroxide {AIOH) adjuvant
confers robust protection against lethal challenge, ranging
from 80% to 100%. However, LigA is not present in all patho-
genic species, potentially limiting its role in a universal vaccine
against leptospirosis. LigBrep and AIOH eficited high protec-
tion levels (50-100%] In several studies and, importantly, Lig8
Is highly conserved in all pathogenic Leptospira spp. Recently,
Hsieh and collaborators demonstrated the Importance of
understanding the molecular structure of epitopes for intelli-
gent vaccine design [41). Using X-ray scattering, the authors
determined the structure of the region of LigB that is involved
in protein adhesion and identified the epitopes available for
interaction with antibodies, When the antigenic epitopes were
combined In a chimeric recombinant protein this improved
efficacy compared to previous LigB vaccine preparations. In an
additional study, Ptak and collaborators analyzed the thermo-
stability of the LigA and Lig8 domains and observed that not
all domains were stable at physiologically relevant tempera-
tures; suggesting that thermostability could play a role in
protein function [42]. These findings highlight the importance
of dissecting the structural and biophysical characteristics of
vaccine candidates toward improved understanding of ¢hal-
lenge outcomes, This Information will be increasingly Impor-
tant in structure-activity-relationship (SAR) studies during the
pre-clinical development stage.

HID, a fiagellar hook-associated protein required for flagei-
lar elongation, was identified from an expression library of
L. interrogans serovar Autumnalis, which was screened using
pooled patient sera [43], Further analysis found that FiiD is
highly conserved among pathogenic leptospires, However, it
induced significant protection (83%) as either a DNA or
& prime-boost vaccing only following a heterologous chal-
lenge [44), In the homologous challenge, while 4/6 hamsters
were protected, this was not significant using the Fisher two-
tailed analysis, possibly as a result of using too few animals per

group.

Several OMPs (Lp11, Lp21, Lp22, Lp25, Lsa30, and Lp35S),
identified using a bioinformatics approach, induced a partially
protective immune response when pooled in a single vaccine
preparation, see Table 1 [45], In addition, when these six OMPs
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co-administered with LigANI and the adjuvant FiiC, hamsters
were significantly protected (75%) against lethal challenge
and 72% of the animals exhibited sterilizing immunity.

Another bloinformatics study identifled 12 OMPs {46, and
while none of the OMPs induced a protective response when
administered individually, three Lp0807 (Mcell), Lp1118 and
Lp1454 showed promising results. When these three recombi-
nant proteins were mixed with lipesomes from nonpathogenic
bacteria, they significantly protected hamsters against chal
lenge (47,48},

Surprisingly, cytosolic proteins have also been shown to
elicit protective immunity even though they are not the logi-
cal choice for vaccine candidates as they are not generally
thought to be expressed on the bacterial surface. Recently,
recombinase A (RecA), a cytosolic protein, protected 83% of
immunized animals against homologous and heterologous
challenges and induced sterilizing immunity [44], Although
several antigens have eficited sterilizing immunity (Table 1),
this is not generally considered a priority for a leptospiral
vaccine since person-to-person transmission of leptospirosis
is not considered to be a risk [27], As the search for novel
protective candidates is limited by several logistical con-
straints, Including the indispensable use of experimental ani-
mals and funding, the field has tended to focus on OMPs, as
these are more likely to eficit protective Immunity than cyto-
solic proteins,

Overall, these findings provide a source of antigens that
can be moved forward in the vaccine development pipeline,
although novel targets are necessary for the development of
a universal vaccine. Screening surface antigens recognized by
convalescent sera have led to successful outcomes with LigA
and LigB. However, this has proven 1o be a weak predictor for
the development of an effective leptospiral vaccine as several
other OMPs have been tested in different vaccine composi-
tions and the spectrum of protection ranged from non-
protective to 100%, as reviewed In [38]. It seems likely that
a focus on the discovery phase of vaccine development with
strategies such as reverse and structural vaccinology data
should improve the identification of novel vaccine candidates.
Furthermore, target discovery based on host-adapted bacteria
i an emerging approach in several infectious disease fields,
ranging from antimicrobial discovery to diagnostics and vac-
cine development [49-51). In addition, host-adapted Bovrelia
burgdorferl upregulate expression of OspA, a component of
the human vaccine against Lyme disease (521 This approach
relies on the widely accepted notion that pathogens perceive
and respond to host-specific stimuli during infection through
differential gene expression and, thereby, in vitro-grown
organisms are unlikely to be an accurate model of the
in vivo state of the pathogen, The use of host-adapted bacteria
in leptospirosis vaccine development will enrich the pool of
candidate targets in the discovery phase and potentially
reduce the attrition rate in challenge studies.

3. Adjuvants

Although subunit vaccines are inherently safer than bacterins,
the Immunogenicity of these antigens is not as efficient as
whole-cell vacdines [53,54]. The use of material that improves
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the establishment of cellular or humoral immune responses
against these antigens is therefore an important step in vac-
cine development (54), In addition, adjuvants can reduce the
amount of antigen required per immunization, potentially
minimdzing  side-effects at the vacdnation site [15)
Furthermore, screening the same antigen with different adju-
vants may provide Insights into the specific Immune mechan-
isms by which the antigen protects, and therefore help to
guide vaccine design. Leptospiral recombinant vaccines have
been formulated with several adjuvants and the most com-
monly used are AKOH and Freund’s adjuvant (FA), see Table 1
and 51 [34]. Other adjuvants used included: FIC, a protein
from the Solmeonella enterica serovar Typhimurium flagelling
xanthan gum; liposomes derived from nonpathogenic micro-
organisms; and microspheres, reviewed In [34L The most
Important conclusion we can draw s that AIOH should be
regarded as the adjuvant of choice for screening new vaccine
candidates. When the recombinant vaccine conferred protec-
tion and more than one adjuvant was tested, the formulation
containing AKOH always induced a protective immune
response, Table 1, This strategy will allow us to significantly
reduce the number of challenge experiments being carmed
out during target discovery and validation and thereby the
number of animals, see Figure 1. Once a vaccine candidate has
been shown to protect, different adjuvants can be evaluated
toward improving the efficacy of the vaccine formulation.

4, Recent developments in leptospiral vaccine
target discovery

Most of the conventional methods used to identify leptospiral
vaccine candidates were based on in vitro grown leptospires
[25). However, Caimano and colleagues [55] and Nally and
colleagues [56] showed that leptospires cultivated in dialysis
membrane chambers (DMCs) implanted in the peritoneal

cavity of rats substantially altered their transcriptome and
proteome in response to mammalian host-specific signals,
These host-adapted proteins represent a potentally valuasble
source of vaccine candidates.

Target discovery can be performed i silico by reverse
vaccinology (RV), which starts with an analysis of the entire
genome using bloinformatics to predict surface-exposed anti-
gens that represent potential vaccine candidates, without any
requirement to cultivate the pathogen [57,58]. This usually
results in the identification of hundreds of target proteins
that are expressed heterologously, in, e.g, E, cofi, these recom-
binant proteins are subsequently screened in the laboratory to
evaluate their potential to induce 3 protective immune
response. The recently proven success of RV in the form of
a licensed Meningitls B vaccine provides an optimistic per-
spective for leptospirosis vacanology [59,60). RV has been
used to screen leptosplrosis Immunogens during vaccine
design and is discussed extensively in (61} Recently, our
research group discoverad novel antigens by mining the gen-
ome of L, interregans serovar Copenhageni strain L1130 {LIC),
and we were able to refine the fist down 10 18 transmembrane
f-barrel proteins and eight OMPs that were well conserved
among 20 different Leprospira spp [62]. Predicting 30 struc-
tures, known as structural vaccinology (5V), Is laborious, sel-
dom performed and, untll recently, confidence In the
predicted structures was not high [63] Nevertheless, this SV
approach allowed us to assign function to the proteins found
by RV and, more importantly, map their major histocompat-
ibility complex Il (MMC-I1) surface-exposed immunogenic epi-
topes [62).

Lata and collaborators [64] also analyzed the proteome of
LIC, ranking proteins by antigenicity and subcellular location,
Of the 21 proteins with the highest antigenicity score, two
were identified as OMPs and one of these, a lipoprotein, was
analyzed for B-cell (linear and conformational) and T-cell
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(helper and cytotodc-THdymphocytes (CTL)) epitopes. In
a novel approach, the CTL epitopes were evaluated for dock-
ing with HLA class | molecules and the stability of these
structures was determined and a potential peptide vaccine
candidate for leptospirosts, Using an Inverted approach,
Zeng [65] apphied a negative RV selection strategy, combining
a pan-genome analysis to Identify cytoplasmic and Inner
membrane proteins (non-wvaccine candidates) among 17
L. interrogans strains. Once these proteins were excluded
from the list the remainder were novel potential vaccine can:
didates. Together, these results exemplify the vast array of
unexplored antigens that can be revealed by RV that, com-
bined with 5V, could lead to the development of effective
leptospirosis vaccines.

Our group is avaluating whether these approaches can be
further refined using cell-surface immunoprecipitation (CSIP)
techniques In combination with a comprehensive bioinfor-
matics analysis to identify only the antigens exposed on the
surface of the pathogen [62,66,67), CSPP experimentally iden-
tifies antigens exposed on the surface of live intact bacterial
cells [66]. Immuncprecipitation with sera from convalescent
patients followed by protein identification using mass spectro-
metry can detect potentially immunoprotective seroreactive
proteins [66]. Althowgh this approach may provide satisfactory
results when applied alone, there are potential synergistic
benefits when combined with In siico RV and SV data to
generate a rigorously selected pool of antigens. Currently,
our group is utilizing in vivo-adapted leptospiral cells for
CSIP 10 detect surface-exposed antigens that are differentially
expressed in response to mammalian host signals during
infection, Cross-referencing this data with RV and SV results
has identified promising, novel, vaccine candidates, which are
now being evaluated in challenge experiments.

Additionally, these approaches can provide valuable infor-
mation regarding host-pathogen Interactions. Increasing
efforts toward understanding the basic mechanisms underly-
ing leptospiral pathogenesis and the host immune response
will lead to Improvements in rational vaccine design.
Overcoming major hurdles such as the discovery of immune
correlates will likely enable high-throughput antigen valida-
tion and optimization propelling the field of human leptos-
pirosis vaccinology toward clinical trials,

5. The host-pathogen interface and vaccine
development

Leptospiral pathogens infect mammalian hosts through muco-
sal barriers or skin lesions, Initially triggering an innate
immune response through NOD-like (NLR) and toll-like recep-
tor (TLR) recognition [15] Recently, the surface-exposed
Lipl21 antigen was shown to bind peptidogiycan, thereby
preventing its degradation into NOD-recognizable muropep-
tides and enabling leptospires to bypass NOD1 and NOD2
actlvation [68.69), These receptors signal through the NF-xB
and MAPK pathways, leading to the production of inflamma-
tory cytokines, leukocyte recrultment and the production of
Inducible antimicrobial molecules. Importantly, NLRs acting in
synergy with TLR receptors can coordinate an adaptive
immune response [70]. Furthermore, the activity of leptospiral
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glycolipoprotein in coordination with TLR signaling leads to
NLRP3 inflammasome activation and ultimately to the secre-
tion of intereukin (ILF1R [71), IL-18 is a potent proinflamma-
tory cytokine mediating pyroptosis, fever, inflammatory pain,
cell prolifecation and other effects central to Inflammation.

The activities of the TLRs during leptospirosis have been
demonstrated in human and murine cells, The most iImportant
leptospiral virulence factor involved in TLR signaling is lipopo-
lysaccharide (LPS), Mutating the genes in the LPS biosynthetic
pathway leads to virulence attenuation in the acute disease
model and failure to colonize kidneys of the carrier host
172,73]. Nevertheless, the mechanisms by which LPS promotes
virulence remain unclear, In the non-susceptible murine host,
leptospiral LPS Is recognized by TLR4, which triggers early
production of leptospire-specific M  [74]. However, In
humans, this wrulence determinant Is recognized by TLR2/
TLR1 heterodimers and not TLR4, which is unusual compared
to other Gram-negative pathogens [75,76]. This is likely due to
the structurally unique leptospiral lipid A, although it seems to
require the polysaccharide components of LPS or a lipoprotein
for TURZ recognition [76).

Leptospiral lipoproteins, including the immunodominant
Lipl32, are recognized by the innate immune system via
TLR2 {751 Althcugh the function of Lipl32 is poorly under-
stood, it has been shown to bind plasminogen and extracel-
tular matrix components possibly contributing to invasion and
renal colonization [77,78]. The non-essential nature of this
protein for virulence or in vitro growth illustrates perfectly
the redundancy often seen among leptospiral poproteins
179]. Lipk32 is the most abundant lipoprotein of leptospires,
eliciting a strong, albeit, non-protective immune response [77).
TLRZ-mediated inflammation in the kidneys leading 1o nephri-
tis was Lipl32 dependent in a zebrafish model, with Lipl32
expressed soon after infection [80L Interestingly, post-
translational modifications (PTMs) unique to host-adapted lep-
tospires have been observed in LipL32, and the modified
lipoprotein was approximately fivefold less immunogenic
than Lipl32 from bacteria grown in vitro, suggesting a that
PTMs can play a role in immune evasion [81], PTMs, specific to
host-adapted leptospires, have since been shown on several
other antigens in a study done in collaboration with our
research group using DMCs implanted in the rat peritoneal
cavity [56). Further dissecting when and how these modifica-
tions occur in leptospires and In the context of heterologous
protein expression may prove useful for the development of
vaccine candidates,

Following recognition by the pathogen-associated molecu-
lar patterns (PAMPs), eg. LPS, internalization of leptospires
occurs via actin cytoskeleton rearrangement, mediated by
bacterial and host factors [82] Important leptospiral proteins
are thought to facilitate phagocytosis. Deletion of the mam-
malian cell entry proteln [Mce} in the genome of pathogenic
leptospires hampered their abillty to infect macrophages and
hamsters and this was restored upon complementation [83).
Additionally, when Mce was heterologously expressed in
L biffexa, the mutant saprophytes gained the capability to
adhere to and invade macrophages [83].

Upon entry, leptospires could survive and replicate in
human macrophages, but less so in murine macrophages,
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probably due to their subcellubar lecation, which is cytosolic in
human and lysosomal in murine phagocytes [84]. Even though
the factors enabling intramacrophage survival remain unclear,
it is possible that phagocytes may provide temporary respite
from the immune response as the pathogen traffics to the
kidney. In the zebrafish model, leptospires survived for up to 2
days within macrophages, with infected cells migrating to
a specific tissue site, suggesting that these phagocytic cells
contributed to tissue Invasion [85]. However, reproducing
these results in a mammalian host is needed to further corro-
borate this hypothesis. Additionally, a recent study showed
that macrophage depleted mice infected with L interrogans
showed increased bacteremis (86), suagesting that if there is
a role for macrophages in promoting dissemination, It may be
limited to susceptible hosts. Recruitment of neutrophils is
mediated by pro-inflammatory cytokines such as [FNy.
Neutrophilia Is often observed during leptasplrosis, although
its role is still being investigated. A recent study showed that
leptospires induced a pro-inflammatory phenatype in human
neutrophils via TLR2 [87). This resulted in increased neutrophil
adhesion to collagen, secretion of IL-8 associated with greater
migration, as well as IL-15 and IL-6 that prolonged neutrophil
survival. Although only the pathogenic leptospires avoided
phagocytosis. Importantly, the activated neutrophils secreted
antimicroblal agents with extracellufar activity. This Included
neutrophil extracellular DNA traps (NETs), which is the release
of DNA and bactericidal enzymes that form barriers known as
NETs [88], Leptospires induced the formation of NETs by
human neutrophils and NETosis, resulting in the trapping
and killing of pathogens [39]. However, pathagenic leptospires
can secrete nuecleases which degrade DNA, suggesting that
they may be able 10 evade NETosis [B9]. Furthermore, the
surface lipoproteins Lipl21 and Lipl45 inhibited the activity
of neutrophil myeloperoxidase, an enzyme which acts both in
phagosomes and extracellularly, producing the highly toxic
hypochlorous acid from peroxide and chloride anions [90).
This data, together with results demonstrating the role of
leptospiral surface lipoproteins for immune evasion, highlights
their importance as potential vaccine candidates,

The complement system is an important part of the innate
immune arsenal, Nonetheless, it is widely accepted that lep-
tospites can bypass all three complement pathways, The
mechanisms undertylng complement evasion by leptospires
have been extensively reviewed by Fraga and collaborators
[91]. A pool of leptospiral surface antigens has been shown to
be involved in complement evasion. Importantly, LigA and
LigB have been shown to mediate complement evasion by
binding plasminogen, which when converted to plasmin can
degrade complement components [92.93). These leptospiral
surface proteins, together with LenA, LenB, and LcpA,
recruited complement regulators, such as factor H, which
retained its activity as an inhibitor of the alternative pathway
[91]. Also, @ novel protein on the surface of L. interrogans has
been shown to Interact with plasminogen and complement
proteins [94]. Furthermore, this pathogen can directly inhibit
the complement cascades by secretion of proteases which
cleave complement components. Novel proteins with proteo-
lytic activities against complement continue to be described
[95]. Recently, the downregulation of factor H-binding

proteins was demonstrated in culture-attenuated leptospires
and this was associated with diminished survival In human
serum [96]. This underlines the importance of these virulence
factors for bacterial invasion and dissemination through the
bloodstream.

Since a significant part of disease control is done innatefy,
leptospires have evolved a vast armay of virulence factors to
counteract and evade this aspect of the immune system,
Utilizing these factors in combination with infection routes
which mimic a real infection and do not bypass important
innate barriers could lead to the development of a more
effective vaccine. Several challenge metheds using mucosal
of transcutaneous Infection routes have been successfully
optimized for mice [97], hamsters [98) and guinea pigs [99).
The Haake and Gomes-Soleckl groups used a lipidated form of
the LigANI In an oral vaccine against two challenge routes
[100]. Interestingly, higher levels of protection were observed
with challenges via the natural route of infection (intradermal)
emphasizing the important role of biologically relevant chal-
lenge routes during vaccine candidate optimization, Further
exploring these methods may highlight previously unknown
of underrepresented antigens,

Moreover, the stimulation of innate immune factors indir-
ectly through adjuvants or directly is an important aspect of
vaccine development. Exciting results have been obtained
using a synthetic molecule or Lactobacillus plantarum as ago-
nists of TLR-2 and NOD2 to prime the immune system and
trigger innate immune memory, where increased reactivity of
innate immune cells was observed in pre-treated mice [101],
The responses of several elements of innate immunity were
systemically enhanced for up to 3 months after treatment with
a synthetic agonist, including bactericidal macrophage activ-
ity, IL6, and IFNy production [102]. Pre-treatment with these
innate Immune agonists also decreased dissemination and
overall bacterlal burdens [107,102). Together, these studies
prowide new tools for vaccine development, and further elu-
cidate the innate immune mechanisms underlying leptospiro-
sis. As the role of the innate immune system continues to be
dissected, it will certainly improve our understanding of chal-
lenge experiment outcomes, driving the optimization of exist-
ing vaccine candidates and the discovery of novel approaches.

