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RESUMO
Histoplasma capsulatum variedade capsulatum é um patdgeno fungico dimdrfico causador de
uma importante micose sistémica, denominada histoplasmose. A patogenia da histoplasmose
ocorre como resultado da inalacdo dos microconidios da fase miceliar, que afetam
primariamente os pulmdes onde ocorre a diferenciagdo em leveduras, que posteriormente,
induzem uma infeccdo pulmonar e disseminacdo para outros 6rgdos, particularmente em
individuos imunocomprometidos. Recentemente, foi estabelecida uma correlagdo entre o
modo de infecgdo de H. capsulatum e a formagdo de biofilmes, estruturas caracterizadas
como redes tridimensionais complexas que induzem, entre outros, a resisténcia antifingica.
Por esta razdo, é emergente a identificagdo de um novo alvo e/ou biomarcador que possa ser
selecionado, a fim de estabelecer um novo regime terapéutico e/ou ferramenta diagnostica
para a histoplasmose. Com base nisto, este trabalho tem como objetivo analisar a regulacéo
transcricional codificante e metabdlica diferencial entre as duas formas de crescimento de H.
capsulatum, em biofilmes e em crescimento plancténico, bem como determinar o perfil de
microRNAs (miRNAs) aberrantes em células hospedeiras em resposta & infeccdo com
leveduras livres e biofilmes. O sequenciamento completo das regides transcritas foi realizado
utilizando a plataforma HiSeq da Illumina e a investigagdo do padrdo de miRNAs em
macrdofagos (Mg) hospedeiros infectados foi conduzida empregando uma técnica de RT-
gPCR (reverse transcription-quantitative PCR). Subsequentemente, a producdo de
polissacarideos totais foi determinada em amostras de culturas planctonicas, biofilmes e
sobrenadante dos biofilmes e, adicionalmente, a abundancia dos metabdlitos de natureza ndo
proteica e pequenos peptideos nestas formas de crescimento foi estabelecida por LC-MS/MS.
Em resumo, os dados obtidos revelaram que a estruturacéo das leveduras em biofilmes induz
uma regulacdo negativa nos processos transcricionais direta (genoma codificante — RNAm) e
indiretamente (genoma ndo-codificante — MIRNAS) e, nos processos metabolicos das
leveduras, resultante da: a) expresséo reprimida da maioria dos genes (=80% down-regulated)
quando as leveduras livres passam a organizarem-se em biofilmes; b) superexpressdo de
todos os miRNAs alterados na comparagdo de células infectadas com biofilmes vs. leveduras
planctdnicas; c) intensidade relativa reduzida (DOWN) da maioria dos metabdlitos (57%)
produzidos pelas células em biofilmes em relagdo a intensidade nas homologas livres,
considerando os metabdlitos com a mesma massa molecular entre biofilmes e culturas
planctdnicas e; d) producdo significativamente menor de metabdlitos exclusivos pelas
culturas em biofilmes (8%) vs. células plancténicas (18%). Por conseguinte, no presente

estudo, atraves das abordagens desenvolvidas foram indicadas as moléculas (genes, miRNAs
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e metabolitos) que constituem uma fonte potencial para delinear: a) um marcador de
biofilmes na infecgdo as células hospedeiras; b) novos prototipos para a terapéutica da
histoplasmose e; c¢) novos biomarcadores como ferramentas diagnosticas para a

histoplasmose.

Palavras-chave: Transcriptomica. Metaboldomica. MicroRNAs. Histoplasma capsulatum.
Biofilmes.
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ABSTRACT

Histoplasma capsulatum variety capsulatum is a dimorphic fungal pathogen that causes an
important systemic mycosis, called histoplasmosis. The pathogenesis of histoplasmosis
occurs as a result of the inhalation of mycelial microconidia, which primarily affect the lungs
where differentiation occurs in yeast, which subsequently induce pulmonary infection and
dissemination to other organs, particularly in immunocompromised individuals. Recently, a
correlation was established between the mode of infection of H. capsulatum and the
formation of biofilms, structures characterized as complex three-dimensional networks that
induce, among others, antifungal resistance. For this reason, it is emerging the identification
of a new target that can be selected in order to establish a new therapeutic strategy for
histoplasmosis. Based on this, this work aims to analyze the differential transcriptional and
coding transcriptional regulation between the two forms of growth of H. capsulatum in
biofilms and planktonic growth, as well as to determine the profile of aberrant microRNAs
(miRNAS) in host cells post-infection with free yeasts and biofilms. Complete sequencing of
the transcribed regions was performed using the Illumina HiSeq platform and the
investigation of the miRNA pattern in infected host macrophages (Mg) was conducted using
a reverse transcription-quantitative PCR (RT-gqPCR) technique. Subsequently, the production
of total polysaccharides was determined in samples of planktonic cultures, biofilms and
supernatant of the biofilms and, additionally, the abundance of non-protein metabolites and
small peptides in these growth forms was established by LC-MS/MS. In summary, the data
obtained showed that the structure of yeasts in biofilms induces a negative regulation in the
direct (coding genome - mMRNA) and indirectly (non-coding genome - mMIRNAS)
transcriptional processes and in the yeasts metabolic processes, resulting from: a) suppressed
expression of most genes (=80% down-regulated) when the free yeasts are organized in
biofilms; b) overexpression of all altered miRNAs in the comparison of cells infected with
biofilms vs. planktonic yeasts; c) reduced relative intensity (DOWN) of most of the
metabolites (57%) produced by cells in biofilms compared to the intensity in the free
homologues, considering the metabolites with the same molecular mass between biofilms and
planktonic cultures; d) significantly lower production of exclusive metabolites by cultures in
biofilms (8%) vs. planktonic cells (18%). Accordingly, in the present study, the approaches
performed indicated molecules (genes, miRNAs and metabolites) that are a potential source
for delineating: a) a marker of biofilms in infection to host cells; b) new prototypes for
histoplasmosis therapy and; c) new biomarkers as diagnostic tools for histoplasmosis.

Key words: Transcriptomic. Metabolomic. MicroRNAs. Histoplasma capsulatum. Biofilms.
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1. INTRODUCAO

Histoplasma capsulatum variedade capsulatum é um patdgeno fungico dimorfico, que
quando inalado na fase miceliar afeta primariamente os pulmdes e, em geral, individuos
imunocomprometidos, causando uma importante micose sistémica denominada histoplasmose
(Rodriguez-Cerdeira et al., 2012).

As infeccdes fungicas invasivas tém aumentado durante as duas Ultimas décadas na
América Latina e no mundo inteiro e, o nimero de pacientes em risco tem crescido
drasticamente (Sifuentes-Osornio, Corzo-Leon e Ponce-De-Le6n, 2012). Estima-se que
aproximadamente 1,2 bilhGes de pessoas sdo acometidas mundialmente por algum tipo de
doenca flngica e, este dado se torna ainda mais alarmante considerando o nimero de pessoas
que morrem anualmente por uma doenga fangica, um nimero que supera as mortes causadas
por maléria e tuberculose, com uma estimativa de 1,5 a 2 milhdes de pessoas (Denning e
Bromley, 2015).

A histoplasmose é descrita como uma micose amplamente distribuida nas Américas,
com uma particular endemia nos vales dos rios Ohio e Mississipi nos Estados Unidos,
Meéxico, Brasil e algumas regides das Guianas (Guiana Shield) (Damasceno et al., 2016).
Além disso, microfocos sdo registrados no leste dos Estados Unidos, sul da Europa e sudeste
da Asia. Atualmente, tem sido descrito como um patdgeno de ampla dispersdo geografica em
vista das oito populacBes genéticas de H. capsulatum distribuidas mundialmente entre as
latitudes 54° Norte e 38° Sul (Kasuga et al., 2003; Anderson et al., 2006, Calanni et al.,
2013), de maneira que tais populacdes foram classificadas em clados, sendo: (i) clado Norte
Americano classe 1; (ii) clado Norte Americano classe 2; (iii) clado Latino Americano grupo
A; (iv) clado Latino Americano grupo B; (v) clado Australiano; (vi) clado Holandés; (vii)
clado Euro-Asiético e; (viii) clado Africano (Kasuga et al., 2003).

No Brasil, micoses sistémicas ocasionadas por H. capsulatum s&o relativamente
comuns, sendo descritas em casos clinicos isolados ou na ocorréncia de surtos (Brilhante et
al., 2012; Myint et al., 2014). Neste contexto, Oliveira, Unis e Severo (2006) relataram 26
surtos de histoplasmose no Brasil desde 1958, envolvendo 184 pacientes, com o nimero de
casos por surto variando de 2 — 13. No entanto, estes dados ndo s&o otimizados uma vez que a
histoplasmose pulmonar aguda € pouco diagnosticada e muitas vezes confundida com a
tuberculose ou a leishmaniose (Antinori et al., 2014).

De fato, surtos de histoplasmose aguda tém sido registrados em diversos Estados

brasileiros, entre eles Sdo Paulo, Rio de Janeiro, Espirito Santo, Mato Grosso, Minas Gerais,
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Goias, Amazonas e Rio Grande do Sul, nos quais os individuos séo infectados apds exposicao
aos propagulos fangicos em ambientes contaminados, envolvendo também pacientes
imunocompetentes (Ferreira e Borges, 2009; Faiolla et al., 2013; Passos et al., 2014). Em
areas endémicas, aproximadamente 10% dos individuos imunocompetentes desenvolvem os
sintomas da doenga (Damasceno et al., 2016). Apesar disso, individuos HIV-positivos estdo
predispostos a infeccBes flungicas em fungdo das alteracbes significativas em sua resposta
imune celular (Colombo et al., 2012).