6. Conclusions

The development of a universal vacdne against leptospirosis is
only likely to be achleved through the recombinant vaccine
route, and although we appear to be no doser than we were
20 years ago, there are encouraging results that show the field
s making progress. Several hundred novel vaccine candidates
have been identified using in silico approaches combined with
the novel application of experimental confirmation of the
surface-exposure of these proteins, However, progress is inhib-
ited by the lack of correlates of immunity and absence of
a consensus on the protocols used to evaluate vaccine candi-
dates In a suitable animal model. This has made it difficult to
Interpret the published data and overcome the hurdles toward
moving potential vaccine candidates into pre-clinical and din-
ical trials, We propose that establishment of a standardized
protocol for the evaluation of efficacy of recombinant vaccines
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be a priority for the field that would enable it to overcome
these shortcomings,

7. Expert opinion

The year 2019 Is the 20th anniversary of the first paper that
described a recombinant vaccine that conferred significant
protection in a lethal model of leptospirosis [35]. Since then,
many recombinant vaccines have been evaluated, however,
no vaccine candidates have progressed to clinical trials, There
are several reasons for this: 1) we need better vaccine candi-
dates; 2) there is a lack of consensus on the ideal laboratory
animal model of leptospirosis, including the challenge dose
and strain; 3) the poor reproducibility between protection
studies; and most importantly 4) the lack of correlates of
Immunity for leptospirosis. The authors therefore believe that
a universal vaccine is likely to take at least 10-15 years for
product approval.

However, it is not all doom and gloom, For this review, we
collated all of the published data associated with recombinant
vaccines for leptospirosis since 1999 and we have been able to
draw several conclusions that should aid the discovery and
development of vaccines condidates toward the goal of
a universal vaccine. We also note that the discovery phase
for the Identification of novel antigens has been significantly
improved with the use of the technigues such as RV, SV, CSIP;
together with epitope mapping of the surface-exposed
domains of these proteins. We should also recognize that
there are significant knowledge gaps in the basi microbiclogy
of leptospira spp. induding host-pathogen interactions.
However, this field is rapidly evolving, and the availability of
hundreds of genomes should be of benefit. Nevertheless, the
meaningful interpretation of this data represents a potential
holdup that will slow progress. A large number of leptospiral
genes, Induding virulence factoes, do not have an assigned
function and many are unique to Leprospira spp. with no
known orthologues In other bacteria [103,104]. The functional
characterization of these proteins will provide much needed
information and could Identify additional vaccine candidates.
The application of a systems biology approach would greatly
aid our understanding and provide new targets for possible
interventions. In addition, we now know that post-translation
modifications occur in Leptospira spp. and this will likely have
& major impact on the production of the recombinant proteins
used In vacdine preparations. However, unless we can identify
in virro assays to screen the hundreds of proteins that have
and will be identified, there will be a serious bottleneck
between discovery and the evaluation of these potential vac-
cine candidates.

Several small animal models have been used to evaluate vac-
cine candidates, and while the hamster is the cumently recom-
mended model, mowse, guines pig, and gerbil modeds have been
used. The main advantage of the hamster i that it recapitulates
human symptoms, eg kidney failure and pulmonary hemortha-
ging are frequently observed following challenge. However, the
only commerdially available tools for the characterization of the
Immune response are anti-hamster antibodies. There are no avall-
able kits to characterize the cefldar Immune response;
a shortcoming that could significantly imipact vaccine discavery.
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Most studies have focused on indudng a humoral Immune
response, and little thought has been given to any potential role
for a T-cell response, Recently, the Wenz and Gomes-Soleck
groups evaluated several mouse models and while wildtype
mice are resistant to leptospirosis, a number of knockout (KO}
madels showed promising results. Importantly, there are a wide
range of commercially available kits for the characterization of the
immune response in these KO mouse models [105].

The field also urgently needs to agree upoen an improved
classification system for Lepraspira spp, The current system of
serological typing has identified over 300 pathogenic serovars
belonging to 18 serogroups and this has caused a certain
amount of confusion with respect to claims of cross-
protection. While several multilocus sequence typing, variable
number tandem repeat, and pulsed-field gel electrophoresis
schemes have been proposed for the molecular typing of
Leptospira spp, none has emerged as the typing method of
choice. The adoption of a standard molecular typing scheme
would allow us to clearly define homologous and heterolo-
qous challenges. At present, strains that belong to the same
serogroup should be considered as homologous challenges,
while challenge strains belonging to different serogroups
should be regarded as heterologous chailenges, with respect
to the source of the recombinant vaccine. Furthermore,
inspection of the results of the evaluation of the numerous
vaccine candidates to date reveals that there are no accepted
standards for the routes of immunization, adjuvant or chal-
lenge strain, dose and route of infection, see Table 1 and S1,

While the lack of immune correlstes for leptospirosis is
a significant barrier, several research groups are focusing on
this problem using the information from other spirochetes,
e.q. Treponemna spp. and Borrelia spp. This includes the devel-
opment of an opsonophagocytosis assay using macrophages
from vaccinated animals or potentlally i vitro stimulated
macrophages, thereby reducing the need for laboratory ani-
mals during the Initial screening stage. Another potential
assay Is the Inhibition of leptospiral growth by sera from
immunized animals, similar to one of the assays used in the
screening of the MenB vaccine candidates identified by
RV [60),

¥ we look at the vaccine data available to date, Table 1 and
Table 51, a wide range of challenge doses (2.5 10 1000x LDg)
and stralns were used. The route of infection tended to be
Iintraperitoneal but also Included more natural routes, eg.
ocular and intradermal. Most animals were Immunized either
by subcutaneous or intramuscular Injection; also, the amount
of recombinant protein used in the vaccine formulation varied
considerably between 3 and 100 pg/dose. These variations
could account for the different efficacies reported. This pro-
blem could potentially be solved centralizing the evaluation of
the maost promising of the vaccine candidates 8t one or two
laboratories. This would dramatically improve reproducibility
as the animal model, vaccine formulation, challenge strain;
and the dose could be standardized.
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Abstract

Leptospirosis is considered the most widespread zoonosis worldwide, with an
estimated of more than 1 milion new cases in humans per year and
approximately 59,000 deaths. Although leptospires have been cultivated in vitro
for more than a century, several aspects of the basic microbiology remain
unknown, especially the impact of in vitro cultivation on the virulence of
leptospires. The aim of this work was to evaluate different conditions for in vitro
growth of Leptospira spp. and the corresponding virulence in a hamster model of
acute leptospirosis. L. interrogans strains Fiocruz L1-130 and RCA and L.
kirschneri strain 61H were cultivated using commercial EMJH (Difco) medium and
in house EMJH (IHM) supplemented with rabbit serum. Temperatures of 28°C
and 37°C, different flasks and initial inoculums from 5 to 5x10* leptospires in 5 ml
were tested to evaluate the in vitro growth dynamics of leptospires. Hamsters
were infected intraperitoneally with leptospires from different bacterial growth
phases to determine the lethal doses for 50% of infected animals (LDso).
Leptospires cultivated in both EMJH media at 28 °C showed growth with densities
of 108 leptospires/ml from 8 to 12 days post-inoculum. Static tubes provided the
best growth conditions in both media, and effective bacterial duplication times for
the pathogenic strains. Using the IHM at 28°C initial inoculums of five leptospires
in 5 ml took 14, 16 and 18 days post-inoculum to be observed under microscopy
for the strains Fiocruz L1-130, RCA and 61H, respectively. The commercial
EMJH was not effective to growth inoculums smaller than 104 leptospiras/ml. The
growth of leptospires at 37°C was not effective in either medium. Cultures in the
stationary phases demonstrated a significant decline on LDso when using the IHM

medium for the strains Fiocruz L1-130 at 28°C (P < 0.001) and 37°C (P < 0.01)
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and RCA at 28°C (P <0.001). Together, these results show that the IHM medium
at 28°C was effective in the growth of leptospires. In addition, leptospires in
exponential growth phase are more virulent than spirochetes from stationary
cultures in the strains Fiocruz L1-130 and RCA. A protocol for in vitro cultivation
was established ensuring satisfactory densities of leptospires, growth from
smaller inoculums without impact bacterial virulence. This protocol is an important

tool for studies of pathogenesis and vaccinology.

Author summary

Leptospirosis has been a global health problem, especially in tropical regions and
developing countries. Leptospirosis control requires improvements in basic
sanitation, use of EPIs, awareness of at-risk population and vaccination. One of
the most important steps of vaccine experiments is the challenge of vaccinated
animals using virulent leptospires. However, the survival of animals from the
control groups in these experiments may influence the vaccine’s efficacy,
suggesting that the virulence of the bacteria was reduced. The in vitro cultivation
of leptospires is underexplored, especially the influence of microbiological
practices on virulence of pathogenic strains. This study aimed to evaluate several
in vitro conditions involving leptospiral growth and determine if the in vitro growth
can influence on leptospiral virulence. Our results demonstrated that leptospires
grew satisfactorily at 28°C in static tubes reaching densities of 108 leptospiras/ml
in exponential phase, even when smaller iinoculums of 5 leptospires were used.
Interestingly, we demonstrated that leptospires in the stationary phase presented
a reduced LDso, suggesting that these leptospires were less virulent when

compared to the bacteria in exponential phase. These observations suggest that
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in vitro practices may affect the growth, isolation of new strains from biological

samples and it is important to maintain the bacterial virulence stable.

Introduction

Leptospirosis affects more than 1 million people annually, resulting in
approximately 60.000 deaths. The disease is considered the most widespread
zoonosis in the world [1,2]. Pathogenic species of the genus Leptospira are the
etiologic agent of leptospirosis and the pathogenic clade of leptospires contains
17 species currently described [3,4]. The bacteria infect humans and other
animals, especially mammals, through direct contact with contaminated urine or
indirectly via contaminated water and soil [2,5]. The infection has a high impact
on public health with serious economic consequences, leading to loss of 2.9
million of Disability Adjusted Life Years (DALY) per year [6]. The incidence of
leptospirosis is likely underestimated because of inaccessible and insufficiently
rapid laboratory diagnostics, lack of awareness and structured notification
systems [5,7]. The implementation of measures such as close the open sewers
and the use of appropriated personal protective equipment, could reduce the
human and animal risk in endemic areas. In addition, one efficient approach for
disease prevention is vaccination of animals and human population at increased
risk of exposure [7-9]. However, even after 20 years of research towards the
development of modern vaccines, no recombinant vaccine is available to control
the disease [10].

Leptospires were isolated from guinea pigs inoculated with infected human
blood and were cultivated in vitro for the first time in 1916 [11]. This led to the

development of several culture media that provided essential nutrients and
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optimized the manipulation of leptospiral strains (see the main media in Zuerner
2005 and Adler 2015). The in vitro maintenance of leptospires is a time-
consuming activity with a high risk of contamination and a need for quality control,
as well as specialized/trained individuals [12]. One of the most important
contributions to the microbiology of leptospires was the development of the
Ellinghausen-McCullough-Johnson-Harris medium (EMJH) [13,14]. The use of
EMJH allowed in vitro cultivation of several species and strains to be grown in
vitro and became widely used for leptospires [8,9,15]. For in vitro growth
leptospires require carbon, nitrogen, and long chain fatty acids [16,17]. In
addition, detoxicants and important nutritional supplements include thiamine,
copper, manganese, calcium phosphate, magnesium phosphate and iron [16,17].
To improve the in vitro growth of pathogenic leptospires, additional components
such as animal sera, vitamin B12, sodium pyruvate and superoxide dismutase

can be added to the culture medium [16,17].

Leptospires are difficult to growth in vitro and the cultures are often subject
to contamination, resulting in qualitative and quantitative problems for the long-
term maintenance of viable bacterial collections [5,8,18]. Furthermore, there is
still a knowledge gap for leptospiral microbiology. There is little information
available on the influence of different techniques during the cultivation of
leptospires, e.g. how to optimize growth and their impact of virulence in animal
models. The use of different temperatures, oxygenation (leptospires are
microaerophilic), inoculum size, and type of container for cultivation remain
unanswered questions. To overcome these shortcomings, the present study
evaluated the in vitro growth kinetics of three pathogenic strains in EMJH,

towards establishing the optimal protocol. In addition, we evaluated the impact of
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these changes on virulence and we have described a protocol for in vitro growth.
Our results showed that the virulence was affected by growth phase and that the

minimum inoculum was dependent on the growth media.

Methods

Ethics statement

This project was evaluated and aproved by the Ethics Committee on Animal
Experimentation (CEEA) at the Federal University of Pelotas, under CEEA No.
4337-2015. The CEEA at UFPel is accredited by the Brazilian National Council
for Animal Experimentation Control (CONCEA). The animals used in this project
were kept at the Central Vivarium of the Federal University of Pelotas in
appropriate micro isolator boxes, with temperature and aeration control, a 12 h
dark-light cycle and ad libitum water and feed supply, in accordance with the

Ethical Principles in Animal Experimentation.

Bacterial strains and in vitro culture media

Leptospira interrogans serogroup Icterohaemorrhagiae strain RCA isolated from
a domestic dog [19], L. interrogans serogroup Icterohaemorrhagiae serovar
Copenhageni strain Fiocruz L1-130 [21] and L. kirschneri serogroup Pomona
serovar Mozdok strain 61H [20] both isolated from human patients, were used in
the experiments. Commercial EMJH medium (commercial EMJH, BD Difco,
Sparks, Maryland, USA) was prepared following the manufacturer's instructions.
The medium was supplemented with 10% of Leptospira Enrichment EMJH (BD

Difco, Sparks, Maryland, USA) and 1% 5-Fluoruracil (final concentration of 10
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ug/ml, Sigma-Aldrich F6627, Missouri, USA) [13, 14]. An in house EMJH medium
(IHM) was prepared as previously described [22], and supplemented with 1%
rabbit sera (Bio Nutrientes, Sdo Paulo, Brazil) and 1% 5-Fluoruracil (final

concentration 10 ug/ml, Sigma-Aldrich, Missouri, USA).

Bacterial growth

Frozen stocks of Leptospira spp. were thawed at room temperature, inoculated
into 5 ml of commercial EMJH or IHM media, and incubated at 28°C for 7 days
prior to the experiments. All the strains were used under no more than five
passages in vitro after isolation from kidneys of infected hamsters. The growth
curves were started using an initial inoculum of 5x10° leptospires in 5 ml and/or
1x108 leptospires in 10 ml, in three different cultivation strategies: static 15 ml
polypropylene tubes (static tubes), 15 ml polypropylene tubes with constant
agitation at 180 rpm (agitated tubes), both containing 5 ml of medium, and 50 mi
polystyrene culture tissue flasks (static flasks) containing 10 ml of medium.
Cultures were incubated at 28°C or 37°C. Intact and motile leptospires were
counted for 20 consecutive days using a Petroff-Hausser chamber under dark-
field microscopy. The cultures were visualy observed for the presence of
spirochetes, cell morphology and motility. Three independent experiments were

performed using L. interrogans and L. kirschneri for all conditions above.
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Leptospiral growth rates

The doubling times (in hours) under different growth conditions were calculated

based on the exponential growth phase, considering:

t*log(2)

Doubling time = logb - loga

Where: t = time; a = number the leptospires per ml at start; b = number the

leptospires per ml after time t [56,66]

Determination of the minimum inoculum for in vitro growth

In order to determinate the minimum inoculum of different Leptospira strains to
obtain a viable culture of leptospires in different medium, 5x10°-5x10* leptospires
were inoculated in 5 ml and maintained under the same conditions as described
for growth curves. Cultures were evaluated daily under dark-field microscopy for
the presence of viable leptospires for up to 10 weeks post-inoculum. All the

analysis were performed in triplicate.

Virulence test

The 50% lethal dose (LDso) was calculated for leptospires from different growth
phases, different media compositions and at 28°C or 37°C using static tubes.
LDso was calculated as previously described [24]. Briefly, 8 to 14 weeks-old
Syrian hamsters (Mesocricetus auratus, male or females), 3 per group, were
injected with 1-1x103 leptospires in 1 ml of commercial EMJH or IHM media by

the intraperitoneal route. The animals were monitored daily for clinical signs of
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leptospirosis for up to 28 days post-infection. Animals showing 10% reduction in
body weight after infection, with failure to respond to stimulus, nasal or/and
genital bleeding, prostration (endpoint criteria), or those animals that survived to

the end of the experiment were euthanized by CO2 narcosis.

Statistical analysis

All data were analysed using GraphPad Prism version 7.0. Fisher's exact test
(two-tailed) was used to determinate significant differences between the
experimental groups in the LDso experiments. The bacterial doubling times were
analysed using Student’s t test. A P-value < 0.05 was considered significant for

all analyses.

Results
Optimal growth conditions for pathogenic Leptospira spp.

As expected, leptospires incubated at 28°C were mobile, with no evidence
of cellular degradation for up to 20 days post-inoculation. Interestingly, when
examined qualitatively under dark-field microscopy, leptospires cultured in IHM
medium appeared to be more motile and widely dispersed during the exponential
phase. At 28°C, both media supported leptospiral growth to a density of 108
leptospires/ml, 8-12 days post-inoculum, see Fig 1, Table 1 and S2-S9 Fig. The
doubling time of the strain Fiocruz L1-130 ranged from 9-21 hours, and the growth
at 28°C had the lowest doubling times compared to cultures at 37°C, see Table
1 and Fig 2. The doubling times for the strain RCA ranged from 10-23 hours and

for 61H strain, 8-29 hours. No growth was observed for all the strains in
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commercial EMJH medium under the temperature of 37°C. L. interrogans strains
Fiocruz L1-130 and RCA cultivated in commercial EMJH medium at 28°C with
extra aeration presented the lowest generation times, with significant differences
when compared to IHM medium (p=0.0054 and p=0.0471 for strains Fiocruz L1-
130 and RCA, respectively). The strain 61H of L. kirschneri cultivated in
commercial EMJH medium at 28°C in static tubes presented a significant reduced
generation time compared to IHM medium (p=0.0084). The differences between
remaining conditions for in vitro growth were not significant. The static tubes
associated to both EMJH media at 28°C provided the most reproductible
condition to growth the three strains of leptospires, once increased oxygenation
during growth resulted in increased variability of the growth curves, S1-S9 Fig.
Although the pathogenic leptospires incubated with extra agitation did present
significant differences, this condition is not stable to cultivate the bacteria once

did not provide the growth in all experiments.
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Fig 1. Bacterial growth curves of L. interrogans strains Fiocruz L1-130 and RCA, and L.
kirschneri strain 61H in both media at 28°C and 37°C in agitated tubes, static tubes or
static flasks. The initial inoculum was 5x10° leptospires in 5 ml. Each curve represents
the mean of three experiments under each condition (n=9 samples) and the error bars

show the standard deviation.



Table 1. Bacterial growth rates for the L. interrogans and L. kirschneri strains.
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Doubling time (hours)

Maximum culture density

Final culture density

Strain  Media Agitated tubes  Static tubes Static flasks Agitated tubes Static tubes Static flasks Agitated tubes Static tubes Static flasks
28°C  37°C 28°C 37°C 28°C 37°C 28°C  37°C  28°C 37°C 28°C 37°C 28°C 37°C 28°C 37°C 28°C  37°C

EMJH 1118 NVG° 94 10.2 186 NVG 6.3x108 NVG 1.4x10° 1.4x10° 8.1x108 NVG 3.4x10%° NVG 8.6x10% 5.3x10%® 4.1x10® NVG
Hs0 IHM 17.4° 12.3 14.3 20.5 155 214 7.3x10% 5.7x10% 7.4x10% 1.7x10% 9.9x108 2.3x10%® 4.7x10%® 6.0x10° 2.8x10% 2.7x10% 7.9x10® 5.7x10°
EMJH 141 NVG 126 NVG 145 NVG 56x108 NVG 4.6x10° NVG 6.1x108 NVG 6.8x107 NVG 4.1x10°7 NVG 2.3x10®8 NVG
ReA IHM 15.0 16.1 14.7 10.7  23.8° 17.2  1.8x10% 6.3x107 2.1x108 2.4x10% 1.7x10% 4.8x107 9.4x107 1.6x107 8.3x107 NVG 1.2x10%® 1.0x107
EMJH 13.8 NVG 15.2f NVG NVG NVG 43x10° NVG 1.4x10° NVG NVG NVG 4.3x108 NVG 1.3x10° NVG NVG NVG
o IHM 14.7 8.6 23.6% 129 29.1 13.7 8.7x10% 1.0x10® 9.6x10% 1.2x10% 9.8x10" 1.4x107 8.7x10%® 2.8x10° 8.3x10% 3.9x10° 9.8x107 1.4x108

Legend. NVG — no visible growth; EMJH — Commercial EMJH; IHM — In house EMJH.

The doubling times in hours were presented as the mean of three independent experiments.

Different letters represent a significant statistical difference between the indicated groups.
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In contrast, cultures in IHM medium with standard growth curves at 37°C
displayed exponential growth, however, the number of viable cells in stationary
phase decreased rapidly once maximum density was reached. Furthermore,
when evaluated under dark-field microscopy qualitatively, the increase of cellular
degradation, altered phenotype and decreased motility were commonly observed
during the decline phase at 37°C. Although IHM medium supported growth at
both temperatures, we observed extended lag and/or log phases in cultures
incubated at 37°C, and once maximum density was achieved the cell count
decreased abruptly (decline phase), Fig 1. This seem to be associated with
incresead oxygenation, as it ocured more frequently in agitated tubes and static
flasks, Fig 1. These bacterial growth curves had lower maximum densities
compared with standard growth curves, with a peak of 107 leptospires per ml. At
37°C, commercial EMJH could not sustain the growth of Fiocruz L1-130, once
only 2/9 cultures were viable, S2 Fig. To evaluate the impact of the starting
inoculum on growth at 37°C, two further experiments were performed with the
inoculums of 5x108 and 5x107 leptospires in 5 ml, S10 Fig. While the RCA strain
failed to grow, at 5x10° leptospires/ml the Fiocruz L1-130 strain reached 1082
leptospires/ml 6 days post-inoculum, S10 Fig. Although the bacteria in IHM
medium incubated under 37°C presented satisfactory doubling time results, these
groups did not show significant differences when compared to cultures at 28°C,

Fig 1 and Table 1.
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Fig 2. Doubling times of the pathogenic species L. interrogans strains and L. kirschneri strains under all in vitro growth conditions. The columns
represent the mean of three experiments in each condition and the vertical bars the standard deviation. The horizontal bars and letters

represent significant statistical differences between the experimental groups indicated.
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Determination of the minimum inoculum for in vitro growth

In order to evaluate the lowest number of leptospires necessary for
bacterial growth in each media and incubation condition, densities of 5 to 5x104
leptospires in 5 ml were used as the initial inocula. The cultures were observed
under dark-field microscopy to determine qualitatively the time to detectable
growth. Static tubes that contained cultures in both EMJH media at 28°C were
found to be the most appropriated condition for growing a low inoculum.
Commercial EMJH medium did not support growth at 37°C under any condition
evaluated. Additionally, with increased oxygenation (agitated tubes and static
flasks), inocula <10° leptospires/ml could not grow in commercial EMJH. In
contrast, IHM medium supported growth under all the conditions tested, except
for the 61H strain in static flasks, S2 Table. When the Fiocruz L1-130 strain was
inoculated into IHM in static tubes and incubated at 28°C or 37°C, growth was
evident for all inocula by 14 days post-inoculum. The RCA strain grew by 16 days,
even at the lowest inoculum. The 61H strain was the slowest to recover, and
growth was not observed until 18 days post-inoculum for the lowest inoculum.
Interestingly, when the Fiocruz L1-130 and 61H strains were inoculated into IHM
medium and incubated at 37°C, growth was detected by days 10 and 12 post-
inoculum, respectively. The RCA strain failed to grow at 37°C under any of the

conditions evaluated, Fig 3 and S2 Table.
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Fig 3. Impact of the initial inoculum on the growth of L. interrogans and L. kirschneri in the EMJH media at 28°C or 37°C in agitated
tubes, static tubes and static flasks. The cultures were evaluated daily under dark-field microscopy, as a qualitative analysis, to evaluate

the time (in days) until leptospires were detected. AT — Agitated tubes; ST — static tubes; SF — static flasks.
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Different in vitro culture conditions influence leptospiral virulence

The LDso of the three strains used in this study was used to identify any
association between the growth phase (exponential, stationary, etc.) and
virulence in the hamster model. The LDso for each of the strains was determined
as described by Zuerner (2005), using commercial EMJH at 28°C and the
infection was performed with leptospires from the exponential phase (densities
between 107 and 108 leptospires/ml). The LDso were calculated as < 5 leptospires

for Fiocruz L1-130, < 2 leptospires for RCA and 1 leptospire for 61H, Fig 4.
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Fig 4. Determination of the LDso for the L. interrogans and L. kirschneri strains. The bacteria were cultivated in EMJH at 28°C for 3-5 days and inocula of

10°-10° leptospires/mlwere injected into hamsters (n=3 animals for group, n total of 12 animals), via the intraperitoneal route and observed for up to 28 days
post-infection.
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The following densities were defined based on the growth of the three
strains and selected as characteristics of each point on the bacterial growth
curve: Early Exponential Phase (1.8x10°-2.8x10° leptospires/ml); Mid
Exponential Phase (6.2x10°-1.3x107 leptospires/ml); Late Exponential Phase
(2.9x107-1.3x10° leptospires/ml) and Stationary Phase (1.1x107-7.3x108
leptospires/ml). The LDso of the Fiocruz L1-130 strain when grown in vitro to the
exponential phase (samples were collected from the beginning, middle and end
of the exponential phase), varied from one to 100 leptospires, equivalent to two
orders of magnitude. When the culture entered the stationary phase, the LDso
increased significantly to > 102 leptospires. Of note, when grown in IHM at 28°C
or 37°C, the LDso of the L1-130 strain was significantly reduced, Table 2. The
RCA strain had an LDso that varied between 1 and 18 leptospires in both media,
regardless of the growth phase, Table 2. However, there was evidence that the
stationary phase significantly increased the LDso to 1.8x10° when RCA was
grown in IHM at 28°C. The LDso for the 61H strain was very stable compared to
the L. interrogans strains and varied from one to 28 leptospires, regardless of the
media, temperature or growth phase of the culture, Table 2. Interestingly, all the
animals infected with 61H presented intense jaundice and uveitis. These two
clinical signs were not observed in animals infected with leptospires of the strains

Fiocruz L1-130 and RCA.
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Table 2. How the choice of growth media and phase of growth affected the LDso of the L.

interrogans and L. kirschneri strains.

. . Temperature Growth Days of
Strain Media [()"C) Phase euthgnasia L Dso
Control Mid-late exponential 9-14 4.6
Early exponential 10-14 1.8
Mid exponential 10 - 22 1.8
EMJH Late exponential 12 -17 100
28 Stationary 10-18 18
Early exponential 8-12 <1
Fiocruz L1-130 IHM Mid exponential 12 <1
Late exponential 10-16 5.6
Stationary NV > 1000 ***
Early exponential 10-14 <1
Mid exponential 9-12 3.2
IHM 37 Late exponential 11-15 2.8
Stationary 13 1800 **
Control Mid-late exponential 9-13 1.8
Early exponential 8-12 3.2
Mid exponential 8-14 1.8
EMJH Late exponential 9-14 <1
28 Stationary 9-20 2.5
Early exponential 8-14 2.5
RCA IHM Mid exponential 9-20 1.8
Late exponential 10-13 13
Stationary 13-15 1800 ***
Early exponential 9-15 2
Mid exponential 10-13 3.9
IHM 37 Late exponential 10-17 18
Stationary 10 - 27 10
Control Mid-lat exponential 11-17 <1
Early exponential 8-14 5.6
Mid exponential 13-16 3.2
EMJH Late exponential 13-18 3.2
28 Stationary 11-14 3.2
Early exponential 7-14 28
61H IHM Mid exponential 11-20 <1
Late exponential 12-16 6.8
Stationary 13-24 28
Early exponential 12-18 <1
Mid exponential 12-17 <1
IHM 37 Late exponential 12 -16 3.2
Stationary 12 -17 10

Legend. NV — No animal developed clinical signs of leptospirosis. EMJH — Commercial EMJH;
IHM — In house EMJH. The cultures were kept in static tubes during the LDso experiments. Four
densities of leptospires were used to evaluate the LDsg. The animals were infected
intraperitoneally with the densities of 1x10°-1x102 leptospires in 1 ml of each media. * p 2 0.05; **

p =2 0.01 and *** p 2 0.001.
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Discussion

The best approach to cultivate leptospires is to evaluate different bacterial media,
once it can be a selector to isolate only the bacteria capable of surviving in the in vitro
condition [23]. The virulence of pathogenic species is an important factor for several
studies in the field, thus here we demonstrated the differences between the growth of
three pathogenic strains of Leptospira spp., presenting a well-defined in vitro protocol
without affect the bacterial virulence, Fig 5. To the better of our knowledge, this is the first

study to present an in vitro protocol towards improving the reproducibility of bacterial

virulence.
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Figure 5. Standard protocol for the in vitro and in vivo cultivation of pathogenic strains

from L. interrogans (Fiocruz L1-130 and RCA) and L. kirschneri (61H).

Although the leptospiral growth curve follows the general phenotype, it covers a

much longer period than ordinary bacteria [17,25,56]. Pathogenic leptospires tested in
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our study presented characteristic bacterial growth curves for both EMJH media under
28°C, in all conditions with bacterial growth. Our results show that the lag phases were
extended especially in the cultures that were kept at 37°C, S1-S9 Fig. A long period of
lag phase can be associated to bacterial adaptation to new media, environment stress or
injury for several organisms [57-59]. Our data suggest that a longer bacterial lag phase
could be a result of the tentative to adapt to the temperature of 37°C, once this condition
may be an important stress factor to leptospires. The logarithmic/exponential phase is
characterized by a period of replication, the most rapidly growth under the in vitro
conditions [26, 57,58]. During the log phase, the cultures achieved the bacterial densities
of 108 leptospires/ml and remained stable during all the experiment. These results
suggest that both EMJH media provided adequate nutritional components to maintain the
replication of leptospires, and consequently, obtain high densities of bacteria in the
cultures. A study analyzing the gene expression growth-phase-dependent in Helicobacter
pylori demonstrated that the higher alteration in gene expression of genes related to
virulence factors were in the late-log phase, suggesting that this phase can be the most
virulent to H. pylori and may be directly related to its pathogenesis [27]. In addition, a
recent study observed that leptospires acquired higher tolerance to hydrogen peroxide at
the stationary phase, in comparison to a dramatic loss when exposed to the same
oxidative stress in the logarithmic phase [28]. The virulent leptospires cultivated in EMJH
media at 28°C presented a constant stationary phase through 20 days of bacterial growth.
In contrast, bacterial cultures of L. interrogans in IHM medium maintained under 37°C,
once achieved the highest cellular densities, persisted for 3-6 days in the stationary
phase, and abruptally the cellular death process started. The strain 61H had an extended
stationary phase, when the growth was obtained in IHM at 37°C, of 6-20 days post-

inoculum. The reasons to the switch from log to stationary phase can be the exhaustion
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of nutrients, inhibition of replication due toxic waste products or intracellular damage.
Once some bacterial cells died, their compounds provide extra nutritional sources to
maintain the growth of the remaining cells during this stage. A recent study of the
stationary phase of Escherichia coli cultures observed that the bacteria developed three
distinct subpopulations in response to fresh nutrients: immediately growing cells, cells
with an extended lag as known as dormant and those cells with no growth at all [26,
57,58,60]. Thus, the prolonged stationary phase provided by the EMJH media at 28°C
can be an advantage to improve the chances of viable cells recovery from older cultures.
Lastly, the death phase is characterized by a net loss of cultivable cells, when most viable
cells are lost than are gained due to starvation and absence of detoxication [17,57,58].
The abrupt decrease of cellular densities by the bacteria cultivated in IHM medium under
the temperature of 37°C, may suggest that leptospires entered the death phase as a

consequence of some essential factor absence or its toxicity during this time.

Ordinary bacteria, as such as E. coli, are able to reproduce at impressive rates
and double its population every 20 minutes [61]. Virulent leptospires are slow-growing
bacteria and need up to 12-20 h to replicate, compared to 5 h for the saprophytic species
L. biflexa, being even faster at the temperature of 34°C (3.5 h) [16,17,29,30]. It is
important to establish the essential nutrients for small inoculums and first isolations
cultures and its influence on the viability, motility, and leptospiral cell morphology [31].
The EMJH media is widely used for the in vitro growth of leptospires and is still considered
the standard medium to cultivate the bacteria. However, several studies testing different
media, including the EMJH, reinforced that leptospiral strains did not present a pattern of
growth [32]. Both EMJH media tested in our study provided the bacterial growth of the
strains Fiocruz L1-130, RCA and 61H effectively. Nevertheless, the pathogenic strains

only presented effective growth under the temperature of 28°C for all conditions tested,
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in contrast with cultures at 37°C that did present high variability of growth. These results
reinforce that pathogenic species of Leptospira sp. present an optimum in vitro grow
between the temperatures of 28-30°C [16-18, 23,30]. The studies using the EMJH media
and different temperatures for incubation confirmed that cultures maintained under the
temperatures between 25-30°C obtained optimal bacterial growth in vitro [33,34,56,62].
In contrast, the growth of leptospires under the temperature of 37 °C is highly variable,
even amongst strains of the same serovar, suggesting that leptospires that effectively
growth at this condition probably are in vitro adapted [23,35,63]. Similarly, the strains
tested in our study did not present bacterial growth in the commercial EMJH medium
under the temperature of 37°C in any condition applied, except for two static tubes of
Fiocruz L1-130 in one experiment. However, the growth was not similar and the bacteria
presented signs of suffered growth (low motility, elongated cells and the presence of
degenerative forms). The bacterial growth under the temperature of 37°C is usually
applied to simulate the internal organs temperatures of vertebrate hosts [64]. However,
leptospires isolated from their hosts and grown in laboratory media at host body
temperature do not grow and survive well even at 37°C, presenting long lag phases and
doubling times before adapting and growth effectively, as well a pattern of growth that
indicate more than one population occurring [17,35]. The novel leptospiral medium HAN
associated to higher temperatures of incubation, in comparison with EMJH and
TH40/80/LH media, demonstrated that HAN medium was the only one capable of
maintain in vitro two pathogenic species under both temperatures of 29°C and 37°C [23].
The bacterial curves under the temperature of 37°C in our study presented a faster growth
rate, however, immediately after reach the maximum densities of bacteria, it decreased
abruptly. The same results were obtained in other studies, with or without agitation, where

the leptospires reduced their movement and growth rates, followed by a decrease of
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cellular densities, and finally resulting to degeneration and disappearing of leptospires
from cultures [25,29,34,56]. L. interrogans has been shown to be an aerobic obligatory
and requires a rich oxygen supply for successful growth [34,56]. However, the use of
extra aeration in vitro presented high variability, and could either improve or block the
growth of leptospires in several studies [17,18,28,29,56]. Borrelia burgdorferi, another
important pathogenic spirochete, grown into the media BSKII and BSKH presented a
pattern of gene expression in the BSKH medium that suggest it is superior for gene
expression studies, once it did not change the pattern of gene expression typically
displayed. Additionally, the bacteria maintained in BSKH medium appeared to be more
motile and replicate more rapidly when compared to the bacteria grown in BSKII one [36].
Moreover, B. burgdorferi presented similar results using open reading frames (ORFs) to
discovery novel temperature-regulated proteins to use as vaccines targets [37], and as
well proteins related to the stationary growth phase and pH of the medium [38].
Leptospires regulate their genes expressions in response to several external stresses,
such as temperature [39,40], oxidative stress [28], on the mammalian host environment
[41,42], presence of iron MURRAY, 2008 [43], serum [44] and different media
compositions [13,14,23,32,45,46]. In fact, the growth at higher temperatures may be a
stressful condition to leptospires, once the universal stress protein UspA was up-
regulated under 37°C, as well the differential expression of genes related to chemotaxis,
motility, signal transduction systems and proteins involved in alterations in the outer
membrane occur [39]. Furthermore, another study suggested that oxidative stress and
the temperature could significantly influence the gene expression of five important
leptospiral proteins as such as LenA, LipL32, LipL41, Loa22 and Sph2 [40]. Additionally,
Caimano et al (2014) had found that L. interrogans strain Fiocruz L1-130 presented an

expression gene regulation at 37 °C when compared to in vitro temperature of 28°C [41].
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L. interrogans solicits several machineries to recovery from oxidative damage [47]. The
increase of different forms of the protein LoA22, a known virulence factor, as well as
LipL32 and LipL41 differentially expressed by in vivo adaptation in DMCs (mammalian
host), suggesting that unique post-translation modifications are operative in response to
mammalian host conditions [42]. Finally, exoproteins from the mammalian reservoir host
and leptospiral cells are secreted during infection, including proteins involved in stress
response, virulence, and signal transduction in leptospires, as well as the host cells
secreted proteins related to stress, complement and inflammatory cytokines, extracellular
matrix and blood coagulation factors [65]. In conclusion, several host-associated factors
as such as oxidative stress and temperature are very important external stresses, which
can influence the viability and virulence of pathogenic species. We found that the doubling
times of the pathogenic strains evaluated in our study were variable, and the cultures
without bacterial growth were not included in the analysis. Although statistical differences
were only significant in the groups with increase of aeration for the strains L1-130 and
RCA (agitated tubes and static flasks) and for the strain 61H using the commercial EMJH
medium, these conditions were not adequate to cultivate the bacteria strains during the
experiments performed. In general, the three strains of pathogenic leptospires cultivated
in IHM medium at 28°C in static tubes presented the lower doubling times (9-23 h), and
consequently, improved the cultures regarding the growth from small initial inoculums.
Additionally, the bacterial survival rates were higher when the cultures were incubated at
28°C and 30°C in comparison to incubation at 37°C [62]. Therefore, here we presented
that the commercial EMJH medium is not suitable to initiate the growth of pathogenic
leptospires using inoculums smaller than 10 leptospires/ml. Differently, all inoculums
tested in IHM medium presented visible bacterial growth until the 18" day post-inoculum.