Tendo, portanto, uma distribuicio mundial, H. capsulatum € encontrado
preferencialmente em excrementos de morcegos e aves na sua fase miceliar, a qual se
caracteriza como o morfotipo geofilico, saprobio-infectivo deste fungo, sendo capaz de
permanecer no ambiente por periodos prolongados, fator que favorece sua disseminacéo
(Rodriguez-Cerdeira et al., 2012).

Sendo assim, a patogenia da histoplasmose inicia-se quando H. capsulatum é
adquirido pela inalacdo de microconidios infectivos ou fragmentos de hifas, que atingem os
alvéolos pulmonares, onde ocorre a diferenciacdo de microconidios em leveduras, que por sua
vez sdo fagocitadas por macrofagos (Mg). As leveduras se multiplicam dentro dos
fagolisossomas e, nessa fase, em contraste a fungdo usual dos Mg de eliminar os
microrganismos nocivos, estas células propiciam um ambiente favoravel e protetor para a
sobrevivéncia e replicagdo da fase leveduriforme de H. capsulatum, a qual se caracteriza
como o morfotipo parasitario-virulento deste fungo (Tagliari et al., 2012).

Apos a infecglo, as manifestagdes clinicas abrangem desde um quadro assintomatico,
estado que ocorre com grande parte dos hospedeiros imunocompetentes apds baixa exposicéo
ao indculo, & infecgdo disseminada e rapidamente fatal em hospedeiros imunocomprometidos.
O papel da imunidade celular na defesa contra H. capsulatum é bem estabelecido (Deepe,
2009; Antonello et al., 2011; Kroetz e Deepe, 2012; Deepe e Buesing, 2012). De fato, a forma
disseminada da histoplasmose é mais comumente associada a reativacdo de focos quiescentes
em individuos imunocomprometidos, em particular em pacientes infectados com o HIV
(Marques et al., 2015). Segundo Ferreira e Borges (2009), entre 107 casos de histoplasmose
disseminada diagnosticados na enfermaria de Doencas Infecciosas do Hospital de Clinicas da
Universidade Federal de Uberlandia, Brasil, apenas um dos casos foi associado a um paciente
imunocompetente.

Adicionalmente, os fatores de viruléncia desenvolvidos pelo fungo sdo essenciais para
0 sucesso da infecgdo. Entre eles destacam-se: a) a transicdo micélio-levedura induzida pela

temperatura, a qual se denomina dimorfismo térmico; b) os mecanismos para aquisicdo de



26

ferro; ¢) uma pequena proteina secretada que é capaz de se ligar a0 Ca®* em baixas
concentragdes (Cbpl); d) uma proteina de choque térmico (Hsp60); e) uma proteina
extracelular especifica da fase leveduriforme (YPS3); f) um polissacarideo da parede celular,
denominado a-(1-3)-glucano; g) a producdo de melanina e; h) a formagéo dos biofilmes de H.
capsulatum, que constituem estruturas cruciais no desenvolvimento de infec¢Oes, uma vez que
microrganismos estruturados em biofilmes exibem altos niveis de resisténcia aos
antimicrobianos em funcéo da baixa perfuséo de drogas, favorecendo o desenvolvimento de
fendtipos resistentes (Weaver, Sheehan e Keath, 1996; Nosanchuk et al., 2002; Rappleye,
Engle e Goldman, 2004; Bohse e Woods, 2007; Pitangui et al., 2012; Sardi et al., 2014).

Um biofilme pode ser definido como uma comunidade séssil de microrganismos,
individualizado por células aderentes a um substrato, interface ou adesdo célula-célula,
circundadas por uma matriz extracelular (MEC) de polissacarideos e que diferem
profundamente das células homologas livres em relacdo ao crescimento, expressdo génica e
traducdo de proteinas (Costerton et al., 1995). De fato, nosso grupo tem explorado aspectos
Unicos e determinantes para a formacdo dos biofilmes de H. capsulatum in vitro e suas
possiveis implicacbes na infeccdo as células hospedeiras. Da mesma forma, outros
investigadores caracterizaram recentemente a susceptibilidade antifingica reduzida de
biofilmes de H. capsulatum in vitro frente aos agentes antifingicos itraconazol e anfotericina
B, bem como frente & farnesol sozinho e combinado com antiflingicos, indicando os biofilmes
como os provaveis implicadores das infec¢des fungicas recorrentes (Brilhante et al., 2015).

Diante deste contexto, a gravidade destas formagdes resistentes na patogénese da
histoplasmose se torna ainda mais relevante em vista dos relatos recentes que descrevem
clinicamente a identificacdo de infec¢des por H. capsulatum em individuos com dispositivos
médicos ou implantes cirdrgicos e ainda, relatos de histoplasmose endovascular em pacientes
com implantes vasculares (Carreto-Binaghi et al., 2015).

Neste sentido, estudos prévios publicados pelo nosso grupo estabeleceram uma
correlagdo entre o modo de infecgéo de H. capsulatum e a formag&o dos biofilmes (Pitangui
et al., 2012; Sardi et al., 2014; Pitangui et al., 2016). Diante desta problemética, é reafirmada
a emergéncia da identificacdo de um novo alvo que possa ser selecionado, a fim de
estabelecer um novo regime terapéutico para a histoplasmose. Neste contexto, atualmente as
abordagens “Omicas” constituem ferramentas extremamente promissoras para a investigagio
de alvos e/ou biomarcadores dos biofilmes microbianos, no que diz respeito & quantificacéo
das mudancas globais na abundancia de transcritos de RNA mensageiro (RNAmM)

(transcriptdmica), proteinas (protedmica/secretdmica) e outros componentes biomoleculares
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(metabolémica) em diferentes condi¢Bes as quais uma célula ou organismo estiver submetido
(Ozsolak e Milos, 2011; Muszkieta et al., 2013). Tais ferramentas tiveram inicio na chamada
Era Pds-Genbmica e foram desenvolvidas para solucionar as limitagdes que permeiam a
gendmica de um organismo em questdo. O sequenciamento gendmico reflete a informagao
genética através de técnicas que identificam a sequéncia de nucleotideos no genoma do
organismo. Assim, é fato que aspectos tais como sequéncia, nimero e sintenia dos genes
contidos no nlcleo de uma célula se mantém estaticos durante o ciclo celular, no entanto
existe um equilibrio dindmico entre: a) transcricdo génica, b) traducdo proteica e, c) producéo
de subprodutos metabdlicos de acordo com a condicdo bioldgica a qual a célula é sujeita,
definindo entdo diferentes transcriptomas, proteomas e metabolomas para a mesma célula ao
longo de sua diferenciacdo celular (De Hoog and Mann, 2004).

Dessa forma, as andlises transcriptbmica, protedmica e metabolémica podem ser
empregadas para a obtencdo das diferencas entre a assinatura transcricional, traducional e
metabolica de um microrganismo em biofilmes e em crescimento planctdnico. Este campo de
pesquisa tem adquirido novos conceitos e neste contexto Azevedo et al. (2009) sugeriu uma
nova tendéncia, a chamada “biofémica” (biofomics) — uma abordagem “Omica” para o campo
dos biofilmes. O objetivo desta abordagem é reunir em um banco de dados o grande conjunto
de dados dmicos gerados a partir dos estudos da habilidade de um microrganismo aderir &
superficies, se comunicar com células vizinhas e formar biofilmes. Tais dados coletados
seriam disponiveis & comunidade cientifica e identificariam uma (nica assinatura dos
biofilmes incluindo informagBes importantes como, fatores ambientais, fisiolégicos e
mutacionais que afetam a capacidade de um microrganismo desenvolver biofilmes. Isto
poderia entdo impactar positivamente na Biologia de Sistemas e consequentemente no
desenvolvimento de uma nova ferramenta diagnéstica e/ou terapéutica para estas formagdes
resistentes.

O transcriptoma total comparativo constitui uma abordagem estratégica para investigar
fatores envolvidos na patogénese de H. capsulatum. Esta andlise utiliza o sequenciamento do
RNA em larga escala caracterizando o transcriptoma, que corresponde ao conjunto completo
de regides transcritas em um genoma de maneira significativamente mais sensivel quando
comparado as abordagens de hibridizacdo microarray (Wang et al., 2009a). Os dados obtidos
utilizando sequenciamento de RNA também tém sido utilizados para identificar novos eventos
de splicing e quantificar a expressdo de genes a partir de células cultivadas em diferentes
condigdes experimentais (Marioni et al., 2008; Mortazavi et al., 2008; Sultan et al., 2008;
Trapnell, Pachter e Salzberg, 2009).
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Segundo Wang et al. (2009b), plataformas de RNA-Seq sdo extremamente sensiveis e,
neste estudo, caracteriza-se como uma ferramenta Util para categorizar, de forma inédita, 0s
genes que representam a assinatura transcricional de H. caspulatum em suas diferentes formas
de crescimento (biofilmes e planctonico), de maneira que seréo identificados genes candidatos
potenciais que codificam proteinas chave e que podem ser amplamente estudados como
putativos alvos terapéuticos e/ou biomarcadores durante a infeccdo as células hospedeiras.

Alguns estudos tém reportado alteracfes transcricionais nos biofilmes de espécies de
bactérias, entre elas Pseudomonas aeruginosa, Desulfovibrio vulgaris e espécies de
Sulfolobus (Manos et al., 2008; Koerdt et al., 2011; Clark et al., 2012) e patdgenos fungicos,
como Candida albicans (De Cremer et al., 2016).

Neste contexto, muitas informagdes importantes tém sido obtidas a partir da utilizagdo
de métodos Omicos empregados em estudos recentes e tais informagdes podem ser integradas
para o desenvolvimento de uma nova terapia das infecgdes causadas por biofilmes fungicos.

No ambito das andlises transcriptdmicas, uma investigacdo recente destaca dados
relevantes a cerca dos biofilmes de C. albicans. Tal espécie caracteriza-se como a mais
prevalente e patogénica entre todas as espécies de Candida relacionadas as infecces
sistémicas (Candida bloodstream infections — CBSI) e, este fato, é decorrente da habilidade
do patdgeno de formar biofilmes robustos. De acordo com Rajendran et al. (2016), os isolados
clinicos de candidemia podem ser estratificados em dois grupos, os quais podem ter: a) alto
potencial de formagdo de biofilmes (high biofilm formers — HBF) e; b) baixo potencial de
formacéo de biofilmes (low biofilm formers — LBF). Assim, hd um fendtipo heterogéneo dos
biofilmes, o qual, de acordo com a sua classificacdo, impacta diretamente nos resultados
clinicos e na mortalidade. Os autores deste estudo constataram, por analise comparativa de
RNA-Seq, que hd uma expressdo génica diferencial significativa entre os isolados HBF e LBF
de C. albicans. A partir dos resultados transcriptdmicos obtidos foi possivel destacar uma
importancia destacada para a via aspartato aminotransferase na formag&o dos biofilmes, a qual
pode ser explorada como um potencial alvo em biofilmes fungicos.

A abordagem metabolémica permite um melhor entendimento acerca dos fenémenos
complexos que ocorrem em nivel de metabdlitos durante os estagios de desenvolvimento de
um biofilme, identificando os metabdlitos em diferentes vias celulares e os avaliando como
alvos terapéuticos potenciais e/ou como marcadores do biofilme na infeccdo as células
hospedeiras. Com esta finalidade, plataformas de cromatografia liquida acoplada a
espectrometria de massas (LC-MS/MS) tém sido amplamente empregadas na identificagdo de
biomarcadores (Hou et al., 2014; Li et al., 2014; Zhou et al., 2014). Dessa forma, neste
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trabalho foi desenvolvida a padronizacdo de uma analise metabolémica néo direcionada para
deteccdo de diversos grupos de metabolitos como moléculas de baixa massa molecular ndo
proteicas e pequenos peptideos, a fim de se obter posteriormente, um perfil metabdlico
caracteristico de H. capsulatum em suas diferentes formas de crescimento. Tendo em vista o
estudo do metabolismo celular, é necessario destacar algumas descri¢des feitas por Lindon et
al. (2006) a partir dos seguintes conceitos: a) o metaboloma de um sistema biol6gico
compreende o conjunto de todos 0s compostos quimicos (intra- e extracelulares) consumidos
(substratos) e excretados (metabodlitos); b) o perfil metabdlico, também denominado
metaboldmica, é definido como a investigagdo quantitativa de uma classe ampla de substratos
intracelulares e metabolitos e; c) fingerprinting metabdlico, também denominado
metabonbmica, constitui uma investigacéo qualitativa de metabdlitos selecionados necessarios
para classificar uma amostra.

Uma investigagdo conduzida por Zhu et al. (2013) revelou o perfil metabdlico dos
biofilmes de C. albicans por uma técnica de cromatografia gasosa acoplada & espectrometria
de massas (GC/MS), a partir da qual foram identificados 31 metabdlitos produzidos
diferencialmente entre culturas de biofilmes e células planctdnicas. Este estudo demonstrou
ainda que a trealose é determinante para o desenvolvimento dos biofilmes de C. albicans, uma
vez que a auséncia deste metabolito resultou na formagdo anormal e no aumento da
sensibilidade dos biofilmes aos agentes antifungicos anfotericina B e miconazol.
Adicionalmente, um estudo desenvolvido por Chen et al. (2014) detectou 16 metabdlitos
diferencialmente produzidos entre culturas planctonicas e biofilmes de C. albicans, dos quais
a maioria foi identificada como aminoacidos ou compostos relacionados, através de um
sistema de cromatografia de pareamento idnico-coluna de carbono grafitico poroso acoplada a
um sistema de espectrometria de massas do tipo tempo de voo (IP-PGC-TOF/MS).

Entdo, em vista da complexidade e da variabilidade dos biofilmes de fungos
patogénicos, a integracio de diferentes dados “Omicos” se faz necessaria. A combinagéo dos
métodos “Omicos” constitui um campo que tem sido explorado por alguns grupos de pesquisa
em funcdo da complementariedade entre eles. Esta combinacdo é o principal desafio da
biologia de sistemas em vista da grande quantidade de dados gerado pelos projetos “Omicos”,
0S quais, uma vez integrados permitem o mapeamento e a elucidacdo de informacdes
peculiares, em termos quantitativos, a cerca do comportamento de uma célula, tecido ou
organismo em uma determinada condicéo bioldgica a qual estiver submetido (Moreira, 2015).
Muszkieta et al. (2013) integraram trés diferentes métodos “Omicos”, microarray, RNA-seq e

analise protedbmica, para comparar as diferentes assinaturas transcriptdmica e protedmica dos
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biofilmes de Aspergillus fumigatus. De acordo com os autores, alguns genes foram, de fato,
correspondentes as proteinas diferencialmente reguladas, no entanto, h4 muitos desafios que
permeiam a correlagdo entre dados de transcriptoma e proteoma. Estes desafios referem-se ao
fato de que os dados detectados do transcriptoma codificante (RNAm) n&o refletem todos os
processos regulatérios de uma célula, tais como 0s processos pds-transcricionais e a regulacéo
pos-traducional, reafirmando a necessidade de integrar as abordagens “Omicas”. Assim, a
comparagio e a integracdo de abordagens “Omicas” em diferentes niveis tem um potencial
promissor para fornecer novas informacdes, que se rednem para caracterizar a assinatura dos
biofilmes microbianos, no que diz respeito a habilidade de formacdo, atividade fisioldgica e
estrutura.

De maneira adicional, a identificagdo dos microRNAs (miRNAS) expressos por uma
célula ou organismo em uma determinada condicdo caracteriza o0 miRNoma. Assim, a
identificacdo dos miRNAs diferencialmente expressos ap6s interacdo H. capsulatum-célula
hospedeira também constitui uma abordagem de importancia cada vez mais reconhecida a ser
desenvolvida neste trabalho, em vista da ocorréncia generalizada dos miRNAs e suas diversas
fungbes como moléculas regulatérias (Law et al., 2013).

De fato, RNAs ndo-codificantes (ncRNAs) ganharam a atengdo de muitos
pesquisadores em funcdo de inUmeras investigacGes que destacam o seu papel em diversos
processos bioldgicos e doencgas, incluindo varios tipos de cénceres humanos, doencas
cardiovasculares e doencas respiratorias alérgicas, principalmente por regularem a expresséo
de varios genes (Garofalo, Leva e Croce, 2014; Leung e Natarajan, 2014; Liu et al., 2014;
Rebane e Akdis, 2014; Yao-Shu, Xiao-Lin e Yong, 2014). Entre os ncRNAs, destacam-se 0sS
miRNAs, pequenas moléculas de RNA que afetam a estabilidade dos RNAm e cujas funces
regulatdrias sdo bem estabelecidas (O'connell et al., 2010).

Os miRNAs apresentam-se em cadeia simples com 19 a 23 nucleotideos e, de forma
geral, a biogénese dessas pequenas moléculas tem origem no ndcleo celular chegando ao
citoplasma onde reconhecem 0os RNAm alvos e reprimem 0s processos pds-transcricionais ou
induzem a clivagem do RNAm (Chitwood e Timmermans, 2007; Costa, Leitdo e Enguita,
2012). As proteinas Argonautas, presentes no citoplasma, estdo envolvidas no processo de
maturacdo do miRNA, permitindo sua ligagdo ao RNAm, para que entéo inicie a inibigdo dos
processos trancricionais dos RNAm-alvo. Essa atividade regulatdria que miRNAs apresentam
é um processo complexo, uma vez que um unico RNAm transcrito pode ser alvo de vérios
miRNAs, assim como um Unico miRNA pode regular diversos RNAm-alvo (Costa, Leitdo e
Enguita, 2012; Turchinovich et al., 2013).
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De maneira detalhada, a biogénese dos miRNAs inicia-se no nucleo a partir de um
locus especifico do genoma onde ha a formacdo de um miRNA primério (ou pri-miRNA).
Este miRNA é processado pelo complexo DROSHA-DGCRS, o que resulta na formacéo de
um miRNA precursor também chamado pré-miRNA, que por sua vez é transportado para o
citoplasma através de poros nucleares pela Exportina 5. No citoplasma, os pré-miRNAs séo
reconhecidos pela enzima DICER, que é responsavel pela clivagem do loop destes
precursores, processo que culmina na obtencdo de fragmentos de 19 a 23 pares de bases e que
permanecem ligados a essa enzima. Este complexo, entre a DICER e o pequeno fragmento,
recruta diversas proteinas da familia Argonauta, que em conjunto formam o complexo RISC.
Finalmente, este complexo agrupado com o miRNA maduro tém como alvo uma sequéncia
complementar do RNAm atuando na regulagéo negativa da expressdo génica por induzirem a
clivagem da cauda poli-A (deadenilacéo) através da acéo de exonucleases ou por inibirem a
acéo dos ribossomos na tradugéo (Li e Rana, 2014).