Importantly, the only possibility for obtaining the growth of the strain RCA using lower
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inoculums than 10* leptospires/ml was the IHM medium. A conjunct of studies confirmed
that the type of media influence the first isolation of leptospires from animal samples, as
well the cultivation of fastidious serovars [23,46,48]. Recent studies developing new
protocols and media for leptospires, had provided the improvement of isolation from
biological samples and maintenance of leptospires in vitro [12,49-53]. The lag time of
laboratory-adapted strains depends on the size of the inoculum, and the use of smaller
inoculums result in longer lag phases and reduced chances of obtain viable growth
[16,17]. In fact, from strains isolated recently, it can be impossible to growth in vitro using
inoculums lower than 102 leptospires/ml [17,35,52,54,55]. The capacity of expanding the
bacteria from biological samples to the in vitro condition, where the number of leptospires
are undefined, is an important step to discovery of new leptospiral isolates. In addition,
the understanding of the pathogenic strains circulating in a specific region is necessary
for epidemiological purposes, and consequently, can help in the prevention of
leptospirosis caused by circulating serovars through traditional bacterin vaccines. In
conclusion, the use of an effective medium suitable to grow leptospires from smaller
inoculums should be an appropriated tool for the improvement of microbiological

techniques.

Interestingly, our results presented that the virulence of leptospires were stable
when growth in commercial EMJH medium, once it was not reduced from the day two
post-inoculum until the stationary phase. However, the bacterial growth phase is an
important factor to maintain the virulence of the leptospires stable in IHM. The IHM
medium is suitable for the growth of leptospires only during the exponential phases, and
a significant reduction of the bacterial virulence at least 250 times during the stationary
phases in the strains of L. interrogans. To H. pylori, the analyses of global pattern of

growth-phase-dependent gene expression during in vitro growth suggested that higher
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gene expression alteration occurred in the switch from mid/late exponential phase to
stationary phase, with many genes up or down-regulated that are responsible for the iron
homeostasis, motility and other important virulence factors [27]. The best time to transfer
leptospires from a culture to a new tube is when the culture is rapidly dividing [11]. Once
some protocols routinely use inoculums from the stationary phases to obtain satisfactory
growth of pathogenic cultures, peaking 1-10% of culture volume to a fresh medium [17],
our study confirm the that leptospires from stationary phases can be, in fact, less virulent
than the bacteria from exponential phase. In our experience, even after 25-100 in vitro
passages of leptospires from the exponential phase, it did not affect the bacterial
virulence (data not show). Finally, our results suggest that the more virulent growth phase
of leptospires is the exponential phase, and bacteria from these phases should be chosen

for the development of studies where the virulence is an important factor.

CONCLUSION: The IHM medium is a well-defined composition medium, fully
prepared in the laboratory. Our results confirmed that this medium is more effective for
acquire high densities of leptospires in the cultures, with characteristic doubling times,
and provided normal bacterial growth curves. Importantly, this medium is cheaper to
maintain the bacterial growth routinely in a long-term perspective, in comparison with the
commercial EMJH medium where only 6 liters can be prepared using a lot of commercial
supplement. One important characteristic of the IHM medium is the possibility of storage
at 4°C for approximately 2 months [16]. It suggests that is essential to perform quality
controls frequently to analyze the viability and capacity to maintain the bacteria without
influence the bacterial growth. Furthermore, our data provide the knowledge regarding
the bacterial virulence, confirming that leptospires in the exponential growth phase are
more virulent. These results are important for the development of studies where a stable

bacterial virulence is an essential factor. In conclusion, a well-defined in vitro protocol to
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growth leptospires effectively, without impact the virulence, can be a strong tool to

optimize the maintenance of leptospires in the laboratories.
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Supplementary materials

Table S1. Summary of the in vitro experiments to determinate the bacterial growth curves
of the pathogenic species of Leptospira spp. maintained in the EMJH media under the

temperatures of 28°C and 37°C using agitated tubes, static tubes and static flasks

Number of experiments with bacterial growth

Agitated tubes Static tubes Static flasks
Strain Culture media 28°C 37°C 28°C 37°C 28°C 37°C
. EMJH 3/3 0/3 3/3 1/3° 2/3¢ 0/3
Fiocruz L1-130
IHM 3/3 1/3 3/3 3/32 3/3 3/32
RCA EMJIH 3/3 0/3 3/3 0/3 2/3 0/3
IHM 3/3 1/34 3/3 1/3 3/3 1/3¢
61H EMJH 1/3" 0/3 2/3 0/3 0/3 0/3
IHM 3/3 3/3f 3/3 3/3 3/3¢9 3/3¢9

Legend. EMJH — Commercial EMJH; IHM — In house EMJH; °C — Temperature. a — One
experiment achieved densities of 108 leptospires/ml, and the other 2 experiments presented at
maximum 10’ leptospires/ml; b — Only two samples presented bacterial growth, and the densities
were of 10° leptospires/ml; ¢ — Two experiments obtained the bacterial growth. The first one
presented the densities of 107 leptospires/ml and the second experiment 10° leptospires/ml; d —
Only one experiment showed leptospiral growth, reaching the density of 10’ leptospires/ml; e —
One experiment obtained the bacterial density of 10° leptospires/ml and two more samples
presented 10° leptospires/ml during the cultivation; f — All the experiments presented bacterial
growth, two of them with densities of 107 leptospires/ml and one experiment reached the bacterial
density of 108 leptospires/ml; g — The bacteria showed a growth of at maximum 107 leptospires/ml
during the experiments; h — Only two samples presented leptospiral growth, with densities of 10°

leptospires/ml and 108 leptospires/ml.
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Cormmierca EMUH Deico 28 °C
Cornemiercal EMSH Delco 37 °C
L. Fo =
B AT °C

Figure S1. Bacterial growth curves of the pathogenic species L. interrogans strain Fiocruz

L1-130 in the EMJH media under the temperatures of 28°C and 37°C using agitated

tubes. The initial inoculum was 1x10° leptospires/ml. The lines represent the mean of one

experiment in each condition (triplicates, n=3 samples) and the bars the standard

deviation.
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Figure S2. Bacterial growth curves of the pathogenic species L. interrogans strain Fiocruz

L1-130 in the EMJH media under the temperatures of 28°C and 37°C using static tubes.

The initial inoculum was 1x10° leptospires/ml. The lines represent the mean of one

experiment in each condition (triplicates, n=3 samples) and the bars the standard

deviation.
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Figure S3. Bacterial growth curves of the pathogenic species L. interrogans strain Fiocruz
L1-130 in the EMJH media under the temperatures of 28°C and 37°C using static flasks.
The initial inoculum was 1x10° leptospires/ml. The lines represent the mean of one
experiment in each condition (triplicates, n=3 samples) and the bars the standard

deviation.
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Figure S4. Bacterial growth curves of the pathogenic species L. interrogans strain RCA

in the EMJH media under the temperatures of 28°C and 37°C using agitated tubes. The

initial inoculum was 1x10° leptospires/ml. The lines represent the mean of one experiment

in each condition (triplicates, n=3 samples) and the bars the standard deviation.
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Figure S5. Bacterial growth curves of the pathogenic species L. interrogans strain RCA
in the EMJH media under the temperatures of 28°C and 37°C using static tubes. The
initial inoculum was 1x10° leptospires/ml. The lines represent the mean of one experiment

in each condition (triplicates, n=3 samples) and the bars the standard deviation.



91

ey ey [
.- ER T (R
P “”‘.-9.,>‘ p
10 ! o o 24
g )
e 2~ 5 e % L ‘(
P Pa
Ve ¥ LRI S Y
o i v
" e Iye ey
[ -+ Cormmsrcal ENUH Dico 28 °C
e e 1o
€3 4 8 N UMY L B R T R TR T ) 03 A B & WM NN - ol EMUH Dico 37 *C
Dops of Gl v D Lwws of o lmatn
ey o Ly = A 2R C
110 e e == M 37 °C
RN ‘,04_-~ " + - r'.-fy +— . ".‘“- -
’ 3 ”
T et 4 B A ol 3 p
"4 "l i~
- ' EN TS X o ¥
4
]
e’ e -1, g
e IR o
P14 s A UM BEYSN F2 4 s MU UMN TR 93 4 8 A WM
Dars of cosuamon Qwrs o cam vt Dowt il nstaa
ey L3 L ARl
1o [NTE oy
1000 - o N 1= w
Y e SRR T R
e - Yoy
1-!0"\;‘ T ' 'c&
e - o
L IR B R TR T L R R ) 02 4 & A WM uR
Unys of s Dare o cmbembon Ui o cxvton
-y ENTES o
ey e oy
e s o=
O
b ’/.»M‘\ s . S
- - X AR
P N |-ft}<‘.""‘\/‘\ v
LS
o o Vo
L R R R R Pl s EMUMMUDR
Daryn of cotmten Dy of rulvtre Cags ot cmaanm

Figure S6. Bacterial growth curves of the pathogenic species L. interrogans strain RCA
in the EMJH media under the temperatures of 28°C and 37°C using static flasks. The
initial inoculum was 1x10° leptospires/ml. The lines represent the mean of one experiment

in each condition (triplicates, n=3 samples) and the bars the standard deviation.



ey
Al
ey
T e

1y

LR
v

AR

ey
ey
e
T e

ey

ety

P2 4 0 M YD

Doy of catwamon

——-=

A
' 4

e

ety
, o
-
e
e
1"

e

fI A s UMY YR

Dugn of cutatun

—

ety

AR

1

B v

1o

ey

24NN

Uings of exltnasion

// g

24 0 UMY R

Do of cutwemrr

| wawyedx3y

o
1™
1oy
L IR EL
1=

'“W.

FI Ay UM E D
Dwps of clbvaror
1o

1= —
ARl b
T e I

A0

1wy

J
DL

Pl A A MMM UYDR
Cups of citvatem
1wty

ALl
1o
y 1w
1o

1+ I*".

o

LR I B BN LR L )
Gy of cusmton

]f i

1w

A0 L

LB

1.

u

L B BT B
Dewt o ofiwabor

4

LB Lo
o
s
L L
AR Lo
LR L

<
o

2
bogt?

(T
3
Al

T e

ety

L L I R LR UL

Dwn of cavntor

syt —e—
st
Hit
i

ey

{

oy
ey
AR
B
0™

A0

LR N B BRI L

Dwye of clmmen

ot

AN

LB o
e
e
% Ve
A0

s

2 4 8 8 WU MR

Uaps of coaster:

A

/ 5

LR R L R L

Dwye of rultwry

£ wewysdx3

92

Cormmierca EMUH Deico 28 °C
Cornemiercal EMSH Delco 37 °C
L Fo =
B AT °C

Figure S7. Bacterial growth curves of the pathogenic species L. kirschneri strain 61H in

the EMJH media under the temperatures of 28°C and 37°C using agitated tubes. The

initial inoculum was 1x10° leptospires/ml. The lines represent the mean of one experiment

in each condition (triplicates, n=3 samples) and the bars the standard deviation.
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Figure S8. Bacterial growth curves of the pathogenic species L. kirschneri strain 61H in

the EMJH media under the temperatures of 28°C and 37°C using static tubes. The initial

inoculum was 1x10° leptospires/ml. The lines represent the mean of one experiment in

each condition (triplicates, n=3 samples) and the bars the standard deviation.
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Figure S9. Bacterial growth curves of the pathogenic species L. kirschneri strain 61H in
the EMJH media under the temperatures of 28°C and37 °C using static flasks. The initial
inoculum was 1x10° leptospires/ml. The lines represent the mean of one experiment in

each condition (triplicates, n=3 samples) and the bars the standard deviation.
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Figure S10. Bacterial growth curves of the pathogenic species L. interrogans strains
Fiocruz L1-130 and RCA in the EMJH media under the temperatures of 28°C and 37°C
using static tubes. The initial inoculum were 1x10° and 1x107 leptospires/ml. The lines
represent the mean of one experiment in each condition (triplicates, n=3 samples) and

the bars the standard deviation.
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Table S2. Evaluation of the initial inoculums of the pathogenic strains of L. interrogans
(L1-130 and RCA) and L. kirschneri (61H) during the in vitro growth in EMJH media under

the temperatures of 28°C and 37°C using agitated tubes, static tubes and static flasks

Agitated tubes
Days post-inoculum

100 10t 102 108 104
leptospires/ml leptospires/ml leptospires/ml leptospires/ml leptospires/ml
Strain Media 28°C 37°C 28°C 37°C 28°C 37°C 28°C 37°C 28°C 37°C
Fiocruz EMJH - - - - - - 6 - 4 -
L1-130 IHM 9 10 7 - 5 6 4 5 2 3
EMJH - - - - - - - - -
RCA IHM 15 - 11 - 8 - 5 - 2 -
EMJH - - - - - - - - 7 -
61H IHM 17 11 13 9 8 7 5 4 4 3
Static tubes
Days post-inoculum
100 10t 102 108 104
leptospires/ml leptospires/ml leptospires/ml leptospires/ml leptospires/ml
Strain Media 28°C 37°C 28°C 37°C 28°C 37°C 28°C 37°C 28°C 37°C
Fiocruz EMJH 14 - 10 - 6 - 5 - 4 -
L1-130 IHM 12 10 9 7 5 5 4 3 3 2
EMJH - - - - - - - - -
RCA IHM 16 - 12 - 9 - 5 - 2 -
61H EMJH 14 - 11 - 8 - 5 - 3 -
IHM 18 12 14 9 9 7 6 4 5 3
Static flasks
Days post-inoculum
100 10t 102 108 104
leptospires/ml leptospires/ml leptospires/ml leptospires/ml leptospires/ml
Strain Media 28°C 37°C 28°C 37°C 28°C 37°C 28°C 37°C 28°C 37°C
Fiocruz EMJH - - - - - - - - - -
L1-130 IHM 13 10 - - 8 - 6 - 3 2
EMJH - - - - - - - - -
RCA IHM 18 - 15 - 11 - 8 - 4 -
EMJH - - - - - - - - - -
61H IHM - - - - - - - - 5 5

Legend. °C — Temperature; EMJH — Commercial EMJH; IHM — In house EMJH.
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4.3 Manuscrito 2 - Host-adapted Leptospira interrogans immunoreactive proteins
as immunodiagnostic and vaccine candidates identified by cell surface

immunoprecipitation

Manuscrito a ser submetido a Revista Infection and Immunity
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Abstract

Leptospirosis is a zoonosis caused by pathogenic Leptospira spp. that is difficult to
diagnose and lacks an effective universal vaccine. Several approaches have been
used to identify leptospiral vaccine candidates and targets for diagnostics, yet most of
these studies were based on in vitro-grown bacteria. It is well-established that
Leptospira spp. adapt to the host environment, expressing proteins that are absent in
vitro. These host specific proteins represent an unexplored pool of antigens for the
development of novel vaccines and diagnostics for leptospirosis. Using host-adapted
L. interrogans strain Fiocruz L1-130 and sera collected from leptospirosis patients we
immunoprecipitated and identified seroreactive proteins by mass spectrometry. A total
of 157 immunoreactive proteins were initially identified. In silico analysis suggested
that 24 of these proteins were surface exposed and represented potential vaccine
candidates. This is the first report of immuneprecipitation with host-adapted
leptospires, providing novel insights for host-pathogen interaction and new targets for

vaccine and diagnostic development.
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1. INTRODUCTION

Leptospirosis is a life-threatening, zoonotic disease caused by pathogenic
Leptospira spp. [1]. Approximately 1 million human cases are estimated to occur
annually with almost 60 thousand deaths worldwide [2], representing an increase of
74.6% over 15 years [3]. Preventive measures such as sanitation, infrastructure,
vaccination, and rapid diagnostic tests are crucial for controlling the spread of
leptospirosis [4].

The recommended standard laboratory diagnostic test, the microscopic
agglutination test (MAT), is a subjective, serovar-specific, and a laborious test which
often fails to provide conclusive results in a timely manner for patient management [5].
The vaccines available are based on inactivated leptospires, bacterins, and they are
not widely available for human use. Bacterin-induced immunity tends to be short-term,
serovar-specific, and has several known side-effects [6,7]. The development of rapid
diagnostic tests using recombinant leptospiral antigens and novel recombinant subunit
vaccines has expanded over the last two decades; however, only limited success has
been achieved [8].

Various studies have attempted to identify the surfaceome or the
immunoproteome of pathogenic Leptospira spp. using different approaches [9-18].
Several seroreactive proteins were identified and evaluated as targets for
immunodiagnostic tests or as vaccine candidates [19]. These studies employed
bacteria cultured in vitro, which express a distinct set of proteins compared to bacteria
grown using in vivo-like conditions [20,21], including different surface exposed
proteins.

Here, we take advantage of the dialysis membrane chambers (DMC) model,

where leptospires are grown within dialysis tubing implanted in peritoneal cavity of rats
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(20,24). Host adapted leptospires were used in immunoprecipitation studies to identify
seroreactive proteins with diagnostic and/or vaccine potential [20,22,23]. We identified
157 proteins, 24 of which were predicted to be surface-exposed proteins that may play
an important role in immunity and are potential vaccine candidates and targets for
immunodiagnostics. In addition, this study provides novel insights into leptospirosis

pathogenesis and interaction with the host.

2. RESULTS AND DISCUSSION

Previous screens to identify immunoreactive antigens have targeted in vitro-
grown leptospires [9-18]. However, host-adapted Leptospira display a distinct
repertoire of surface proteins, very different from that of bacteria grown in vitro [21].
Here, we used the DMC model for preparing host-adapted L. interrogans strain Fiocruz
L1-130 in which the bacteria were grown in dialysis tubing implanted in peritoneal
cavity of rats [21,24]. Host-adapted Leptospira were subjected to cell-surface
immunoprecipitation (CSIP) with human convalescent-pooled sera,;
immunoprecipitated proteins were identified by mass spectrometry and compared
against L. interrogans strain Fiocruz L1-130 entries in Uniprot. L. interrogans grown in
vitro (in vitro cultures — IVC) and sera of healthy humans were used as controls.

We identified a total of 157 immunoprecipitated proteins that were present in
either DMC or IVC samples, but absent in samples immunoprecipitated with healthy
sera (data not shown); many of these proteins have known intracellular functions or
are known to be below the surface of Leptospira (e.g. flagellin) and are thereby unlikely
to be vaccine candidates [8]. Consequently, we used a previously described
bioinformatics approach, with minor modifications, allowing the identification of 24

predicted surface-exposed proteins, present in all pathogenic Leptospira spp.
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evaluated, and therefore, prospective vaccine candidates [8]. Among these 24
proteins, many play a vital role in pathogenicity and/or are related to immunity against
the disease, and we may be strong vaccine candidate antigens based on their
annotation and bioinformatic analysis (Table 1). All 157 proteins are also promising
targets for immunodiagnostic tests considering they have been precipitated by the sera
of seropositive individuals.

In order to validate the immunoprecipition studies, two proteins identified by
CSIP-MS, LIC10881 and LIC11086, were obtained from expression in E. coli and
confirmed by a western blot analysis with the same serum pool used in CSIP (Figure
S1). These proteins had previously been identified as potential vaccine candidates [8].
Among the 24 proteins identified here, LipL21, LigB, LIC10881, OmpL1, LipL32,
LIC11570/GspD, LipL46 and LipL41 were previously characterized as surface-
exposed, and five have been tested as vaccine candidates [25-32].