Poucas investigacdes tém demonstrado a expressdo anormal de miRNAs em células
hospedeiras em resposta as infec¢fes fungicas. Neste contexto, sdo descritos 0s miRNAs com
expressdo significativamente aumentada ou diminuida em relacdo aos controles em células
epiteliais respiratorias e Mg murinos infectados com C. albicans e, em mondcitos humanos e
células dendriticas infectadas com A. fumigatus (Monk et al., 2010; Das Gupta et al., 2014;
Muhammad et al., 2015; Agustinho et al., 2017). Recentemente, um estudo descreveu ainda o
perfil de miRNAs desregulados ap6s a infec¢do por C. albicans in vivo, em modelo animal
alternativo Caenorhabditis elegans e, identificaram 16 miRNAs superexpressos e 4 miRNAs
reprimidos nos nematodos em resposta a infeccdo (Sun et al., 2016). Com base nisso, 0s
resultados obtidos no presente estudo contemplam a identificacdo de miRNAs desregulados
em Mg hospedeiros em resposta a infeccdo com leveduras de H. capsulatum empregando a
tecnologia de RT-qPCR (reverse transcription-guantitative PCR), uma plataforma que
determina a abundéancia relativa de miRNAs nas amostras bioldgicas selecionadas.

Neste contexto, a identificagdo dos miRNAs anormalmente regulados em uma célula
infectada constitui uma abordagem promissora para o desenvolvimento de novas opgdes
terapéuticas e ferramentas diagndsticas. Em vista das alternativas terapéuticas empregando
miRNAs, atualmente destaca-se uma tecnologia baseada na administracdo de um RNA de
interferéncia (RNAI) para regular ou mimetizar a fungdo de um miRNA in vivo. Tal
tecnologia fundamenta-se na utilizagdo dos chamados antimiRs ou mimics. Os antimiRs
caracterizam-se como oligonucleotideos anti-sentido de cadeia simples utilizados para inibir a

funcdo de um miRNA. Embora o mecanismo de acdo exato destas moléculas permaneca
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desconhecido, esta ferramenta tem demonstrado eficacia in vivo ao atuar em um miRNA e
impedir sua atividade de repressdo génica, por meio da complementariedade perfeita entre a
sequéncia do oligonucleotideo administrado e 0 miRNA-alvo (Van Rooij et al., 2008). Com
este intuito, a inddstria farmacéutica Santaris Pharma desenvolveu uma droga experimental
para o tratamento da hepatite C, nomeada Miravirsen (anteriormente conhecido como
SPC3649), a qual atua como um antagonista de miR-122, um miRNA reconhecidamente
importante para a replicacdo do virus da hepatite C. Atualmente, a droga encontra-se em fase
Il de Ensaios Clinicos e, quando administrada por via intravenosa ou subcutanea em
chimpanzés tem impedido a fungdo do miR-122 resultando na redugdo da carga viral (Borgia
et al., 2016). Por outro lado, as opcOes terapéuticas com o emprego de miRNAs também
concentram-se no fornecimento sintético de um mIRNA mimic. Os mimics séo
oligonucleotideos curtos de fita-dupla que sdo reconhecidos e transportados até o complexo
RISC no citoplasma celular, a partir do qual o oligonucleotideo pode atuar como um miRNA
enddgeno aumentando o nivel do miRNA de interesse e bloqueando potencialmente a
expressao do(s) gene(s)-alvo (Van Rooij et al., 2008).

Adicionalmente, no ambito do diagndstico, miRNAs tém sido propostos como
biomarcadores estaveis de véarias doencas e neste campo de pesquisa, a nova ferramenta
miRview mets (Rosetta Genomics Ltd., Nova Jersey, EUA) representa o que hé de mais atual
e evoluido. Esta ferramenta caracteriza-se como um teste diagndstico capaz de identificar o
tecido de origem de um tumor metastatico por meio da quantificacdo do nivel de expressdo de
48 miRNAs reconhecidos como biomarcadores tumorais. Assim, o teste tem a propriedade de
designar o sitio priméario para uma amostra de cancer com base na expressdo de miRNAs do
tecido tumoral (Meiri et al., 2012).

Entdo, em linhas gerais, 0s objetivos propostos e executados neste projeto
concentraram-se na busca de um novo alvo (terapia) e/ou candidatos a marcadores
moleculares (diagndstico) da histoplasmose em hospedeiros eucariéticos, a fim de estabelecer
com clareza as vias de sinalizag&o alteradas nos sistemas de infecgdo estudados. Para tanto, as
tecnologias “Omicas”, entre elas, transcriptoma e metaboloma, e um screening de miRNAs
foram as abordagens empregadas para investigar a regulagdo transcricional, metabdlica, bem
como o perfil de RNAs ndo codificantes (miRNAs) de células leveduriformes de H.
capsulatum estruturadas em biofilmes e os resultados obtidos sdo fundamentais para a
consolidagéo do estudo da viruléncia dos biofilmes de H. capsulatum destacando informagdes

cientificas inovadoras a respeito do tema na ciéncia.
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2. OBJETIVOS
2.1. Objetivo Geral

Investigagdo de potenciais alvos terapéuticos e/ou biomarcadores a partir da
identificacdo de transcritos, metab6litos de natureza ndo proteica e pequenos peptideos em
biofilmes e culturas planctonicas de H. capsulatum através da analise do transcriptoma e
metaboloma, bem como investigacdo dos miRNAs desregulados em Mg hospedeiros apés a

infeccao.

2.2. Objetivos especificos

* Obtencgdo dos RNAs de cepas de H. capsulatum e controle de qualidade das amostras;

» Sequenciamento Hi Seq (Illumina) do RNA extraido das amostras de H. capsulatum;

* Andlise dos Genes Diferencialmente Expressos (GDEs) entre culturas planctdnicas e
biofilmes de H. capsulatum e entre cepas nacional e internacional;

* Identificacdo, categorizacdo funcional e localizagdo de dominios proteicos dos GDEs;

* Quantificagdo da porcentagem de infeccdo de diferentes cepas de H. capsulatum a Mg
alveolares murinos (AMJ2-C11) e determinacdo da viabilidade celular apds infecgéo;

* Quantificagdo da porcentagem de infeccdo de diferentes cepas de H. capsulatum a Mg
humanos (THP-1) e ensaio de viabilidade de Mg THP-1 like infectados com H. capsulatum,
para definicdo da Multiplicidade de Infecgdo (Multiplicity of Infection, MOI);

* Screening de miRNAs expressos em Mg hospedeiros (Mg THP-1 like) apds interacdo com
leveduras de H. capsulatum;

* Determinagdo de polissacarideos totais em amostras de culturas planctdnicas, biofilmes e
sobrenadante dos biofilmes de H. capsulatum;

* Extracdo de metabolitos produzidos e/ou modificados por H. capsulatum em biofilmes e sob
condigdes planctonicas;

* Andlises metabolémicas de H. capsulatum em biofilmes e em crescimento planctdnico.

2.3. Representacdo Esquematica

A Figura 1 organiza de forma esquematica as moléculas correspondentes a cada uma
das tecnologias “Omicas”, destacando as abordagens desenvolvidas neste estudo, entre elas o
transcriptoma, com enfoque para o estudo dos RNAs codificantes (RNAm) e ndo-codificantes
(miRNAs) e, o metaboloma intracelular, direcionado para a deteccdo de moléculas de baixa

massa molecular ndo proteicas e pequenos peptideos.
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Figura 1. Representacdo Esquemética das tecnologias “Omicas” e suas moléculas. Destaque para as abordagens desenvolvidas neste estudo, entre elas
Transcriptoma codificante e ndo-codificante (alaranjado) e metaboloma intracelular (amarelo).
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3. MATERIAIS E METODOS
3.1. Microrganismos e condicdes de cultivo

Para a realizacdo dos ensaios foram empregadas duas cepas de H. capsulatum, EH-
315 e 601. EH-315 foi isolada do intestino de um morcego infectado, espécie Mormoops
megalophylla, capturado em uma caverna no estado de Guerrero, México, depositada na
Cole¢do de Culturas de H. capsulatum do Laboratério de Imunologia de Fungos do

Departamento de Microbiologia e Parasitologia da Faculdade de Medicina da Universidade

Nacional Auténoma do México (UNAM) (www.histoplas-mex.unam.mx), México, registrada
no banco de dados da Federacdo Mundial para Colecdo de Culturas sob o nimero LIH-
UNAM WDCM817. A cepa 601 foi isolada da boca de um paciente infectado, 49 anos, da
cidade de Araraquara, S&0 Paulo, Brasil e esta depositada na Cole¢do do Laboratério de
Micologia Clinica da Faculdade de Ciéncias Farmacéuticas da Universidade Estadual Paulista
Julio de Mesquita Filho (UNESP), Brasil.

Diante do exposto, as cepas empregadas neste estudo foram isoladas de diferentes
fontes e ensaios previamente realizados demonstram que a cepa EH-315 exibe maior
infectividade (Dose letal 50% - DLso— 3 x 10° leveduras/mL) em relagdo & cepa 601 (DLso— 3
x 108 leveduras/mL) sob condicdes experimentais empregando um ensaio de determinacio da
DLso em camundongos BALB/c machos (ML Taylor, comunicagéo pessoal).