Eight of the 24 proteins have no annotated domain on Interpro, no predicted
function, or predicted GO function or location (LIC10011, LIC10231, LIC10461,
LIC11299, LIC11885, LIC11888, LIC12399, LIC13410 — Table 1). 157 proteins were
present in both in vitro cultured spirochetes (IVC) and those from DMCs (Table 1).
Only 2 were not detected in DMC samples (LIC10539 and LIC13381). The remaining
8 proteins are exclusive to host-adapted Leptospira (LIC10231, LIC10462, LIC10881,
LIC11086, LIC11935, LIC12631, LIC20250). LIC10462 has a Bor domain, which
increases survival of the Gram-negative pathogen E. coli in the presence of host serum
and is considered a virulence determinant [33,34]. Furthermore, the expression of
LIC10462 is upregulated in host-adapted L. interrogans [20]. LIC10496 is a TolC outer
membrane efflux pump, part of a type | secretion system, and has been previously

identified as a strong vaccine candidate antigen [8]; furthermore, several TolC proteins
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from different species of Gram-negative bacteria are protective antigens [8]. LIC11086
is a transmembrane beta barrel porin, part of the phenol degradation pathway
according to InterProScan (MetA) [8]. LIC11570 (general secretory pathway protein D
— GspD) is the outer membrane componenet of the type 2 secretion system; LIC11570
has been confirmed as a transmembrane OMP in L. interrogans [29,35]. LIC11935 has
been previously described as a putative lipoprotein [36], however our bioinformatic
analysis suggest LIC11935 is a transmembrane beta barrel; this information is in
agreement with data obtained from InterproScan (putative beta barrel porin, omp-like
protein — Table 1) and with previous finding identifying this protein as a OMP [37,38].
LIC13381 was suggested as a vaccine candidate by in silico analysis [37,39].
LIC20250 is member of the OmpA family with a high expression rate [39]; members of
this protein family have been related to pathogenicity and described as surface
exposed [40]. LIC13417 and LIC13418 are likely misannotated due to a stop codon
mutation in strain Fiocruz L1-130, that is absent in sv. Lai strain 55601 (LA4272) where
it encodes an alginate export domain-containing protein ortolog; the alginate export
domain is an 18-strand beta barrel structure located on the outer membrane of
Pseudomonas aeruginosa and is responsible for the secretion of alginate polymer [41].
LIC11834 is a lipoprotein iron sensor (FecR), an essential nutrient for Leptospira,
whose surface exposure is still undetermined in Leptospira, although it appears to be
a periplasmic protein in E. coli [42]; nevertheless, identifying other proteins that interact
with LIC11834 may serve as a start point to identify and characterize other essential,
surface-exposed iron-sensing proteins (e.g. FecA) or pathways. LIC12631 is a
cytotoxic, haemolytic sphingomyelinase that has been previously detected by human
sera [43-45]. Different studies suggest that this gene is only expressed during infection

or when in in vivo-like conditions during in vitro culture [20,44,46,57].
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The use of CSIP-MS using host-adapted L. interrogans allowed the identification
of novel vaccine candidate antigens. Indeed, several of the proteins identified here
were previously evaluated as vaccines, while others were shown to be surface
exposed. In addition to surface exposed proteins, we identified several proteins
predicted to localize in other cell compartments that not the outer membrane. Those
antigens are prospective candidates for the development of rapid diagnostic tests,
once they are recognized by the sera of leptospirosis patients. In addition, predicted
functions for several of the proteins identified here are related to pathogenicity,
virulence, and other roles for bacterial metabolism (e.g. iron sensing, efflux pump).
Blocking thosse function would likely impair the survival of Leptospira during infection,
rendering them promising vaccine targets [19].

This is the first study assessing the L. interrogans immunoproteome using host-
adapted cells. Our results have identified novel antigens that may be further
investigated as components of new diagnostic tests or vaccines. These antigens may

also shed light on leptospirosis pathogenesis and its interaction with the host.

3. EXPERIMENTAL PROCEDURES
3.1.In vitro bacterial culture
Escherichia coli was cultured in LB broth or solid media at 37 °C (250 rpm and
no agitation, respectively); ampicillin was used at a final concentration of 100 ug/mL

when required for selection. L. interrogans was cultivated in EMJH [24] at 30 °C.

3.2.Leptospira cultivation within dialysis membrane chambers
L. interrogans serogroup Icterohaemorrhagiae serovar Copenhageni strain

Fiocruz L1-130 was cultivated withing DMCs as previously described [20,24]. Briefly,
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the culture was grown to mid-late log phase in vitro (EMJH, 30 °C) and then diluted to
10* cells/mL and transferred to sterile dialysis tubing. Adult female Sprague-Dawley
rats weighting 175-200 g were anesthetized with ketamine and xylazine. One DMC per
rat was implanted into the peritoneal cavity through an incision in the abdominal wall.
The incision was sutured and closed with wound clips. Analgesia was administered for
at least two days post-surgery. After 9 to 12 days, animals were euthanized with CO:2

and DMCs recovered for the subsequent analysis.

3.3.Serum samples
Laboratory-confirmed convalescent serum samples were obtained from human
patients during a hospital surveillance in Salvador, BA, kindly provided by Fiocruz.
Pooled sera of healthy (MAT-negative) subjects obtained during a sera-surveillance in

Pelotas, RS, and were used as the negative control.

3.4.Antigen immunoprecipitation

Immunoprecipitation was carried out as previously described for Gram-negative
bacteria with minor adaptations to Leptospira spp. [22,23]. Briefly, once cultures
reached density of approximately 108 CFU/mL, cells were harvested (8,000 x g, 15
min, 4 °C), washed three times with PBS containing 1% BSA (w/v). Pooled sera were
diluted according to their MAT titres in a final volume of 1 mL, which was used to
resuspend pelleted cells and incubate for 90 min at 4 °C. Cells were washed twice as
described above and incubated with lysis buffer (50 mM Tris, 150 Mm NaCl, 1 mM
EDTA, 1% Triton X-100, 0.2% sodium deoxycholate, 0.1% SDS) for 1 h at 37 °C. Lysed
cells were centrifuged (14,100 x g, 1 h, 4 °C) and incubated with protein A/G UltraLink

beads (Thermo Fisher Scientific) (16 h, 4 °C). Beads were washed 5 times with lysis
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buffer (2,500 x g, 2 min, 4 °C). Elution was performed with SDS (1% - w/v) and boiling
for 10 min followed by centrifugation (2,500 x g, 3 min). Supernatant was collected and
reduced by adding 10 mM DTT and boiling (2 min). Samples were then alkylated by
incubation 50 mM iodoacetamide for 30 min in the dark. Samples were then lyophilized

and stored at —20 °C until further use.

3.5.Identification of immunoprecipitated antigens by mass spectrometry

Samples were run into an SDS-PAGE gel and each gel lane cut as a single gel
slice. Each slice was subjected to in-gel tryptic digestion using a DigestPro automated
digestion unit (Intavis Ltd.) to minimise manual handling. The resulting peptides were
fractionated using an Ultimate 3000 nanoHPLC system in line with an Orbitrap Fusion
Tribrid mass spectrometer (Thermo Scientific). In brief, peptides in 1% (v/v) formic
acid were injected onto an Acclaim PepMap C18 nano-trap column (Thermo Scientific).
After washing with 0.5% (v/v) acetonitrile 0.1% (v/v) formic acid peptides were resolved
on a 250 mm x 75 ym Acclaim PepMap C18 reverse phase analytical column (Thermo
Scientific) over a 150 min, 7-segment organic gradient (1-6% solvent B over 1 min, 6-
15% B over 58 min, 15-32% B over 58 min, 32-40% B over 5 min, 40-90% B over 1
min, 90% B for 6 min, and then reduced to 1% B over 1 min) with a flow rate of 300
nL/min. Solvent A was 0.1% formic acid and Solvent B was aqueous 80% acetonitrile
in 0.1% formic acid. Peptides were ionized by nano-electrospray ionization at 2.2 kV
using a stainless-steel emitter with an internal diameter of 30 um (Thermo Fisher
Scientific) and a capillary temperature of 250 °C.

All spectra were acquired using an Orbitrap Fusion Tribrid mass spectrometer
controlled by Xcalibur 2.0 software (Thermo Scientific) and operated in data-dependent

acquisition mode. FTMSL1 spectra were collected at a resolution of 120,000 over a
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scan range (m/z) of 350-1550, with an automatic gain control (AGC) target of 400,000
and a max injection time of 100 ms. The Data Dependent mode was set to TopSpeed
and the most intense ions were selected for MS/MS. Precursors were filtered
according to charge state (to include charge states 2-7) and with monoisotopic
precursor selection. Previously interrogated precursors were excluded using a
dynamic window (40 s +/- 10 ppm). The MS2 precursors were isolated with a
guadrupole mass filter set to a width of 1.6 m/z. ITMS2 spectra were collected with an

AGC target of 5,000, max injection time of 50 ms and HCD collision energy of 35%.

3.6.Data Analysis

The raw proteomic mass spectrometry data files were processed using
Proteome Discoverer software v1.4 (Thermo Scientific) and searched against the
UniProt database for the 3655 entries under L. interrogans serovar Copenhageni strain
Fiocruz L1-130 using the SEQUEST algorithm. Peptide precursor mass tolerance was
set at 10 ppm, and MS/MS tolerance was set at 0.6 Da. Search criteria included
carbamidomethylation of cysteine (+57.0214) as a fixed modification and oxidation of
methionine (+15.9949) as a variable modification. Searches were performed with full
tryptic digestion and a maximum of 1 missed cleavage was allowed. The reverse
database search option was enabled, and all peptide data was filtered to satisfy false

discovery rate (FDR) of 1%.

3.7.Identification of likely surface-exposed proteins
Proteins identified by CSIP-MS were further analysed by bioinformatics analysis
to select proteins that were likely to be surface exposed. SignalP was used to predict

the presence of signal peptide [47]. LipoP, SpLip predicted the presence of lipobox



108

[48,49]. PSORTb, Gneg-Ploc predicted subcellular location (outer membrane or
secreted) [50,51]. Bomp, HHomp were used to predict outer membrane beta barrel
structures [50,52]. Proteins containing more than one transmembrane alpha helix were
considered as inner membrane proteins, as determined by Phobius, TMHMM,
HMMTOP, and MEMSAT [53-56]. Orthologs in other Leptospira spp. were identified
as previously described [8]. Proteins without orthologs on all pathogenic Leptospira

spp. were discarded (up to one exception was allowed).

3.8.Recombinant protein expression and Western blotting
LIC10881 and LIC11086 coding sequences were cloned in pAE and expressed
in E. coli to validate the CSIP-MS results performing a Western blot using the same

pooled sera as used in the immunoprecipitation. Briefly, both LICs were amplified by

PCR (10881F: TAGGTACCATAAGGCTTCTCTTCGTC,; 10881R:
ACTAAGCTTTCATTCTCTTGATTTATCG; 11086F:
CTAGATCTCACATCACACAGGTATGGG; 11086R:

CGCAAGCTTTTACTTTGTCTCTTGAG). PCR products were purified using illustra
GFX PCR DNA and gel band purification kit (GE Healthcare) and cloned into the pAE
expression vector. Cloning was confirmed by restriction analysis. Recombinant
plasmids were used to transform E. coli BL21(DE3) Star and protein expression was
induced with 1 mM IPTG for 3 h when absorbance at ODesoo reached a value of 0.6-
0.8. Recombinant protein expression was confirmed by Western blot with anti-6His tag
monoclonal antibody (Sigma Aldrich). Purification was performed by nickel-affinity
chromatography. L. interrogans strain Fiocruz L1-130 grown either in DMC or in vitro,
and purified proteins were loaded onto a 12% acrylamide gel, transferred to a

nitrocellulose membrane and blocked overnight with 5% non-fat dry milk. The same
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pooled sera used in CSIP was diluted 1:100 and incubated with the membrane for 2 h
at room temperature with gentle agitation. Horseradish peroxidase-conjugated anti-
human IgG was used a secondary antibody following manufacturer’s instructions.
Bands were revealed using Amersham ECL Prime Western Blotting Detection Reagent

(GE Healthcare) according to manufacturer’s instructions.
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CAPTIONS AND LEGENDS

Table 1. Description of proteins identified by CSIP-MS and selected for further
investigation. Both LIC and LA tags as well as Uniprot identification are shown.
Proteins were classified as lipoproteins, beta-barrel outer membrane proteins, or as
secreted according to literature data and analysis performed in this study. Proteins
have been classified regarding their presence or absence in host-adapted cells: Exc,
proteins exclusive to host-adapted cells; Y, proteins present in host-adapted and in
vitro grown cells; N, proteins not present in host-adapted cells, identified in cells
cultivated in vitro only. Proteins functions and domains are also described according

to InterPro and GO annotation.
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Supplementary Figure 1: Validation of CSIP-MS results by Western blot. LICs 11086,
10881 were cloned, expressed in Escherichia coli BL21(DE3) Star, and purified. L.
interrogans strain Fiocruz L1-130 grown in vitro (37 °C) and host-adapted leptospiras,
as well as recombinant proteins and adequate controls, were run on SDS-PAGE
(12%), transferred to a nitrocellulose membrane, and probed with the same human
convalescent pooled sera against pathogenic Leptospira spp. used to
immunoprecipitated proteins. Bands were developed using Amersham ECL Prime
Western Blotting Detection Reagent (GE Healthcare). LIC 11086 and 10881 were
recognized by the sera on both Western blot and CSIP, corroborating and serving as
proof of concept for the CSIP results. Lane 1: rLIC11086 (36.7 kDa); lane 2: rLIC10881
(61.9 kDa); lane 3: Host-adapted Leptospira interrogans strain Fiocruz L1-130; lane 4:
Leptospira interrogans strain Fiocruz L1-130 grown in vitro (37 °C). There were no
reactions with E. coli negative control (not shown). Molecular masses are shown based

on Prestained Protein Ladder V (Geneaid).
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Table 1. Description of proteins identified by CSIP-MS and selected for further investigation.
Gene Onthology
Locus Locus Uniprot Classification DMC Gene product Gene function (brlc?clzglend/or gﬁ?heolo Domains and/or signature matches
(L1-130)  (56601) P (this study) (UniProt) (InterProscan) P ology 9
molecular location
function)
LIC10011 LA_0011 Q72WC6 Lipo Y LipL21 None predicted None predicted
LIC10231 LA _0272 Q72VR5 OoMP Exc ggigﬁ‘:amer'zed None predicted None predicted
LIC10461 LA 3781 Q72V42 Lipo Y Putative None predicted  None predicted
lipoprotein
LIC10462 LA_3780 Q72V4l Lipo Exc ;r;g;ractenzed Bor None predicted oM
Ig-like repeat
LIC10464 LA_3778 Q72V39 Lipo Y domain protein None predicted None predicted Bacterial immumoglobulin like
(LigB)
LIC10496 LA 3733 Q72V07 BBOMP Exc ~ Uncharacterized  Outermembrane — Transport, OM efflux protein
protein efflux protein transport activity
Uncharacterized Integral Outer membrane protein/outer
LIC10539 LA _3681 Q72UwW8 Secr N - None predicted None predicted component of P
protein membrane enzyme PagP, beta-barrel
membrane
Outer
LIC10881 LA 3258 Q72TY3 BBOMP Exc ~ Membrane None predicted Transport, Membrane TBDR, plug domain, beta-barrel
protein, TonB receptor activity
dependent
Outer Porin OmpL1 . .
) ' Transport, porin Plasma Outer membrane protein/outer
LIC10973 LA 3138 Q72TP4 BBOMP Y membrane OMP, beta-barrel, activity membrane, membrane enzyme PagP, beta-barrel

protein (ompL1)

OM enzyme PagP

integral



LIC11086

LIC11299

LIC11352

LIC11570

LIC11834

LIC11885

LIC11888

LIC11935

LIC12399

LIC12631

LIC12966

LA 2976

LA 2705

LA_ 2637

LA 2375

LA_2083

LA_2024

LA 2020

LA 1968

LA 1326

LA_1029

LA 0616

Q72TD5

Q72SS6

Q72SM7

Q72517

Q72RB4

Q72R63

Q72R60

Q72R17

Q72PR8

Q72P45

Q72N71

BBOMP

Lipo

Lipo

OMP

Lipo

Lipo

OMP

Secr

Lipo

Lipo/Secr

Lipo

Exc

Exc

Exc

Uncharacterized
protein

Putative
lipoprotein

LipL32

General
secretory
pathway protein

D (gspD)

Putative
lipoprotein

Putative
lipoprotein
(LipL46)

Uncharacterized
protein

Uncharacterized
protein

Uncharacterized
protein

Hemolysin

LipL41

MetA-pathway of
phenol
degradation

None predicted

None predicted

Type II, 1
secretion system,
GspD/PilQ family,
type Il secretion
system GspD

Fe(2+)-dicitrate
sensor,

transmembrane
component

None predicted

None predicted

Putative beta-
barrel porin-2,
OmpL-like. bbp2

None predicted

Sphingomyelinase
C/Phospholipase
C

None predicted

component of

membrane
None predicted
None predicted
None predicted
Protein secretion,
protein secretion OM/type Il
by type Il system,  secretion system
protein complex

transporter activity

None predicted

None predicted

None predicted

None predicted

None predicted

Phosphoric
. Extracellular
diester hydrolase .
o region
activity

Protein binding
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MetA-pathway of phenol degradation,
putative

Surface lipoprotein of Spirochaetales
order

Type |l sectretion system GspD,
GspD/PilQ family, type II/11l secretion
system, NolW-like

Fe(2+)-dicitrate sensor, transmembrane
component, FecR protein

Putative beta-barrel porin-2, OmpL-like.
bbp2

Phosphatase, sphyngomyelinase
C/phosphatase C,
endonuclease/exonuclease/phosphatase

Tetratricopeptide-like helical domain



LIC13381

LIC13410

LIC13418

LIC20250

LA 4227

LA_4262

LA_4272

LB_328

Q72M12

Q72LY3

Q72LX5/Q8EYE4

Q75FE4

BBOMP

Lipo

BBOMP/Secr

OMP

Exc

Uncharacterized
protein

Uncharacterized
protein

Uncharacterized
protein

Peptidoglycan-
associated
cytoplasmic
membrane
protein

None predicted

None predicted

None predicted

None predicted

None predicted

None predicted

None predicted

None predicted
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AttH-like domain, AttH domain

Alginate export domain

OM, integral
component of
membrane

OmpA-like domain

Both LIC and LA tags as well as Uniprot identification are shown. Proteins were classified as lipoproteins, beta-barrel outer membrane proteins, or as secreted

according to literature data and analysis performed in this study. Proteins have been classified regarding their presence or absence in host-adapted cells: Exc,

proteins exclusive to host-adapted cells; Y, proteins present in host-adapted and in vitro grown cells; N, proteins not present in host-adapted cells, identified in

cells cultivated in vitro only. Proteins functions and domains are also described according to InterPro and GO annotation.
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Supplementary Figure 1. Validation of CSIP-MS results by Western blot. LICs 11086,
10881 were cloned, expressed in Escherichia coli BL21 (DE3) Star, and purified. L.
interrogans strain Fiocruz L1-130 grown in vitro (37 °C) and host-adapted leptospiras, as
well as recombinant proteins and adequate controls, were run on SDS-PAGE (12%),
transferred to a nitrocellulose membrane, and probed with the same human convalescent
pooled sera against pathogenic Leptospira spp. used to immunoprecipitated proteins.
Bands were developed using Amersham ECL Prime Western Blotting Detection Reagent
(GE Healthcare). LIC 11086 and 10881 were recognized by the sera on both Western
blot and CSIP, corroborating and serving as proof of concept for the CSIP results. Lane
1: rLIC11086 (36.7 kDa); lane 2: rLIC10881 (61.9 kDa); lane 3: Host-adapted Leptospira
interrogans strain Fiocruz L1-130; lane 4. Leptospira interrogans strain Fiocruz L1-130
grown in vitro (37 °C). There were no reactions with E. coli negative control (not shown).