Em uma investigacéo filogeogréafica conduzida por Kasuga e colaboradores (2003), a
cepa EH-315 é descrita como uma linhagem solitéria, mas que se associa distancialmente ao
clado Norte Americano classe 2. Tal classificagdo se deve ao fato de que a cepa EH-315
representou um gen6tipo Unico ndo pertencente a nenhum dos oito clados categorizados.
Porém, segundo os autores, é importante ressaltar que a amostragem realizada, para a
classificacdo mundial dos isolados, favoreceu isolados clinicos humanos e a cepa EH-315 se
opde a essa caracteristica, uma vez que foi obtida a partir de um morcego silvestre. Entdo, é
provavel que estas linhagens, definidas como solitarias, representem populaces maiores de
fungos na natureza e, que ndo foram amostradas adequadamente pela investigagao realizada.

Considerando a cepa 601, sua categorizacdo filogenética foi desenvolvida sob
coordenacdo da Profa. Maria Ldcia Taylor no Laboratério de Imunologia de Fungos da
Universidade Nacional Autonoma do México, de maneira que tal cepa € categorizada como
pertencente ao clado Latino Americano grupo A (Taylor, M. L., 2017. Dados n&o

publicados).
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A fase leveduriforme de cada cepa foi mantida em meio infusdo cérebro-coragdo
caldo (BHI-broth) (Difco™) suplementado com 0,1% de cisteina e 1% de glicose, e incubada
a 37°C durante 24 h sob agita¢éo (100 rpm).

3.2. Culturas planctonicas e formagéo dos biofilmes de H. capsulatum

Para a formagéo dos biofilmes, os ensaios foram realizados conforme descrito por
Peeters et al. (2008) com modificacdes descritas por Pitangui et al. (2012). Inicialmente, as
leveduras foram suspensas em solugéo salina ou phosphate-buffered saline (PBS) 0,01M pH
7.2 e a suspensdo ajustada & concentragdo de 5x10° células/mL por contagem em
hemocitdmetro de Neubauer. Em seguida, 500 pL do in6culo foram adicionados as placas de
poliestireno de 24 pogos (TPP®, Trasadingen, Switzerland). As placas foram incubadas em
agitador orbital a 80 rpm, 37°C, por 7 h para pré-adeséo dos biofilmes. Posteriormente, 2.000
uL de BHI caldo suplementado com 0,1% de cisteina e 1% de glicose foram adicionados nos
pogos e as placas foram mantidas sob incubagéo por 72 h para a maturagéo dos biofilmes.

O crescimento planctonico, livre ou flutuante das leveduras de H. capsulatum foi
realizado em erlenmeyer de 250 mL sob as mesmas condi¢Oes de temperatura, nutrientes e

periodo de incubagdo citadas anteriormente para a formacéo do biofilme maduro.

3.3. Analise transcriptdmica
3.3.1. Extragdo do RNA das cepas EH-315 e 601 de H. capsulatum para sequenciamento
em larga escala (lllumina Hi Seq) utilizando o kit RNeasy Plant Mini Kit®

A extracdo do RNA das amostras foi realizada utilizando o kit RNeasy Plant mini
kit® (Qiagen, Gaithersburg, MD) de acordo com as instrugdes do fabricante. Inicialmente,
100 mg de células leveduriformes (pellet celular), em biofilmes e em crescimento
planctdnico, foram rompidas com pérolas de vidro (3 mm) e congelamento em nitrogénio
liquido. Em seguida, foram adicionados 450 pL do tamp&o RLC (fornecido) para um méximo
de 100 mg de celulas, que foram vortexadas vigorosamente. Posteriormente, o lisado foi
transferido para um pré-filtro acoplado a um tubo coletor de 2 mL (QlAshredder spin column
— Lilas) e, entdo, centrifugado por 2 min a velocidade méxima (14.000 rpm). Em seguida, o
pré-filtro foi descartado e o sobrenadante transferido para um novo tubo de
microcentrifugagdo, cuidadosamente para ndo entrar em contato com os detritos do sedimento
celular. Ao lisado limpo, foi adicionado etanol v/v (96 — 100%) e misturado imediatamente
com o auxilio de uma pipeta. Entdo, a amostra foi transferida para um novo pre-filtro

acoplado a um tubo coletor de 2 mL (RNeasy Mini spin column — Rosa). Novamente, a
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amostra foi centrifugada por 15 s a 10.000 rpm e, apds centrifugacdo, o liquido filtrado,
presente no tubo coletor, foi descartado. O pré-filtro foi acoplado ao mesmo tubo coletor e ao
pré-filtro foram adicionados 700 pL do tamp&o RW1, que foi novamente centrifugado por 15
s a 10.000 rpm, do qual o fluxo liquido foi novamente descartado. Em seguida, foram
adicionados 500 pL do tampdo RPE e centrifugado por 15 s a 10.000 rpm, a partir do qual o
liquido foi novamente descartado do tubo coletor. Foi repetida a adi¢do de 500 pL do tamp&o
RPE e centrifugacéo por 2 min a 10.000 rpm, com posterior descarte do fluxo liquido. Uma
etapa adicional foi realizada que consiste em acoplar a coluna de centrifugagéo (rosa) em um
novo tubo de coleta e centrifuga-lo a velocidade méxima por 1 min para secar a membrana.
Ao final, a coluna de centrifugacéo foi transferida para um novo tubo coletor de 1,5 mL, e a
coluna foram adicionados 50 pL de 4gua RNase-free. A amostra foi centrifugada por 1 min a
10.000 rpm para eluicdo do RNA total a partir da membrana. O RNA extraido foi recolhido
em um Unico tubo.

3.3.2. Quantificagdo e avaliagdo da pureza e integridade do RNA das amostras

A quantificacdo das amostras ap6s extracdo do RNA foi realizada em
espectrofotometro NanoVue Plus® (GE Healthcare), de forma a obter a concentracdo em
ng/pL. Além disso, a pureza do RNA extraido foi analisada por espectrofotometria (NanoVue
Plus, GE) com base na razdo da absorbancia Azsonm/Azsonm, Sendo descrita como pureza ideal,
o intervalo de 1,8 a 2,0. Posteriormente, a integridade do RNA das amostras foi avaliada,
utilizando o equipamento Agilent 2100 Bioanalyzer® (Agilent Technologies) para analise do
RNA extraido de eucariotos seguindo as recomendagdes do fabricante e, portanto,
considerando o parametro RNA Integrity Number (RIN) como um valor maior ou igual a 8.
3.3.3. Construcéo das bibliotecas de DNA complementar (cCDNA)

As bibliotecas de cDNA das cepas EH-315 e 601 de H. capsulatum, em crescimento
planctonico e em biofilmes, foram preparadas segundo o protocolo TruSeq® RNA Sample
Preparation v2 (lllumina Inc.; San Diego, CA, EUA) de acordo com as recomendagdes do
fabricante com algumas adaptagdes descritas abaixo.

Inicialmente, o0 RNAm foi isolado, purificado e, em seguida foi realizada a
fragmentagdo enziméatica do RNAm e posterior ligacdo de random primers (oligonucleotideos
randdmicos) para se proceder com a sintese da primeira fita de cDNA, utilizando-se para isto
a enzima transcriptase reversa (SuperScript/Invitrogen). Apos a sintese da primeira fita de
cDNA, procedeu-se para a sintese da segunda fita, tendo ao final do processo um cDNA dupla
fita. Entdo, esferas magnéticas (kit Ampure XP beads) foram adicionadas a fim de isolar o

cDNA dupla fita do restante dos reagentes. ApoGs este passo foi feita a reparacdo das
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extremidades 3’ e 5°. Nesta etapa as extremidades 3’ e 5’ do cDNA fragmentado, que estdo
ndo-coesivas, foram reparadas usando o reagente End-Repair Mix da Illumina. O End-Repair
Mix tem atividade exonuclease, que remove as pontas das extremidades 3’ e atividade
polimerase que complementa as extremidades 5° do cDNA fragmentado, de maneira que no
final do processo foi obtido o cDNA fragmentado e com as extremidades coesivas.

Apés a etapa de End-Repair um (nico nucleotideo A (adenina) foi aderido a
extremidade 3* do cDNA fragmentado e reparado, a fim de prevenir que este fragmento de
CDNA se ligue erroneamente a outro fragmento de cDNA durante a ligagdo dos adaptadores,
j4 que a extremidade 3’ do adaptador apresenta um Unico nucleotideo T (timina), que é
complementar ao fragmento de cDNA que foi adenilado. Esta estratégia garante uma baixa
formacéo de quimeras. Assim, os adaptadores, com barcodes especificos, foram ligados nas
extremidades dos cDNAs fragmentados, preparando-os para a hibridizacdo na lamina de
sequenciamento.

Posterior a ligagdo dos adaptadores foi feito o enriquecimento dos fragmentos de
cDNA através de uma reacdo em cadeia pela polimerase (PCR) para enriquecer oS
fragmentos de cDNA que apresentam adaptadores ligados nas duas extremidades, 3’ e 5°. A
PCR foi realizada utilizando-se primers que se anelam as extremidades dos adaptadores,
garantindo que apenas os fragmentos de cDNA ligados aos adaptadores sejam amplificados.
Para evitar distor¢Oes da representacdo da biblioteca, o nimero de ciclos utilizados na PCR
foi 0 minimo possivel, em média 10 ciclos.

Ao final deste processo foi obtida a biblioteca que, posteriormente foi validada e
quantificada antes do sequenciamento da mesma. A validagdo das bibliotecas de cDNA de
ambas as cepas de H. capsulatum, em biofilmes e em crescimento plancténico, foi realizada
através de eletroforese capilar no Agilent 2100 Bioanalyzer® (Agilent Technologies) com o
chip especifico para DNA (Agilent DNA-1000) e, para isto foi utilizado 1 pL da biblioteca e
os procedimentos foram desenvolvidos conforme as recomendagdes do fabricante. A
quantificacdo das bibliotecas foi feita através de uma quantificagdo absoluta qPCR,
utilizando-se o aparelho 7500 Real Time PCR System (Applied Biosystems), de acordo com
as recomendagbes do Guia Illlumina Sequencing Library gPCR Quantification. A etapa
seguinte consiste na normalizacdo de todas as bibliotecas para uma concentracdo de 2 nM.
Entdo, esta concentracdo foi validada utilizando o fluorimetro Qubit® 2.0 (Invitrogen) e os
reagentes do Kit Qubit® dsDNA HS Assay (Life Technologies) e, finalmente as bibliotecas

de cDNA foram ajustadas para uma concentracao final de 18 pM.
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3.3.4. Clusterizagdo e sequenciamento dos transcritos das cepas EH-315 e 601 de H.
capsulatum em biofilmes e em crescimento planctonico

O sequenciamento das bibliotecas de cDNA das cepas EH-315 e 601 de H.
capsulatum nas duas formas de crescimento estudadas, foi realizado no Laboratério
Multiusuério Centralizado (“Facility”) para Sequenciamento de DNA em Larga Escala e
Analise de Expressdo Génica da Faculdade de Ciéncias Agrérias e Veterinarias localizada no
Campus da UNESP em Jaboticabal utilizando a plataforma HiScanSQ System (lllumina).
Para isto foram utilizados dois Kits. Inicialmente, foi utilizado o kit Paired-End Cluster
Generation Kit v3 (lllumina), que se constitui por um conjunto de reagentes para geracéo de
clusters paired-end no equipamento cBot utilizando a versdo 3 de flow cell e que permite a
estratégia de multiplex na plataforma HiSeq. Posteriormente, foi utilizado o kit TruSeq™
SBS Kit v3 - 200 Cycles (Illumina), constituido por reagentes que permitem até 209 ciclos de
sequenciamento no sistema HiSeq e os procedimentos adotados seguiram as recomendagdes
do fabricante. A técnica da Illumina baseia-se no sequenciamento por sintese, no qual bases
Unicas, que constituem os quatro nucleotideos (ACGT), sdo incorporados & fita de DNA.
Além disso, esta técnica inclui a utilizagdo de um terminador reversivel marcado
fluorescentemente que gera uma fluorescéncia especifica para cada base incorporada e entéo
é clivado para permitir a incorporagdo da proxima base. Depois de cada etapa da sintese, 0s
clusters séo excitados por um laser emitindo a fluorescéncia da ultima base incorporada. Este
sinal fluorescente é capturado por uma camera, produzindo imagens da flow cell. Ao final
deste processo, é feita a montagem das sequéncias especificas de cada uma das amostras.
3.3.5. Analise dos dados de sequenciamento

Os dados gerados pelo sequenciamento foram preparados e analisados de forma a
obter o perfil de expressdo génica de cada amostra sequenciada, bem como a variacdo de
expressdo existente entre elas.

Inicialmente, foi realizada a trimagem das sequéncias utilizando o software Seqyclean
1.9.9 — Next Generation Sequencing Cleaning, adotando como parametros qualidade Phred
20, tamanho minimo 50 pares de bases (pb) e exclusdo das sequéncias de adaptadores de
acordo com o preparo da biblioteca Truseq (Illumina). Entdo, uma montagem “de novo” foi
realizada a partir dos dados do sequenciamento utilizando o software CLC Genomics
Workbench 6.5.1 para alinhamento dos reads com a orientagdo da biblioteca no sentido
Forward-Reverse (FR) com um comprimento otimizado de k-mer de 33.

Diferentes andlises diferenciais considerando os GDEs foram realizadas comparando

os perfis de expressdo génica entre culturas planctonicas da cepa EH-315 vs. biofilmes de
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EH-315, culturas plancténicas de 601 vs. biofilmes de 60I, culturas planctonicas da cepa EH-
315 vs. culturas planctonicas de 601 e, biofilmes de EH-315 vs. biofilmes de 601. A partir dos
dados normalizados, foi feito o calculo do Fold Change e definido o valor P. O Fold Change
indica a variacdo de expressdo normalizada de fragmentos por transcrito entre duas amostras
(biofilmes e culturas planctdnicas, por exemplo), ou seja, o Fold Change é resultado da
divisdo do valor de expresséo em RPKM (Reads Per Kilobase per Million) de um
determinado transcrito na amostra biofilmes pelo valor de expressdo do mesmo transcrito na
amostra planctdnica. Para as analises realizadas, comparagdes estatisticas foram conduzidas e
valores de P < 0,05 foram considerados estatisticamente significantes.

Adicionalmente, correlacdes entre os GDEs foram realizadas e podem ser visualmente
demonstradas por diagramas de Venn, que representam transcritos que foram expressos em
ambas as condicdes e exclusivos (Unicos) entre pares de amostras (Oliveros, 2007).

3.3.6. Identificacdo, categorizacdo funcional e localizagdo de dominios proteicos

A partir dos resultados obtidos através das analises descritas anteriormente, foi
realizada a identificacdo e descrigdo funcional de dez transcritos induzidos e de dez
reprimidos com o0s maiores valores de expressdo diferencial entre as situagOes
correlacionadas. Foram inseridos nesta analise os transcritos com anotacdo funcional
disponivel no software utilizado. Para tanto, uma analise foi conduzida utilizando o software

Blast2GO (Conesa, Gotz et al., 2005; http://www.blast2go.de/). Este software executa as

analises integrando os sistemas Blastx do NCBI com os sistemas de categorizagdo funcional
do Gene Ontology Consortium e GO Slim Viewer. Esta analise possibilita a classificacéo
funcional de cada transcrito em trés dominios, sendo: a) processo bioldgico, que indica as
operacBes ou 0s conjuntos de eventos moleculares com inicio e fim definidos em que o
produto do gene estudado participa e que sdo fundamentais para o funcionamento de uma
célula, tecido, 6rgdos ou organismo; b) funcdo molecular, que indica as atividades
elementares do produto do gene em nivel molecular e; ¢) componente celular, que indica a
parte da célula ou o ambiente extracelular em que o produto do gene desempenha sua fungéo.
Esta anotacdo de ontologias génicas baseia-se na mineracdo de dados originados de
sequéncias publicas com anotacdo disponivel, com similaridade minima de 60% entre as

sequéncias.

3.4. Determinagdo da viabilidade celular e porcentagem de infeccdo em Mg alveolares
(AMJ2-C11) por diferentes cepas de H. capsulatum
3.4.1. Cultura de células AMJ,-C11


http://www.blast2go.de/).
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Para estes ensaios foi utilizada a linhagem de Mg alveolares de camundongo (AMJ,-
C11), obtida do Banco de células do Rio de Janeiro (BCRJ). Estes foram cultivados em
garrafas plasticas, em meio Dulbecco’s modified Eagle’s medium (DMEM, Sigma Chemical
Co., St. Louis, MO, EUA) suplementado com soro fetal bovino (SFB, Cultilab, Brasil) 10% e
antibidticos 1%, mantidos a temperatura de 36,5°C e 5% de CO..

Decorridos 3 a 4 dias, as garrafas de células foram submetidas a tripsinizacdo. Para
isso, a monocamada formada foi lavada com PBS 0,05M, pH 7,2 estéril e, apds lavagem, este
foi desprezado para entdo acrescentar 2 mL de solugdo de Tripsina-EDTA (Gibco, Life
Technologies, Carlsbad, CA, EUA). Seguidos 1-2 min, as células foram homogeneizadas
com volumes variados do meio DMEM acrescido de SFB e antibidticos. O volume total da
suspensédo celular obtido foi transferido para outras garrafas, de modo a se obter uma
concentracdo celular de 5 x 10° células/mL.

3.4.2. Determinacdo da viabilidade celular ap6s infeccdo de células AMJ2-C11
utilizando o kit Live/Dead®

A fim de realizar em uma préxima etapa o transcriptoma da interagdo H. capsulatum-
Mg hospedeiros foi determinada a viabilidade de células infectadas in vitro com diferentes
cargas fungicas. Este ensaio foi realizado utilizando o kit Live/Dead® (Life Technologies
Inc.) que permite determinar a viabilidade celular com base na marcagdo fluorescente
simultdnea de células vivas e mortas, utilizando dois fluorocromos, a calceina AM e o
homodimero de etidio (EthD-1). Este ensaio é aplicvel as células eucarioticas, incluindo
células aderentes ou de tecidos, mas ndo se aplica & marcagdo de fungos ou bactérias. As
células vivas sdo distinguidas pela presenca da atividade intracelular da esterase, responsavel
pela conversdo enzimatica do corante calceina AM ndo fluorescente para calceina
intensamente fluorescente. O marcador polianiénico calceina € retido dentro das células
viaveis, resultando em uma intensa e uniforme fluorescéncia verde. EthD-1 penetra nas
células com membrana danificada e ap6s a ligacdo aos &cidos nucleicos, produz uma
fluorescéncia vermelha brilhante em células mortas, sendo que tal composto é excluido pelas
células vivas, que apresentam membrana plasmaética intacta.