Molecular masses are shown based on Prestained Protein Ladder V (Geneaid).
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4.4 Manuscrito 3 — Potencial imunoprotetor de novos antigenos vacinais de
membrana externa identificados por vacinologia reversa e estrutural e

imunoprotedmica em leptospiras adaptadas ao hospedeiro

Manuscrito a ser submetido a Revista Vaccine
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Resumo

A leptospirose € uma zoonose de importancia mundial e um problema de saude publica,
especialmente em paises em desenvolvimento. Vacinas recombinantes tém sido
desenvolvidas como uma alternativa promissora para controlar a infeccdo, entretanto
poucos antigenos recombinantes apresentaram protecdo suficiente para compor uma
vacina universal contra a doenca. O objetivo deste trabalho foi avaliar o potencial
imunoprotetor de novos antigenos de membrana externa de leptospiras, que foram
identificados pela vacinologia reversal e estrutural e imunoprecipitacdo de superficie
celular. As sequéncias proteicas foram selecionadas no Genbank a partir do genoma de
L. interrogans sorovar copenhageni cepa Fiocruz L1-130 para a modelagem estrutural
das proteinas. As modelagens de estruturas tridimensionais das proteinas selecionadas
foram realizadas pelo software I-TASSER, e as predicfes de epitopos de linfocitos B e
linfécitos T foram realizadas nos softwares NetMHCII-2.3 e BepiPred 2.0,
respectivamente. As proteinas recombinantes LIC10496, LIC10881, LIC11086 e a
guimera (LIC10496+LIC10881) foram expressas em E. coli e caracterizadas quanto o
seu potencial antigénico por Western blot e ELISA indireto. Hamsters foram imunizados
com duas doses contendo 50 pg de antigeno recombinante adsorvidos em Alhydrogel®,
e desafiados com uma dose letal de leptospiras 10 x DLso. Os antigenos recombinantes
foram reconhecidos eficientemente por anticorpos presentes nos soros humanos,
bovinos e dos hamsters vacinados. Entretanto, nenhum dos antigenos testados foi capaz
de induzir protecdo significativa dos animais contra a infecgcdo, ou imunidade
esterilizante. Em conclusdo, os antigenos LIC10496, LIC10881, LIC10496+LIC10881
sdo imunogénicos e expressos durante a infeccdo, porém ndo protegem contra a

leptospirose letal aguda no modelo hamster.
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Introducao

Considerada a zoonose de maior distribuicdo mundial, a leptospirose € uma
doenca infecciosa causada por bactérias patogénicas do género Leptospira [1-3]. As
estimativas atuais apontam a ocorréncia anual de 1 milhdo de novos casos que resultam
em 59 mil mortes em humanos, principalmente em paises tropicais e em
desenvolvimento [4]. As leptospiras patogénicas infectam uma ampla gama de
hospedeiros e algumas espécies sobrevivem no ambiente por longos periodos,
potencializando a exposi¢cao de animais suscetiveis [3]. A transmisséo da doenca ocorre
através do contato desses animais, direta ou indiretamente, com a urina ou tecidos de
animais infectados, bem como agua, solo, lama e alimentos contaminados com a urina
desses animais [3,6,7].

O controle da leptospirose pode ser alcancado pela vacinacdo de animais
suscetiveis, incluindo humanos [12]. As vacinas recombinantes contra a leptospirose tém
sido o foco das pesquisas nos ultimos 20 anos, uma vez que as vacinas tradicionais de
bacterinas possuem diversas limitagbes que as tornam inadequadas para 0 uso em
humanos [2,3,8-10]. Proteinas localizadas na membrana externa da bactéria (OMPS),
em contato direto com o hospedeiro, sdo 0s principais alvos estudados quanto a
capacidade de gerar protecao contra a doenca. As OMPs recombinantes LemA [24,33],
LigA [14,16,18,21,25-27,29,32,34,35], LigB [14,20,23,28,31,32,34], LipL21 [30], LipL32
[15,22,30,35], LipL41 [13], Lsal4, LIC13259 e LIC11711 [77] foram administradas
sozinhas ou como quimeras em diferentes estratégias vacinais, e induziram de 40 a

100% de resposta imune protetora contra a doenca letal aguda em modelos animais para
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a leptospirose, conforme revisado em [11,12] [13-35]. No entanto, poucas OMPs
recombinantes testadas conferiram protecdo cruzada entre diferentes espécies e foram
eficientes na inducdo de imunidade esterilizante [15,23,28,30,31,33,35]. Dessa forma,
novos antigenos vacinais de membrana externa necessitam ser identificados.

Diferentes abordagens foram aplicadas para a identificacdo de OMPs em
leptospiras patogénicas com potencial para utilizacdo em vacinas experimentais contra
leptospirose, incluindo RNAseq [38], imunoinformética [45,46,48-50], imunoprecipitacao
de superficie celular (CSIP) [39,40], vacinologia reversa e estrutural (RV e SV) [42,43,46],
analises de bioinformética [36,47], imunologia [37,45,51,52,53] e cultivo de leptospiras
em camaras de membrana de didlise (DMCs) [38,41,44]. Essas técnicas auxiliam no
reconhecimento de novas OMPS com base na estrutura, localizacdo, imunogenicidade
e interagcbes com os componentes do hospedeiro [36-53]. Em trabalhos anteriores
desenvolvidos pelo nosso grupo de pesquisa e colaboradores, um conjunto de 166 novos
genes diferencialmente expressos foram identificados por RNAseq [38] em leptospiras
adaptadas ao hospedeiro mamifero. Esses alvos sdo interessantes uma vez que foram
identificados a partir da resposta de leptospiras ao ambiente do hospedeiro, sugerindo
gue sejam importantes durante a infeccdo de animais. Por RV e SV, 26 novas OMPs
foram identificadas a partir de suas estruturas e localiza¢ao predita na membrana externa
da bactéria [43].

Posteriormente, 164 novos antigenos foram identificados por CSIP com soros
humanos positivos para a leptospirose (resultados ndo publicados, manuscrito 2),
sugerindo que esses alvos podem ser expressos durante a infeccdo em humanos. Em
conjunto, esses dados sugerem gue 0s novos antigenos diferencialmente expressos in
vivo, com potencial imunogénico durante a infeccdo em humanos e que foram

identificados a partir da sua estrutura e localizacdo na superficie celular, possuem o
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potencial como candidatos vacinais contra a leptospirose. Com base nesses dados, o
objetivo deste artigo foi testar 3 antigenos que foram identificados nos trabalhos
anteriores do nosso grupo pelas técnicas de RV, SV e CSIP em leptospiras adaptadas
ao hospedeiro. As proteinas LIC10496, LIC10881 e LIC11086, além de uma quimera
composta pelas regibes das proteinas LIC10496+LIC10881 que foram preditas como
expostas na superficie bacteriana, foram avaliadas quanto ao seu potencial protetor e

inducado de imunidade esterilizante no modelo hamster de leptospirose letal aguda.

2. Materiais e Métodos

2.1 Aspectos éticos

Os procedimentos envolvendo modelos animais foram aprovados pelo Comité de
Etica em Experimentacdo Animal (CEEA) da Universidade Federal de Pelotas (UFPel),
sob o numero de registro CEEA 59050-2018. O CEEA da UFPel é credenciado pelo
Conselho Nacional de Controle da Experimentagdo Animal (CONCEA). Os animais
foram mantidos no Biotério Central da UFPel de acordo com o0s principios éticos na
experimentagdo animal, em caixas microisoladoras com controle de temperatura e

aeracao, ciclo escuro-claro de 12 h e abastecimento de agua e racéo ad libitum.

2.2 Cepas bacterianas e condi¢gdes de crescimento

Escherichia coli cepas BL21 (DE3) Star ou pLysS foram cultivadas em meio
liquido Luria-Bertani (LB) sob agitacao (180 rpm) ou meio solido a 37 °C. A selecéo das
bactérias recombinantes foi realizada em meio LB acrescido 100 pyg/ml de ampicilina
(Sigma-Aldrich A9393, Missouri, USA) e 34 ug/ml de cloranfenicol (Sigma-Aldrich C0378,

Missouri, USA). Leptospira interrogans sorogrupo Icterohaemorrhagiae sorovar
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Copenhageni cepa Fiocruz L1-130 [54] foi cultivada em meio de cultura liquido
Ellinghausen-McCullough-Johnson-Harris (EMJH), suplementado com 10% de
suplemento EMJH (BD Difco, Maryland, USA) [55,86], e 1% de 5-Fluoruracil
(concentracdo final de 10 ug/ml, Sigma-Aldrich F6627, Missouri, USA) a 28 °C.
Leptospiras foram enumeradas em Camara de Petroff-Hausser (Fisher Scientific, S&o
Paulo, Brasil) sob microscopia de campo escuro. Culturas de leptospiras em fase

exponencial de crescimento foram utilizadas nos experimentos de infeccédo letal aguda.

2.3 Modelagem estrutural, identificacdo de regides extracelulares e predi¢cdes de
epitopos

As sequéncias para as proteinas selecionadas foram obtifdas a partir do genoma
de L. interrogans sorovar Copenhageni cepa Fiocruz L1-130 (Genbank AE016823.1)
[56]. As analises de peptideo sinal foram realizadas nos software Signal-CF [57],
SignalP-5.0 [58] e PrediSi [59]. As sequéncias de aminoacidos de cada proteina, sem o
peptideo sinal, foram submetidas ao software I-TASSER para as modelagens das
estruturass tridimensionais (3D) [60]. A partir das predi¢bes estruturais obtidas no I-
TASSER, as regifes expostas na superficie bacteriana foram deduzidas pela
comparagcdo com as estruturas de proteinas de outros organismos, depositadas no
PROTEIN DATA BANK (PDB) [61], e a orientacdo destas proteinas na membrana
externa. As imagens foram geradas a partir do software UCSF CHIMERA V.1.14. As
predicdes de epitopos de linfécitos T foram realizadas no software NetMHCI1-2.3 [62], e

as andlises de epitopos de linfocitos B foram realizadas no software BepiPred 2.0 [63].

2.4 Construcdo dos genes sintéticos, clonagem e expressdo dos antigenos

recombinantes
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Os genes sintéticos contendo as sequéncias proteicas foram sintetizados
(GenOne Biotechnologies, Rio de Janeiro, Brasil) e ligados ao vetor de expressao pAE.
A sequéncia completa das proteinas LIC10496, LIC10881 e LIC11086 foram
selecionadas para estudo. Além disso, também foi desenhada uma quimera composta
apenas por regides preditas como expostas na superficie bacteriana das proteinas
LIC10496 e LIC10881 (LIC10496+LIC10881). Plasmideos foram inseridos por choque
térmico em células competentes de E. coli cepas BL21 (DE3) Star ou pLysS. As bactérias
transformadas foram cultivadas por 16 h em meio LB acrescido dos antibiéticos seletivos,
a 37 °C sob agitacao (180 rpm). A expressdo dos antigenos foi induzida com isopropil-
B-D-thiogalactopiranoside (IPTG) (concentracdo final 1 mM, Sigma-Aldrich 16758,
Missouri, USA) por 3-4 h. As purificacdes foram realizadas por cromatografia de afinidade
ao niguel em sistema AKTA Start (GE, Texas, USA). As proteinas recombinantes foram
solubilizadas em Ureia 8 M (Sigma-Aldrich U5378, Missouri, USA) e posteriormente
dialisadas em tampao fosfato-salino (PBS) a 4 °C. As quantificacBes proteicas foram
realizadas por kit de BCA (Pierce™, Thermo Scientific 23227, lllinois, USA) de acordo

com as instrucdes do fabricante, e posteriormente estocadas a -20 °C.

2.5 Imunogenicidade das proteinas nativas e recombinantes

Western blots foram realizados para a caracterizacdo das proteinas
recombinantes. Extratos bacterianos de E. coli e L. interrogans, bem como LigBrep
recombinante foram utilizados como controles. Membranas de nitrocelulose 0.45 ym
(Bio-Rad 1620115, California, USA) foram incubadas por 1 h em temperatura ambiente,
ou por 16 h a 4 °C, com solucédo blogueadora (Superblock™, Thermo Scientific 37515,
lllinois, USA) ou PBS acrescido de 0.05% de Tween® 20 (Sigma-Aldrich P1379,

Missouri, USA) e 0.5% de leite em p6 desnatado (Molico®, Nestlé, Suica) (PBS-T + 0.5%
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de leite em pd). Posteriormente, as membranas foram incubadas por 1 h com soro
positivos para leptospirose, de bovinos diluidos 1:400 (Embrapa Clima Temperado, Rio
grande do sul, Brasil), humanos diluidos 1:400 (LACEN, Rio de Janeiro e Rio grande do
sul, Brasil) e dos animais vacinados diluidos 1:400. Por fim, as membranas foram
incubadas por 1 h com anti-histidina diluido 1:5000 (Sigma-Aldrich A7058, Missouri,
USA), anti-bovinos diluido 1:2000 (Sigma-Aldrich A5205, Missouri, USA), anti-humanos
diluido 1:4000 (Invitrogen 31410, lllinois, USA) e anti-hamsters diluidos 1:5000 (Rockland
Immunochemicals 6071302, Pennsylvania, USA), todos conjugados a peroxidase. Todos
0s anticorpos primarios e secundarios foram diluidos em PBS-T + 0.5% de leite em po.
As reacdes foram reveladas com uso de 3,3'-Diaminobenzidina (DAB) (Sigma-Aldrich
D12384, Missouri, USA) ou pelo substrato ECL Western blotting substrate (Pierce®,
Thermo Scientific 32109, Illinois, USA) no C-DiGit® Blot Scanner (LI-COR Biosciences,

Nebraska, USA).

2.6 Dose letal para 50% dos animais infectados

A dose letal em 50% dos animais (DLso) para leptospiras patogénicas da espécie
L. interrogans sorovar Copenhageni cepa Fiocruz L1-130 foi calculada conforme
previamente descrito [64]. Hamsters Sirios da espécie Mesocricetus auratus (3 animais
por grupo, machos e fémeas, 8 semanas de idade) foram infectados via intraperitoneal
com as densidades de 10°a 102 leptospiras em 1 ml de meio EMJH. Os animais foram
avaliados diariamente por 28 dias e posteriormente eutanasiados por asfixia com CO2
no final do experimento ou mediante a apresentacao de sinais de leptospirose, que foram
baseados na avaliagdo de score clinico (210% de perda de peso, prostragao,

comportamento alterado, aparéncia e falta de resposta a estimulos).
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2.7 Imunizacao dos animais e desafio

As formulacdes vacinais contendo as proteinas recombinantes ou PBS (controle
negativo) foram adsorvidas em adjuvante de hidroxido de aluminio 2% (Alhydrogel®,
Invivogen vac-alu-250, Franca) por 16 h a 4 °C sob leve agitacdo. Hamsters (machos ou
fémeas) de 4-9 semanas de idade (9/10 animais por grupo, peso maximo de 150 g na
primeira dose) foram imunizados via intramuscular nos dias 0 e 14 com 50 ug de antigeno
em 150 ul por dose. O sangue dos animais foi coletado nos dias 0, 14 e 28 para
determinacao dos titulos de anticorpos. Os animais foram desafiados com uma dose letal
de 10 x a DLso no dia 28. Os animais foram avaliados por 28 dias pés-desafio e
eutanasiados no fim do experimento ou mediante a apresentacdo de sinais clinicos de
leptospirose. Foram coletados sangue, baco, figado, pulmdes e rins de todos os animais
para reisolamento bacteriano em meio EMJH (Fig. 1). A eficacia vacinal foi calculada
comparando o niumero de animais sobreviventes nos grupos vacinados, com o0 numero

de animais sobreviventes nos grupos controles.

2.8 Avaliagéo da resposta imune humoral

A resposta imune humoral dos animais imunizados com as proteinas
recombinantes e o controle negativo foi determinada por ELISA indireto. Placas de
poliestireno de 96 cavidades de fundo chato (NUNC™, Thermo Scientific 278605, lllinois,
USA) foram sensibilizadas com 50-200 ng de antigeno por poco diluidos em tampéo
carbonato-bicarbonato pH 9.6, e incubadas 16 h a 4 °C. Para a etapa de bloqueio, 200
pl de PBS-T + 0.5% de leite em po foi adicionado aos pocos e as placas foram incubadas
por 1 h a 37 °C. Em seguida, 100 pl de cada soro nas diluigdes de 1:50 a 1:400 em PBS-
T + 0.5% de leite em po6 foram adicionados aos pocos em triplicatas, e as placas

incubadas por 1 h a 37 °C. Posteriormente, 50 ul de anticorpo secundario anti-IgG de
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hamsters conjugado a peroxidase, diluido 1:5000 em PBS-T + 0.5% de leite em p¢ foi
adicionado aos pocos, e as placas incubadas por mais 1 h a 37 °C. As placas foram
lavadas com PBS-T 3 x entre todas as incubacdes. As reacdes anticorpo-antigeno foram
reveladas pela adicdo de 100 pl por poco de solugdo de revelagdo, contendo o-
fenilenodiamina (OPD) (Sigma-Aldrich P9029, Missouri, USA), peroxido de hidrogénio
(Sigma-Aldrich H3410, Missouri, USA) e tampéo citrato-fosfato pH 4.0. As reacdes foram
paradas com a adi¢éo de 25 ul de Acido sulftrico 2 M por poco (Sigma-Aldrich 258105,
Missouri, USA) e as leituras das placas foram realizadas no comprimento de onda de

492 nm.

2.9 Analises estatisticas

As analises estatisticas foram realizadas no software GraphPad Prism versao 7.0.
A protecao contra a leptospirose letal foi avaliada pelo teste exato de Fisher (two-tailed).
Os niveis de anticorpos foram analisados por analise de variancia (one-way ANOVA -
Turkey’s multiple comparisons). Um valor de p < 0.05 foi considerado significante em

todas as analises.