Os ensaios foram realizados segundo as recomendagfes do fabricante. Inicialmente
foi preparada uma solugéo adicionando 20 pL da solugéo estoque EthD-1 2 mM em 10 mL
de PBS estéril. A essa solucdo foram adicionados 5 pL de uma solucéo de calceina AM 4
mM. A solucdo de trabalho preparada resultou aproximadamente, em uma solugdo de
calcéina AM 2 pM (~494/517 nm) e EthD-1 4 pM (~528/617 nm) e entdo 100 pL desta

foram adicionados diretamente as células ap6s a formac&o da monocamada celular em placa
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de poliestireno de 96 pocos (TPP®, Trasadingen, Switzerland) e posterior infeccdo com
leveduras de H. capsulatum em diferentes concentragdes (5 x 10°, 5 x 10°, 5 x 10* e 5 x 10°
leveduras/mL) por um periodo de 5 h a 37°C. Dessa forma, as células foram infectadas com a
MOI em uma razéo de 10 leveduras:1 Mg, 1:1, 1:10 e 1: 100, respectivamente. Em seguida, a
placa foi incubada por 30 a 45 min em temperatura ambiente. As imagens foram adquiridas
pelo equipamento IN Cell Analyzer 2000 (Ge Healthcare) e as analises foram realizadas
utilizando o software Investigator 1000 Workstation (Ge Healthcare). Analises estatisticas
foram realizadas utilizando o software GraphPad Prism versdo 5.0. Os ensaios foram
realizados em trés replicatas bioldgicas e duas replicatas técnicas.

3.4.3. Infecgdo por H. capsulatum as células AMJ2-C11 e determinagéo da porcentagem
de infeccgéo por citometria de fluxo

Estes ensaios foram realizados para determinacdo da porcentagem de células
hospedeiras infectadas com leveduras de H. capsulatum para posterior anlise
transcriptdmica da infeccdo (fungo vs. célula hospedeira).

Apoés a formacdo da monocamada, as células foram lavadas trés vezes com PBS
estéril para entdo serem infectadas com as suspensdes correspondentes de 5 x 10°
leveduras/mL das diferentes cepas de H. capsulatum (EH-315 e 60I). Dessa forma, Mg
alveolares foram infectados em uma MOI de 10 leveduras:1 Mg. Para a preparacdo dos
indculos, as suspensdes padronizadas de fungos em PBS (solugéo fisioldgica tamponada com
fosfatos 0,05 M, pH 7,2) foram entdo incubadas por 30 min a 37°C com 5(6)-
Carboxyfluorescein diacetate N-succinimidyl Ester (CFSE; Sigma Chemical Co., St. Louis,
MO, EUA), lavadas em PBS e, novamente, apo6s centrifugacdo os fungos foram
ressuspendidos em PBS. A seguir foi realizada infeccdo na monocamada de celular em placas
de poliestireno de 24 pogos (TPP®, Trasadingen, Switzerland). Cada pogo foi inoculado com
1 mL da suspensdo de H. capsulatum em PBS marcada com CFSE e 1 mL de meio DMEM
sem suplementos. A seguir, as células infectadas foram incubadas por 5 h a 37°C e 5% de
CO,. Apos periodo de incubagdo, as células foram entdo tripsinizadas, lavadas em meio com
SFB para neutralizagdo da tripsina e as suspensdes foram recolhidas em eppendorfs e
centrifugadas a 2.500 rpm a 4°C. Os sobrenadantes foram descartados e a cada eppendorf
foram adicionados 500 puL de FACSFlow para posterior contagem de células através de
citometria de fluxo (FACSCantoT'VI Becton & Dickinson, San Diego, CA, EUA) de maneira a
analisar os parametros relacionados ao tamanho (size forward scatter - FSC), granularidade

(granularity side scatter - SSC) e fluorescéncia de 10.000 células por tubo. Os resultados
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obtidos sdo representados pela intensidade de fluorescéncia (FI) de leveduras
fluorescentemente marcadas com CFSE a partir dos dados analisados utilizando o software
FACSDiva™ versdo 6.1.3. Estes dados permitiram determinar a porcentagem de Mg
alveolares infectados, diferenciando a capacidade de infeccdo das diferentes cepas de H.
capsulatum. Os gréficos representativos da FI de CFSE foram divididos em dois quadrantes,
a esquerda compreendendo células negativas ndo marcadas e, a direita compreendendo
células positivas fluorescentemente marcadas (células infectadas). Mg alveolares AMJ2-C11
nao infectados, bem como leveduras fluorescentemente marcadas e ndo marcadas foram
utilizadas como controles do ensaio. Os ensaios foram realizados em trés replicatas
bioldgicas e duas replicatas técnicas e, os resultados descritos representam a media de todos

0S experimentos.

3.5. Screening de miRNAs expressos em células hospedeiras apds interagdo com H.
capsulatum
3.5.1. Selecéo de cepas e condigdes de cultivo

Para estes ensaios, Mg THP-1 like foram desafiados com as cepas EH-315 e 601 em
crescimento planctonico, bem como pelos biofilmes da cepa EH-315. Mg sem infeccéo foram
empregados como controle.
3.5.2. Selecéo da linhagem celular

Os ensaios referentes ao screening de miRNAs em células hospedeiras infectadas com
H. capsulatum concentram-se na identificagdo de ncRNAs-alvos para o desenvolvimento de
uma nova terapia e/ou ferramenta diagndstica para a histoplasmose. Assim, tornou-se
relevante empregar uma linhagem celular humana para avaliar o perfil de miRNAs expressos
nesta linhagem em resposta a infec¢éo e, reproduzir in vitro, a interagdo H. capsulatum-célula
hospedeira humana. Por este fato, foi selecionada a linhagem THP-1 (ATCC® TIB-202™),
caracterizada como mongcitos obtidos do sangue periférico de Homo sapiens.
3.5.3. Cultura de células THP-1

A linhagem celular de mondcitos humanos THP-1 foi cultivada em meio Roswell
Park Memorial Institute (RPMI-1640, Gibco, Life Technologies, Carlsbad, CA, EUA)
contendo 10% de SFB, glicose 5 mM, L-glutamina 2 mM, gentamicina 50 mg/mL e 4-(2-
Hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES, Sigma Chemical Co.) 20 mM a
37°C e 5% de CO,. A linhagem madura, denominada Mg-like (M1) foi induzida pelo
tratamento de células THP-1 com 30 ng/mL de phorbol 12-myristate 13-acetate (PMA,

Sigma Chemical Co.) por 24 h em uma concentragdo de 5 x 10° células/mL. Diferenciados,
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Mg agora aderentes foram lavados com meio RPMI 1640 e incubados por 48 h com meio
sem PMA.

3.5.4. Determinagao da viabilidade celular apds infecgdo de Mg THP-1 like utilizando o
kit Live/Dead®

A fim de realizar o screening de miRNAS expressos apés interagdo H. capsulatum-Mg
hospedeiros foi determinada a viabilidade de células infectadas com diferentes cargas
fungicas utilizando o kit Live/Dead® (Life Technologies Inc.) que permite a marcagdo de
células viaveis, emitindo uma fluorescéncia verde e, células mortas que emitem fluorescéncia
vermelha. Os ensaios foram realizados segundo as recomendagdes do fabricante e a solugéo
de Eth-D e calceina AM foi preparada e adicionada as placas apds a infeccdo com leveduras
de H. capsulatum em diferentes concentragdes (5 x 10° 5 x 10° 5 x 10* e 5 x 10°
leveduras/mL) conforme detalhado no item 3.4.2. Dessa forma, as células foram infectadas
com a MOI em uma razé&o de 10 leveduras:1 Mg, 1:1, 1:10 e 1:100, respectivamente, por 5 h.
Posteriormente, a placa foi incubada por 30 a 45 min em temperatura ambiente. As imagens
foram adquiridas pelo equipamento IN Cell Analyzer 2000 (Ge Healthcare) e as analises
foram realizadas utilizando o software Investigator 1000 Worsktation (Ge Healthcare).
Analises estatisticas foram realizadas utilizando o software GraphPad Prism versdo 5.0. Os
ensaios foram realizados em trés replicatas biologicas e duas replicatas técnicas.

3.5.5. Ensaio de infeccdo de H. capsulatum em Mg THP-1 like e determinagéo da
porcentagem de infec¢do por citometria de fluxo

Estes ensaios foram realizados para determinagdo da porcentagem de Mg infectados
in vitro com leveduras de H. capsulatum para posterior screening de miRNAS expressos
pelas células hospedeiras apos infeccéo.

Apbs a diferenciacio em Mg THP-1 like, a infeccdo foi realizada placas de
poliestireno de 24 pocos (TPP®, Trasadingen, Switzerland). A infeccdo celular, com
diferentes cepas de H. capsulatum (EH-315 e 601) em suas diferentes formas de crescimento,
foi realizada com uma suspensio de leveduras padronizada de 5 x 10° células/mL
previamente marcada com CFSE conforme descrito no item 3.4.3., considerando a razéo da
MOI para todas as amostras de 10 leveduras:1 Mg. As células infectadas foram incubadas a
37°C, na presenca de 5% de CO; por 5 h. Apds periodo de incubacéo o sobrenadante foi
removido e as culturas foram tripsinizadas e lavadas com meio RPMI 1640 suplementado
com SFB. A anélise de células infectadas por citometria de fluxo (FACSCanto™ Becton &
Dickinson, San Diego, CA, EUA) foi realizada conforme os parametros descritos no item

3.4.3. para determinagdo de Mg THP-1 like infectados. Trés replicatas bioldgicas e duas



45

replicatas técnicas de cada amostra e do controle de células sem infec¢do foram realizadas e
analisadas e, os resultados descritos representam a média de todos 0s experimentos.
3.5.6. Obtencéo do RNA total, quantificacéo e avaliagdo da integridade

Para o screening de miRNAs diferencialmente expressos, as células infectadas e ndo
infectadas foram lisadas com 2 mL de Trizol (Invitrogen, Carlsbad, CA, EUA) e armazenadas
a -80°C para posterior extracdo do RNA.