3. Resultados

3.1 Modelagem estrutural, expressdo heter6loga em E. coli e potencial
imunogénico dos antigenos recombinantes

As estruturas 3D das proteinas LIC10496, LIC10881 e LIC11086 foram
modeladas pelo método de threading no software I-TASSER, com base em padrbes
estruturais similares a proteinas presentes em outros organismos (Fig. 2). O C-score é

uma medida que estima a qualidade dos modelos preditos no I-TASSER, com scores
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tipicamente encontrados na faixa de -5 a 2, e os valores mais altos representam maior
confiabilidade dos modelos preditos [60]. As predi¢cdes estruturais no I-TASSER das
estruturas 3D foram -0.42, -1.96 e -1.56 para as proteinas LIC10496, LIC10881 e
LIC11086, respectivamente. Esses resultados indicam que os modelos 3D preditos
apresentam qualidade adequada. A estrutura 3D depositada no PDB com a maior
similaridade a proteina LIC10496 foi a proteina TolC de E. coli K-12, conforme a entrada
depositada no PDB 1ek9, que a caracteriza como uma proteina integral de membrana
externa e componente de bomba de efluxo. A entrada 1ek9 foi utilizada como modelo
para a selecdo das regides da proteina LIC10496 expostas na superficie bacteriana.
Apesar de originalmente anotada como proteina hipotética sem funcéo caracterizada, a
proteina LIC10496 possui fungbes sugeridas como possivel relacdo com ions de cobre,
sideroforos ou proteinas de transporte, e seus ortélogos foram anotados como proteina
do tipo TolC em outras espécies de Leptospira [43]. Dessa forma, os resultados da
modelagem 3D de LIC10496 encontrados confirmam a sua relacdo com proteinas do
tipo TolC. A modelagem 3D da proteina LIC10881 apresentou similaridades com a
proteina A de ligacdo a transferrina (TbpA) de N. meningitidis, depositada no PDB
através da entrada 3v89. ThpA é um receptor TonB dependente (TBDR) responsavel
pelo transporte e captacédo de nutrientes [43], apresentando uma porc¢ao significante de
sua estrutura exposta a superficie bacteriana. O modelo gerado para LIC11086
apresenta similaridades estruturais com a entrada a proteina barril-B transportadora de
acidos graxos (FadL) de E. coli (PDB: 3PGS). A proteina LIC11086 € uma proteina
hipotética conservada néo caracterizada, entretanto o Interproscan a sugere como uma
proteina putativa envolvida na via Met-A de degradacé&o do fenol. A estrutura da proteina
LIC11086 contém um barril com 12 fitas com um segmento N-terminal precedendo a

primeira fita B que bloqueia o barril. Proteinas com estas caracteristicas normalmente
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transportam moléculas hidrofobicas através da membrana [73]. Com excecdo da
proteina LIC11086, as proteinas LIC10496 e LIC10881 apresentaram estruturas 3D em
concordancia com os resultados obtidos anteriormente [43] (Fig 2, Material suplementar
Fig. S1).

A sequéncias de aminoacidos selecionadas para cada proteina e os epitopos de
linfécitos B e T preditos estdo apresentados na tabela 1. As proteinas recombinantes
LIC10496, LIC10881, LIC10496+LIC10881 e LIC11086 foram expressas em E. coli na
sua forma insolivel, apresentando as massas moleculares esperadas de
aproximadamente 56 kDa, 62 kDa, 30 KDa e 37 kDa, respectivamente (Tabela 1, e Fig.
S2). As quantificacbes das proteinas por kit de BCA demonstraram um rendimento
satisfatorio, com as concentracbes obtidas de 0,53 mg/ml (LIC10496), 1,18 mg/ml

(LIC10881), 0,38 mg/ml (LIC10496+LIC10881) e 0,45 mg/ml (LIC11086).

3.2 Resposta imune humoral e imunidade protetora induzida nos animais

imunizados

As proteinas recombinantes foram imunogénicas e estimularam a produc¢éo
significativa de anticorpos IgG especificos (P < 0.0001) apds a vacinacdo dos animais.
Os animais que receberam a segunda dose das vacinas recombinantes apresentaram
titulos de anticorpos superiores quando comparados as amostras coletadas previamente
a imunizacéo (Dia 0), e nos grupos controle negativo imunizados com PBS nos dias 0 e
28 (Fig. 5). Além disso, os western blots com soros humanos convalescentes, soros
bovinos positivos para a doenca, e de animais imunizados com as vacinas
recombinantes confirmaram o potencial imunogénico dos alvos selecionados. Entretanto,
a proteina LIC10496 né&o foi reconhecida pelos anticorpos presentes nos soros bovinos,

e as proteinas LIC10881 e LIC10496+LIC10881 foram reconhecidas fracamente pelos
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anticorpos present0065s nos soros humanos. Os anticorpos dos animais vacinados
reconheceram todas as proteinas recombinantes, porém somente soros gerados contra
a proteina LIC10881 e a quimera LIC10496+LIC10881 reconheceram proteinas nativas
nos extratos de leptospiras, com tamanho esperado para LIC10496 e LIC10881 (Fig. 3).
Em conjunto, esses resultados demonstram o potencial imunogénico das proteinas

recombinantes avaliadas nesse estudo.

A DLso da cepa de desafio Fiocruz L1-130 foi avaliada previamente aos
experimentos vacinais a fim de confirmar a viruléncia bacteriana. Grupos de 3 animais
foram desafiados com doses de 10° a 10° leptospiras. Ap6s a infecgdo, um animal
sobreviveu nos grupos infectados com 1 e 1000 leptospiras (Fig. 4). A DLso para o
desfecho letal no modelo hamster de leptospirose letal aguda foi de 5 leptospiras,
indicando que a cepa Fiocruz L1-130 era altamente virulenta. Nenhum animal vacinado
com a proteina LIC10496 sobreviveu ao desafio letal [0/10, 0% de protecéo, (p =
0.2105)], enquanto que 1 animal sobreviveu no grupo da proteina LIC10881 [1/10, 10%
de protecao, (p = 0.5820)] e 2 animais sobreviveram do grupo vacinado com a proteina
LIC11086 [2/10, 20% de protecao, (p = 1.000)]. No grupo controle negativo injetado com
PBS, 2 animais (2/9) sobreviveram ao desafio letal. O experimento 2 foi realizado com a
quimera contendo as porcbes das proteinas LIC10496 e LIC10881
(LIC10496+L1C10881) preditas como expostas na superficie da bactéria. Nenhum animal
no grupo vacinado sobreviveu ao desafio letal [0/9, 0% de protecdo, (p = 1.000)],
enquanto que no grupo controle negativo injetado com PBS, 1 animal (1/9) sobreviveu
(Fig. 6 e tabela 2). Quando comparadas aos controles negativos (PBS), as proteinas
recombinantes n&o foram capazes de gerar uma protecéao significativa contra a infeccéo
letal aguda no modelo hamster. Todos os animais que desenvolveram leptospirose

tiveram perda de peso superior a 10% do peso corporal, sinais caracteristicos da
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infeccdo, e a colonizacao renal por leptospiras foi observada nas amostras de rins que

foram coletadas, demonstrando a auséncia de imunidade esterilizante.

4. Discusséo

A membrana externa das leptospiras € uma importante estrutura celular em L.
interrogans, e apresenta LPS, diferentes lipoproteinas e proteinas transmembrana barril-
B que desempenham funcdes essenciais e que podem estar relacionadas a viruléncia
bacteriana [43, 65]. Proteinas transmembrana e algumas lipoproteinas estao presentes
na membrana externa, permitindo a exposi¢cao dessas proteinas ao ambiente externo,
com provavel interacdo com a resposta imune do hospedeiro. Ferramentas como a RV,
SV, CSIP e andlises de imunoinformatica tém auxiliado na selecdo de antigenos
bacterianos de forma rapida e racional [36, 43, 46]. Diversos estudos apresentam que 0s
anticorpos produzidos ap0ds as imuniza¢des com vacinas de bacterinas vivas atenuadas
sdo capazes de reconhecer antigenos presentes em diferentes cepas de leptospiras [37,
51-53]. A técnica de CSIP foi aplicada na identificacdo de novos antigenos expostos na
superficie de N. meningitidis, a partir da imunoprecipitacdo de células meningocacicas
intactas incubadas com anticorpos presentes em soros imunes. Este método foi bem
sucedido na selecao de antigenos protetores, incluindo os atuais componentes da vacina
para meningite [39,40]. A técnica de CSIP foi aplicada para L. interrogans pelo nosso
grupo e identificou 164 novos antigenos alvo de Leptospira [resultados ndo publicados,
manuscrito 2]. As OMPs LIC10496, LIC10881 e LIC11086 foram identificadas
previamente pelas técnicas de RV, SV e CSIP como proteinas expostas a superficie
celular e expressas durante a infeccdo no hospedeiro [43, dados ndo publicados,

manuscrito 2].



138

As andlises de modelagem estrutural 3D realizadas sugeriram que em L.
interrogans LIC10496, LIC10881 e LIC11086 sejam ortologas de bomba efluxo do tipo
TolC, transportadores dependentes de TonB e proteina FadL transportadora de acidos
graxos, respectivamente. Proteinas do tipo TolC e seus homologos sdo importantes para
o fluxo de componentes entre a célula e o ambiente extracelular, transportando diversas
proteinas de secrecdo do tipo I, incluindo enzimas, toxinas, detergentes, solventes,
metais pesados e antibioticos [66]. Isso sugere que proteinas da familia TolC séo fatores
importantes para a patogenicidade e viruléncia bacteriana. A proteina LIC10881 foi
caracterizada como um receptor dependente de TonB (TBDR), importantes para a
captacdo e transporte de nutrientes necessarios para o metabolismo bacteriano.
Proteinas TBDRs, como a LIC10881, sao proteinas barril-B que compreendem 22 fitas
gue se estende na membrana externa, com grandes alcas extracelulares e um dominio
de plug globular na regido N-terminal, dobrado para dentro do barril. Uma porcéo
significante de sua estrutura foi predita como exposta a superficie bacteriana, o que pode
fornecer uma via de sinalizagéo entre o reconhecimento dos componentes ligados e o
transporte mediado por TonB [43, 67, 68, 69]. Receptores TonB dependentes, como a
LIC10881, sdo essenciais no transporte ativo de sideréforos, vitamina B12, além de ferro
no ambiente do hospedeiro. O ferro € um componente essencial para a viabilidade
bacteriana, e a capacidade de adquirir ferro no ambiente do hospedeiro € indispensavel
para a viruléncia [69,70]. Alem disso, LIC10881 foi identificada pela CSIP em leptospiras
adaptadas in vivo em estudos desenvolvidos pelo nosso grupo [dados nao publicados,
manuscrito 2]. Esse resultado sugere que a LIC10881 é expressa in vivo e possui
potencial antigénico, uma vez que é constantemente reconhecida pelos anticorpos
presentes em soros humanos convalescentes. A proteina LIC11086 é anotada como

proteina conservada hipotética ndo caracterizada, entretanto resultados prévios da
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predicdo dessa proteina sugerem que é uma provavel proteina envolvida na via Met-A
de degradacédo do fenol, além do possivel envolvimento no transporte de moléculas
hidrofébicas através da membrana [43]. Em concordancia com esses achados, a
modelagem da estrutura 3D de LIC11086 predita no I-TASSER obteve similaridades
estruturais com a entrada 3PGS do PDB, classificada como uma proteina barril-8
transportadora de 4cidos graxos (FadL) de E. coli. Essa proteina desempenha um papel
central na captacao de acidos graxos exdgenos, e permite a entrada desses compostos
através da membrana externa, por meio de um canal especifico para a captacdo de
acidos graxos, que contém uma abundancia de aminoacidos hidrofébicos [71]. Proteinas
com estruturas similares a LIC11086 foram caracterizadas e tradicionalmente
apresentam um barril com 12 fitas com um segmento N-terminal precedendo a primeira
fita B que bloqueia o barril. Epitopos de linfécitos B e T foram preditos a partir das
sequéncias proteicas de cada proteina. Como observado na tabela 1, as sequéncias
proteicas utilizadas no design dos plasmideos recombinantes possuem epitopos para
linfécitos B e T, 0 que sugere suas capacidades de estimular as respostas imunes
humoral e celular. Em conjunto, esses resultados corroboram com as estruturas preditas
para essas proteinas identificadas pela RV e SV previamente [43], e confirmam o

potencial que esses antigenos possuem para compor uma vacina recombinante.

Diferentes antigenos e estratégias vacinais ja foram testados e induziram uma
resposta protetora contra a leptospirose de 40-100% dos animais imunizados [12, 42].
Os principais antigenos testados em ensaios pré-clinicos séo as proteinas Ligs (LigA e
LigB) que apresentam diferentes niveis de protecdo. A proteina LigA, em especial a
regido LigANI, foi avaliada repetidamente e confere protecdo significativa contra a
infeccdo, demonstrando o seu potencial como antigeno vacinal [27, 29, 32-35, 72, 73].

Entretanto, a proteina LigA ndo é conservada entre todas as espécies patogénicas de
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leptospiras, diferentemente da proteina LigB. O seu fragmento LigBrep foi estudado
como um alvo vacinal e apresentou resultados promissores, com inducéo de protecédo e
imunidade esterilizante, entretanto, esses resultados ndo sao consistentes e falham em
sua reprodutibilidade por diferentes grupos de pesquisa [30, 35, 38, 39]. Diversos outros
antigenos de recombinantes como Erp Y-like, LcpA, LcpA+LenA, LemA, LenA,
LipL21+LipL32+OmpL1, LipL32+LemA+LigANI, Lsa46, Lsad46+Lsa77, Lsa77, Lsal4,
LIC13259 e LIC11711 foram testados e apresentaram resultados interessantes para a
protecdo dos animais desafiados [29,30,33,35,73,75,77]. Entretanto, o uso de novas
estratégias na selecdo e construcado de antigenos € necessaria, uma vez que os alvos
testados até o momento apresentam resultados inconsistentes entre diferentes grupos
de pesquisas na area.

A construcdo de genes quiméricos, compostos por porcdes especificas de uma
ou mais proteinas, tém recebido bastante atencdo nos ultimos anos e pode ser uma
abordagem interessante para o desenvolvimento de uma vacina eficaz contra a
leptospirose. Oliveira (2018) [33] e Dornelles (2020) [78] desenvolveram vacinas contra
a leptospirose utilizando como vetor vivo a cepa BCG recombinante expressando
quimeras contendo as proteinas LipL32, LigANI e LemA. Esses estudos demonstraram
uma protecdo de 80-100% e reducao da colonizacdo renal. Apesar de estimularem a
inducéo de anticorpos, estes niveis ndo foram significativos e ndo se correlacionaram a
protecdo. Uma quimera composta por fragmentos de LigA e LigB conferiu 100% de
protecdo contra a infeccdo letal nos animais imunizados e significantes niveis de
anticorpos [34]. De forma semelhante, um antigeno quimérico de LigA, Mce, Lsa45,
OmpL1l e LipL41 foi reconhecido eficientemente por amostras de soro positivas de
humanos e os soros de hamsters experimentalmente infectados, entretanto, somente

50% dos hamsters sobreviveram ao desafio letal [73]. Outro estudo avaliando os
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epitopos imunodominantes de linfécitos B e T das OMPs OmpL1, LipL32 e LipL21
demonstrou ser uma estratégia interessante na protecdo de cobaios da infec¢ao letal,
inducao de titulos de anticorpos significativos, reducao do dano tecidual, e a colonizacédo
e excrecgao de leptospiras através da urina [30]. Cinco proteinas barril B conservadas
entre espécies patogénicas foram identificadas por VR, SV e CSIP, e arquitetadas em
guimeras contendo as regifes expostas a superficie celular e imunodominantes de
linfécitos B e T foram testados recentemente [43, 79]. As OMPs barril B LIC11570,
LIC12524, LIC13229, LIC13417 e LIC20214 protegeram 100% dos animais imunizados
em 2 experimentos independentes, induziram a producdo de anticorpos IgG, e a
imunidade esterilizante em 85-100% dos animais infectados [79]. Em conjuntos, esses
resultados sugerem que constru¢des recombinantes quiméricas sdo uma abordagem
interessante para o desenvolvimento de vacinas contra a leptospirose.

Os antigenos recombinantes avaliados neste trabalho foram expressos em E. coli
e reconhecidos de forma geral pelos soros positivos de bovinos, humanos e hamsters
imunizados com os antigenos recombinantes. Esses resultados sugerem que as OMPs
recombinantes sdo imunogénicas, e que sao expressas durante a infeccdo em animais
suscetiveis. Nos experimentos in vivo foram avaliadas as proteinas inteiras, ou
arranjadas em uma quimera contendo as regibes expostas a superficie e
imunodominantes de LIC10496 e LIC10881. Nenhum dos antigenos testados conferiu
protecdo significativa aos animais imunizados, sugerindo que 0s anticorpos induzidos
pelos antigenos recombinantes ndo foram capazes de proteger os animais contra a
infeccéo letal, levando a auséncia de correlato de imunidade. A relacéo entre a resposta
imune humoral e a capacidade de sobrevivéncia prediz que a resposta humoral, por si
s6, nao é suficiente para eliminar as leptospiras dos hospedeiros [76]. Esses resultados

sugerem que mesmo com uma selecéo racional de alvos vacinais, baseada na funcéo e
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estrutura das proteinas, e nas interacdes com anticorpos presentes em soros de
pacientes infectados, os antigenos recombinantes testados ndo foram protetores a partir
das composi¢cdes vacinais testadas neste estudo. Alvos selecionados com base em
funcdes essenciais a patogénese bacteriana mas que nao conferem protecdo homologa,
heter6loga e imunidade esterilizante, somados as auséncias de repetitividade e
reprodutibilidade entre diferentes grupos de pesquisa, evidencia a razao das pesquisas
com vacinas recombinantes ndo evoluem aos ensaios clinicos.

Apesar dos avancos para selecao e design de alvos, ainda enfrentamos alguns
problemas no campo da vacinologia para a leptospirose [12]. Um importante aspecto no
desenvolvimento de vacinas contra a leptospirose € o modelo hamster. Apesar do
modelo hamster ser classicamente utilizado para avaliar vacinas contra a leptospirose,
devido a sua suscetibilidade a infeccéo e a reprodutibilidade dos resultados, ele ndo é
um modelo animal completo para a leptospirose aguda. Limitacbes relacionadas aos
aspectos da resposta imune, bem como reagentes e ferramentas genéticas bem
definidas, sdo ainda barreiras importantes no avanco das pesquisas com esse modelo
[9, 80-84]. Além disso, hamsters sdo extremamente suscetiveis a leptospirose e dessa
forma, ndo sdo bons modelos para colonizacdo crénica e infeccdo subletal. Além disso,
a maioria dos hospedeiros naturais de leptospiras desenvolvem a infecgéo crénica com
colonizacéo renal, eliminacdo das bactérias na urina e nenhum sinal importante da
doenca [81, 85]. Para prevenir a transmissdo entre animais hospedeiros, a vacina deve
induzir imunidade esterilizante. No entanto, este objetivo no desenvolvimento de vacinas
contra a leptospirose ainda € um grande desafio. O meio de cultura utilizado para cultivar
leptospiras ndo é sensivel para o crescimento de pequenos inéculos, impossibilitando a
expansao in vitro das leptospiras a partir dos tecidos dos hospedeiros, levando a

resultados errbneos relacionados a imunidade esterilizante. Por fim, inUmeros obstaculos
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ainda necessitam de atencdo no campo da leptospirose e poderiam melhorar as
pesquisas com desenvolvimento de vacinas contra a doenca. Em conclusdo, os
antigenos testados nesse trabalho, identificados por abordagens de RV, SV e CSIP,
foram preditos como proteinas de membrana externa envolvidas no transporte e
captacdo de diversos componentes extracelulares importantes para a patogénese
bacteriana. Em adicdo, as OMPs recombinantes foram reconhecidas efetivamente por
anticorpos presentes nos soros de bovinos e humanos positivos para a infeccao, e induzir
uma resposta imune humoral nos hamsters imunizados, sugerindo que sdo expressas
durante a infec¢éo in vivo e imunogénicas. Entretanto, nenhum dos antigenos testados
foi capaz de proteger os animais imunizados da leptospirose letal. Outros estudos séo

necessarios para entender os mecanismos de protecao a infec¢cado nos hospedeiros.
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Tabelas

Tabela 1. Caracterizacdo das proteinas recombinantes LIC10496, LIC10881, LIC10496+LIC10881 quanto as sequéncias de

aminoacidos selecionadas, predi¢do de epitopos de linfécitos B, predicdo de epitopos de linfocitos T e massa molecular
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Nativa Recombinante

Proteina Sequéncia de aminoéacidos Aminoacidos expostos a ME (kDa) (kDa)

TTKQPPIKITLDQAVLIGSSNSVVLKVLEAKKEVSKMLITEKWREF
LPKFGIQYYGLRNQNVNSADNIYNDIRLTVQQLIFDGGEANLNLE
IAKLSELLNEQDFKINLSRLRLDIQKAYFRALALKGKVYIQKKAQE  pN Ny NSADNIYN 58-70 aa
KAQEALRKGQVELRQGFITKVQLMDLESKLKQTEFNVQKSKND e —
SDOALLDLKQVMNLDYYAEIELNESIFFDFIINAPPNTHNLDELIS ~ SNGNNNQETHDSYGVNFNLVMPLGSSVVOS

LIC10496 KAKNGREDLKKMQIIVKKLKNEKEVLDNQYMPKVYVGAYAGRN ~ NGNTGVQKDGNGIQTYPGFGNQTVGPGT 57,9 55,9
GNNNQFTHDSYGVNFNLVMPLGSSVVQSNGNTGVQKDGNGIQ —268-325 aa
TYPGFGNQTVGPGTNSYNSTSVRLFDNLSQSRKAMEGEIQLAE
ALLNYRNMENQVGFEIKKSVDKLNQSWELINIANSRINLQVESG
RAMAAKVAYGHAKKEDQINSELEMIKSQEDLTDALTSYAINCYE
YAQITTDEGGLRKLIQYSKGSGNSILSNLIKNQETGSKPKK
GTLWAKASLRLKIFANSKSDPPTQIWVRGNGYSKVFSLSDQSSE  GEGDALK 119-125 aa
LTIDLKEQGVYDVILTFKSGEMEHKFVTVDSDEKNLEFVQKTKKY | SpMyQMYTGASFQSAIQTFAQATNPDKPDK
TNGINVVGKRPEAPPNYVLSQEDAIRMPGGFGDALKAVQSMPG )
ISPMYQMYTGASFQSAIQTFAQATNPDKPDKPNGEKGFLVMRG g'ziTEng';éVg';GAGARANQF 133-183 aa

LIC10881 AGARANQFYFNGLPMSYPFHADGLTSVINNNAIRSLELYSGSYS el aa 63.2 61,9

ARYGFATGGIINIEGFQKRDSNLSVAHLNAFLTDVYTYRNITKDL
NVSVSGKKYYPNIVFGRVPNLIPAETFLADYNDYQARIGWDISEN
HSLSFQTFGAKDKRYPFKELSQYNPKETAQSFANPPSDADAAR
LDRIFRTDGIQHIWKPKSSITNTFNVSRNYFNEVTENGLDMLVLD
ITKIGYPPSLYKRVQTIQNEYFNDLRQIENVSEVELLKRNWKIVFG

L 251 aa
KKYYPNIVFGRVPNLIPAETFLADYNDYQAR
271-301 aa
FGAKDKRYPFKELSQYNPKETAQSFANPPSD



LIC10496+
LIC10881

LIC11086

GQYREVDTGYKGKVSQIDLDPTYNFIHQQLLNSSDVKSVLEGDS
VRTRQIGTFFENRFKFYDFNLNLGVRREYYDKSRE

HHTGMGGSDQSSTRFVDPFTGKREKPANYVVLTQDFFKQTNE
NSNIHTSTFFGEINLKNGMFALNLSVPYTYYEQKDRSDAARIGKT
YIGIKYLPLVDFQKNYFIVFSANVGFPSGPDTDKFTGGNYYSGIP
GLTFGYLLGKFSFVGKLSGIFPLSKSQPSNLQDNDGIVYWLRNP
SSSPPEETYLLKKTSLFSGYVTYLWKPGLSFFTGFLYRTPYEGV
DLKRSNQGKVPSIFREISLGFSANISEKLNFNLSYRYPLYRGEDY
RLYDYAITAAVSIEISELENSKPAKVEEVKQEPEETTQETK

ADAARLDRIFRT 317-359 aa
VSRNYFNEVTENGLDMLVLDITKIGYPPSLYK
RVQTIQNEYFND 378-421 aa
RETGYKGKVSQIDLDPTYNFIHQQLLNSSDVK
SVLEGDSVRTRQI 447-493 aa

EYYDKSRE 515-522 aa

RNQNVNSADNIYNRNGNNNQFTHDSYGVNF
NLVMPLGSSVVOSNGNTGVQKDGNGIQTYP
GFGNQTVGPGTGFGDALKISPMYQMYTGAS
FQSAIQTFAQATNPDKPDKPNGEKGFLVMRG
AGARANQFGFATGLKKYYPNIVFGRVPNLIPA
ETFLADYNDYQARFGAKDKRYPFKELSQYNP
KETAQSFANPPSDADAARLDRIFRTVSRNYF
NEVTENGLDMLVLDITKIGYPPSLYKRVQTIQ
NEYFNDREVDTGYKGKVSQIDLDPTYNFIHQ
QLLNSSDVKSVLEGDSVRTRQIEYYDKSRE

HHTGMGGSDQSSTRFVDPFTGKREKPANYV
VLTQDFFKQTNENSNIHTSTFFGEINLKNGMF
ALNLSVPYTYYEQKDRSDAARIGKTYIGIKYLP
LVDFQKNYFIVFSANVGEPSGPDTDKFTGGN
YYSGIPGLTFGYLLGKFSFVGKLSGIFPLSKS
QPSNLOQDNDGIVYWLRNPSSSPPEETYLLKK
TSLFSGYVTYLWKPGLSFFTGFLYRTPYEGV
DLKRSNQGKVPSIFREISLGFSANISEKLNFENL
SYRYPLYRGEDYRLYDYAITAAVSIEISELENS
KPAKVEEVKQEPEETTQETK*******

37,3

29,6

36,7
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ME) Membrana externa; aa) Aminoacidos; kDa) Quilodalton. Os aminoacidos destacados em vermelho foram preditos como epitopos de linfécitos T no software
NetMHCII-2.3. Os aminoacidos destacados em azul foram preditos como epitopos de linfocitos B no software BepiPred-2.0. Os aminoacidos sublinhados sédo
0s epitopos em comum de linfocitos B e T. -) N&o se aplica a LIC10496+LIC10881 uma vez que ela é uma construgdo quimérica a partir das regides expostas
a superficie celular. ******* Toda a proteina foi considerada para predicédo de epitopos.
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Tabela 2. Protecédo conferida pelas vacinas recombinantes contra o desafio letal no
modelo hamster para a leptospirose

Proteina Experimento % protecdo Cultura positiva  Valor de P
LIC10496 0 (0/10) 6/10 0.2105
LIC10881 10 (1/10) 7/10 0.5820
LIC11086 ' 20 (2/10) 6/10 1.0000
Controle negativo PBS 22.2 (2/9) 2/9 -
LIC10496+L1C10881 0 (0/9) 9/9 1.0000

2

Controle negativo PBS 11.1 (1/9) 8/9 -
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Legendas das Figuras

Figura 1. Delineamento experimental para o0s experimentos vacinais in Vvivo

contendo as OMPs recombinantes.

Figura 2. Modelagem estrutural das OMPs recombinantes com base nos modelos
preditos no I-TASSER. As regides salientadas em verde representam as porcoes
proteicas expostas a superficie leptospiral, e que foram selecionadas para compor a
proteina quimérica LIC10496+LI1C10881.

Figura 3. Caracterizacdo antigénica das OMPS recombinantes expressas em
sistema de expressao heterélogo em E. coli. (A) Western blot incubado com um pool
de soros humanos convalescentes; (B) Western blot incubado com um pool de soros
bovinos positivos para a leptospirose; C) Western blots incubados com pools de soros
provenientes dos hamsters imunizados com as proteinas recombinantes; M) Marcador
PageRuler™ Prestained Protein Ladder (Thermo Scientific 26616, lllinois, USA); L1-130)
Extrato de L. interrogans cepa Fiocruz L1-130 (108 bactérias); Star - Extrato de E. coli
cepa BL21 (DES3) Star; pLysS) Extrato de E. coli cepa BL21 (DE3) PlysS; LigBrep (+))
Controle positive de reacéo. e Indica a banda das proteinas recombinantes no tamanho
esperado. *** OMPs recombinantes LIC10496 e LIC10881 que foram incubadas com

pool de soros provenientes dos hamsters imunizados com a proteina quimérica.

Figura 4. Dose letal para 50% dos animais infectados (DLso) com leptospiras
patogénicas. Os animais foram desafiados com leptospiras patogénicas da espécie L.
interrogans sorogrupo Icterohaemorrhagiae sorovar Copenhageni cepa Fiocruz L1-130.
Os grupos experimentais tiveram N = 3 animais por grupo, e as doses de 10° a 103
leptospiras foram testadas. A DLso foi calculada conforme descrito previamente (Reed e
Muench, 1938).
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Figura 5. Protecéo contra o desafio letal. A sobrevivéncia dos animais imunizados com
as OMPs recombinantes e o controle negativo PBS foi avaliada apds o desafio com uma
dose letal de L. interrogans sorogrupo Icterohaemorrhagiae sorovar Copenhageni cepa
Fiocruz L1-130. Os grupos testados tiveram N = 9 ou 10 animais por grupo. A
porcentagem de sobrevivéncia € a relagdo entre 0 numero de animais sobreviventes,

frente ao nimero de animais desafiados em cada grupo.

Figura 6. Resposta imune humoral induzida pela vacinagdo de hamsters com as
OMPs recombinantes. LIC10496, LIC10881, LIC10496+LIC10881, LIC11086 e controle
negativo PBS avaliada pela técnica de ELISA indireto. Os valores representam as médias
das absorbancias dos anticorpos presentes nos soros dos animais imunizados de cada
grupo, em triplicatas. As barras representam o desvio padrao entre todos os valores de
cada grupo. *** |[ndicam as diferencas estatisticamente significativas entre os grupos,

com um valor de P <0,0001.
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Figura 2.
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Material Suplementar.

TolC de Escherichia coli TbpA de Neissena meningitidis
(PDB — 1ek9) (PDB - 3v89)

Figura S1. Estruturas tridimensionais (3D) das proteinas depositadas no PROTEIN
DATA BANK (PDB) utilizadas como referéncias para a predicdo das regides
expostas a superficie celular. As proteinas TolC de E. coli (entrada 1ek9) e ThpA de
N. meningitidis (entrada 3v89) foram usadas como modelos para a selecdo das regides
expostas a superficie das OMPs recombinantes LIC10496 e LIC10881. ME) Membrana

externa; MI) Membrana interna.
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Figura S2. Caracterizacdo das OMPs recombinantes expressas em sistema de
expressdo heter6logo em E. coli. A,B) Western blots incubados com anticorpo
secundario anti-histidina, demonstrando que as proteinas recombinantes apresentaram
as massas moleculares esperadas. M1) Marcador PageRuler™ Prestained Protein
Ladder (Thermo Scientific 26616, lllinois, USA); M2) Marcador de peso molecular de
proteinas pré corado (Ludwig, Rio grande do Sul, Brasil; L1-130) Extrato de L.
interrogans cepa Fiocruz L1-130 (108 bactérias); Star) Extrato de E. coli cepa BL21 (DE3)
Star; PlysS) Extrato de E. coli cepa BL21 (DE3) PlysS; LigBrep (+)) Controle positivo de
reacao. e Indica a banda das proteinas recombinantes no tamanho esperado.



5. Conclusdes gerais

A revisao escrita pelo nosso grupo identificou os principais problemas que sé&o
importantes no campo de desenvolvimento de vacinas para humanos contra a
leptospirose. A auséncia de correlatos de imunidade, padronizacdo de protocolos
entre 0os grupos de pesquisa, modelo animal adequado que possibilite avaliar as
respostas imunes induzidas pelas vacinas e durante a infeccdo bacteriana, e o
escasso conhecimento da microbiologia bésica de leptopsiras sdo as principais
lacunas no desenvolvimento de vacinas recombinantes para a leptospirose.

O entendimento da microbiologia basica de Leptospira spp. € uma ferramenta
essencial para o aperfeicoamento das pesquisas envolvendo leptospiras patogénicas.
Culturas utilizando o meio de cultura IHM (EMJH caseiro), em tubos estéticos e
incubadas a 28 °C apresentaram um crescimento otimizado. Esse trabalho
demonstrou que o meio de cultura e a temperatura influenciaram no cultivo in vitro, e
leptospiras em fase exponencial de crescimento foram mais virulentas no modelo
hamster. Uma vez eu diversos estudos de vacinologia apresentaram animais
sobreviventes nos grupos controle negativo, o que pode indicar reducédo de viruléncia
bacteriana, a capacidade de manter a viruléncia de leptospiras estavel é um fator

essencial no desenvolvimento de vacinas contra a leptospirose.

A aplicacéo da técnica de CSIP em leptospiras adaptadas ao hospedeiro foi capaz de
reconhecer 24 antigenos que foram preditos com localizacdo na membrana externa
de leptospiras. Essa técnica foi efetiva na identificacgdo de antigenos
imunoprecipitados com anticorpos de soros convalescentes humanos. Os antigenos
identificados devem ser explorados quanto a capacidade de gerar protecao contra

desafio letal em experimentos vacinais.

As proteinas LIC10496, LIC10881 e LIC11086 identificadas por CSIP em leptospiras
adaptadas ao hospedeiro, apresentaram potencial imunogénico e induziram a
producdo de anticorpos em hamsters imunizados. Além disso, soros de humanos e
bovinos reconheceram essas proteinas, sugerindo que elas sdo expressas durante a
infeccdo no hospedeiro. Entretanto, essas proteinas ndo foram capazes de proteger

0s animais vacinados da infeccéo letal por leptospiras patogénicas.
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7.2 Anexo B -
Parecer do Comité de Etica e Experimentacdo Animal para o projeto
Microbiologia basica, gerando o manuscrito 1

UNIVERSIDADE FEDERAL DE PELOTAS
PARECER N* 1292018 CEEA/REITORIA
PROCESSO N ZRHI026RTR 201801

Cenificado

cmfumw ue s sulatacio de udend Ladu “Microbiologin bisica de Leptospira spp.: ferr para otimizacho dos estudos em
plosp h "l!O(I"ﬁh?R“OIQ 99 (CEEA 4237, ’OISdempnmthdc Alan John Alexander McBrde - qoo envolve 2 produgdo,
B0 0u Wtilzagio de i a0 filo Chordata, subfilo Vestehyta (exceto b b parn fins e pesguise cientiflea (ou ensing) - cnconirs-
wtk-.odo\mmmm’&l l.mn" 11794, de B de outubro de 2008, do Deceeto o 6.599, de 15 de julho de 2009, ¢ com as sarmas editadas pelo Coasctho
Naciomal de Comtrole de Experimentagho Animal (CONCEA), € receben parecer FAVORAVEL a stin comph o pela C: o de Ebica em
Expenmentagio Animal, em reunido de 101272018,

I'malidode ( X ) Pescuim { ) bnsino
Vigéncia da autorizagho Prorogado até 07/ 2020
Fspécielmhagemraca Mesacricents iranes/Capa doerada
N de animass Acrescuno do 283
Tdade B4 semanas
fexo Machos ¢ Fémnas
Orijgen) rmmu Central - UFPel

Codigo para cadastro CEEA 43372018

Docmenta sssinsco alutroncaments por ANELIZE DE OUVEIRA CAMPELLD FELIX. Médico Vetermdelo, em 14/1 2/2008, 45 1217, coofoemn horano oficis
de Brasilla, com fundamento no art. 65, § 1%, do Decretn n? 8539, de & de outubro de 2015

S A autenticidade dests docurmenta poce ter confirida no st hetp:/fyet unel edu tirfusifcontcolador_seterms sha?
B acoscocumentn confril il oRao_aieso_exieirosl, informando o chdgo verificador 0390226 e o céigo CRC D277D953.

Salurierchn: Proceieo 14 23100 0068 M8/2018 61 S5 00 0400028
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7.3 Anexo C — Parecer do Comité de Etica e Experimentacdo Animal para o projeto

de Vacinologia reversa e Estrutural e imunoproteémica, gerando o0 manuscrito 2 e

3

UNIVERSIDADE FEDERAL DE PELOTAS

PARECER N 1282018 CEEA/REITORIA
PROCESSO N 2311005005070 259
Certificodo
Certifi queap lod. ‘ldmmuchde g did; de / irw spp. para vacina ¢ diagnostico b do em vacimologh
revena e estrutural e lm-noputebmln prucesso numero 231 1005905020189, de mpunwhll:duk de Alin Joha Alexinder \Ix&uﬁe «que envulve n
produgde, mumurengle ou tilizacio de ani per 80 (ils Cooeduta, sublilo Venebeata (exceto b ) para fins de pesy 5y (00 ensm)
encontr-se de pcordo com 0s precelios da Lei o 1179, de 8 de outubeo de 2008, do Decreto o 6,899, de 13 de julbo de 2009, ¢ com 25 aonnas ciitadas pelo
Conmelbo Nacional de Controle de Expecimentogiio Animsl (CONCEA), ¢ receheu parccer FAVORAVEL a sus comph ¢io pela € 30 de Erica o
Expernmentacio Animal, em reunido de 107122058
Fmaldade { X ) Pesgansa { ) Ensoo

Vigéncia da autorizacko (1012019 2 33122022
Fspécislinhapem/mge Mesoericemy auratv Caps donrada leuu noviegions) Wester
N de seatminds | 30 al
Fdude [ed serranis -6 serrsaniss
Besa Muchos ¢ Femens ru‘ma-
Dyegemn r)unhiu Central - UFPel

Cidigo para cadasio CEEA 59050-2018

MV Dea, Anclize de Olivelen Campello Fellx
Presdeme da CEEA

) por ANEUZE DE OUVEIRA CAMPELLO FELIX, Médico Veterindrio, em 14/12/2018, 35 11:53. conforme hordrio obical
-~ -~ dcms‘u.mmﬂmmmno-t 6%, 519, do Decrety o §.539. de & de gutubire de 2015

A mm deste documuno poda sar conferida no site bto.//ses ulsel aduSedsucontuladad sxtemme, uho?
» o B U _aceig 4, ink de o eidign wwilicador 0390177 ¢ & codipo CRC FEADCDCT.

Onburtenins Pocessn of 231 100880A0 2018 e owoL