A extracdo de RNA celular foi realizada através da utilizacdo do kit RNeasy Plant
Mini kit® (50) (Qiagen Ltd), seguindo as instrucdes do fabricante. Apds extracdo, 0s RNAs
foram quantificados em NanoDrop® (Thermo Scientific) e analisados quanto a sua
integridade utilizando o equipamento Agilent 2100 Bioanalyzer® (Agilent Technologies),
considerando um valor de RIN maior ou igual a 8, segundo as recomendagdes do fabricante.
3.5.7. Sintese de cDNA

A sintese de cDNA foi realizada utilizando o kit Universal cDNA Synthesis kit 11
Exigon. Esta reacdo foi conduzida em um termociclador com 1 ciclo de 60 min a 42°C e 5
min a 95°C e em seguida, os cDNA foram estocados a -20°C.
3.5.8. Quantificagdo dos miRNAs por PCR-Real Time

Placas comerciais de 384-wells foram utilizadas para screening de 752 miRNAs
humanos (Human miRNome Panel | and I, V4, Exigon, Vedbaek, Dinamarca). O contetido
dos painéis | e Il € detalhado na Tabela 1. Reacbes foram preparadas contendo um mix de
cDNA, Sybr®Green Master mix e 4gua. Para cada amostra foi ensaiada em triplicata uma
placa painel I e uma placa painel Il, possibilitando o rastreamento dos principais miRNAs
humanos conhecidos. Em seguida, foi realizada a reacdo de PCR Real Time utilizando o
equipamento Viia7 (Applied Biosystems) no Laboratério de Farmacologia da Faculdade de
Odontologia da Universidade de S&o Paulo (USP), Bauru, com 1 ciclo de 10 min a 95°C,

seguido por 45 ciclos de amplificagdo de 10 s a 95°C e 1 min a 60°C.



46

Tabela 1. Contetdo das placas comerciais (Exigon) Human miRNome, Painéis | e 11, V4.

Painel I Painel I

372 conjuntos de primers (LNA™) para 380 conjuntos de primers (LNAT™) para
amplificacdo dos microRNAs humanos amplificacdo dos microRNAs humanos
3 calibrantes inter-placa 3 calibrantes inter-placa

3 conjuntos de primers de genes de referéncia 1 pogo vazio

5 conjuntos de primers controle RNA Spike-in
1 pogo vazio

*LNA - Locked Nucleic Acid

3.5.9. Analise bioinforméatica dos miRNAs diferencialmente expressos

A partir dos dados encontrados, as analises foram realizadas através de ferramentas de
bioinforméatica a fim de determinar os miRNAs diferencialmente expressos, bem como
identificar suas funcdes e alvos. Diferentes analises comparativas foram realizadas entre Mg
(THP-1) infectados com a cepa EH-315 vs. Mg sem infec¢do, Mg infectados com a cepa 60l
vs. Mg sem infeccdo, Mg infectados com biofilmes da cepa EH-315 vs. Mg sem infeccdo,
Mg infectados com biofilmes da cepa EH-315 vs. Mg infectados com a cepa EH-315 em
crescimento planctonico e, Mg infectados com a cepa EH-315 vs. Mg infectados com a cepa
601. Inicialmente, os dados foram processados pelo DataAssist'™ Software v3.01 (Applied
Biosystems), projetado para realizar quantificacéo relativa utilizando o método comparativo
de Ct (AACt) (Ct — Cycle Threshold). Para tanto, os niveis de miRNAs foram normalizados
aos niveis dos seguintes controles enddgenos e exdgenos e, calibradores: SNORD38B,
SNORDA49A, U6 snRNA, UniSp2, UniSp3 IPC, UniSp4, UniSp5, UniSp6, cel-miR-39-3p.
De acordo com os dados obtidos, foram determinados os miRNAs diferencialmente
expressos, considerando um valor de P < 0,05 como critério biolégico. Adicionalmente, 0s
miRNAs diferencialmente expressos foram caracterizados em superexpressos ou reprimidos
em funcdo do algoritmo Fold Change (RQ), que corresponde a quantificagdo relativa da
expressdo do miRNA na amostra teste em relagéo ao controle. Para calcular o Fold Change, o
valor dos controles foi ajustado para 1. A partir da identificagdo dos mIRNAs
diferencialmente expressos, analises posteriores possibilitaram a determinagdo das vias
celulares das quais participam e genes alvos que séo regulados por tais miRNAs. Em vista
disso, analises de vias foram realizadas utilizando os softwares miRPath 2.0

(http://diana.cslab.ece.ntua.gr/?sec=home; Vlachos et al., 2012), uma ferramenta
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computacional que identifica vias moleculares potencialmente alteradas pela expressdo de um

nico ou varios miRNAs, e MIRSystem (http://mirsystem.cgm.ntu.edu.tw/; Lu et al., 2012),

uma ferramenta para prever os genes-alvo e suas vias associadas para muitos miRNAS
simultaneamente. Posteriormente, analises dos genes-alvo validados, regulados pelos
miRNAs diferencialmente expressos, foram realizadas utilizando o software miRWalk

(http://www.umm.uni-heidelberg.de/apps/zmf/mirwalk/; Dweep et al., 2015), um banco de

dados completo que fornece informagdes sobre miRNAs de humanos, camundongos e ratos,
bem como locais de ligacdo validados em seus genes-alvo. Finalmente, redes de associagéo
dos miRNAs e seus genes-alvo foram construidas utilizando o software Navigator v2.2

(Network Analysis, Visualization, & Graphing TORonto).

3.6. Analise metabolémica
3.6.1. Determinacdo de polissacarideos totais em amostras de culturas planctdnicas,
biofilmes e sobrenadante dos biofilmes de H. capsulatum

Células leveduriformes de duas cepas clinicas (EH-315 e 601) de H. capsulatum (5 x
108 leveduras/mL) foram cultivadas em suas diferentes formas de crescimento, culturas
planctdnicas e biofilmes. Apo6s preparo das amostras, pellets correspondentes foram
centrifugados a 10.000 rpm por 5 min a 4°C. Apds centrifugacdo, o sobrenadante, o qual
contém os polissacarideos extracelulares solveis (PES), foi transferido para um tubo
nomeado PES. Uma aliquota de NaOH 1 M foi adicionada ao pellet para extrair os
polissacarideos extracelulares insoluveis (PEI). O tubo foi agitado por 15 min, centrifugado e
0 sobrenadante foi tranferido para outro tubo nomeado PEI. Finalmente, uma aliquota de
NaOH 1 M foi adicionada ao pellet residual para extrair os polissacarideos intracelulares (P1).
O tubo foi aquecido por 5 min a 100°C, centrifugado e, o sobrenadante foi transferido para
outro tubo nomeado PI. Trés volumes de Etanol gelado foram adicionados aos tubos
contendo PES, PEIl e PlI.

Os tubos foram mantidos por 30 min a -20°C. Ent&o, os tubos foram centrifugados e
os pellets foram lavados duas vezes com Etanol 75% gelado. Os polissacarideos precipitados
foram ressuspensos em NaOH 1 M. Posteriormente, os carboidratos totais foram estimados
pelo Método Fenol Sulfurico (Dubois et al., 1951). Em resumo, 100 pL de solucéo de Fenol
5 % e 500 pL de acido Sulfurico 95% foram adicionados a cada 100 pL das amostras. Entéo,
o desenvolvimento da cor foi lida de maneira espectrofotdmétrica a 490 nm. A quantificacéo
de polissacarideos totais foi realizada em biofilmes de H. capsulatum, no sobrenadante dos

biofilmes e em culturas planctonicas das diferentes cepas.
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3.6.2. Extracdo dos metabdlitos

Os métodos utilizados nesta abordagem foram padronizados, a fim de otimizar a
obtencdo dos metabdlitos (peptideos e compostos de baixa massa molecular ndo proteicos).

De inicio, os pellets das duas amostras a serem estudadas (EH-315 em biofilmes e em
crescimento plancténico), foram submetidos a um processo de extragdo proteica, para
separacdo das proteinas e metabolitos. Para tanto, foram adicionados aos pellets 10 mL de
Tris 10 mM, pH 8,8. Em seguida, foram adicionados inibidores de proteases, PMSF
(Phenylmethylsulfonyl fluoride, Sigma Aldrich) 5 pL/mL. Entdo, foram adicionadas pérolas
de vidro (3 mm), ocupando aproximadamente a metade do volume da suspenséo de leveduras
e Tris 10 mM. Para a extracdo das proteinas, as amostras foram submetidas a etapas
alternadas de congelamento em nitrogénio liquido e agitacdo em vdrtex, repetidas trés vezes.
Ao final deste procedimento, todo o contetido, em média 11-12 mL, foi transferido para um
novo tubo falcon de 50 mL. As amostras foram, em seguida, centrifugadas a 4°C, 4.000 rpm,
durante 45 min. Ao final da centrifugacdo, foi adicionado ao sobrenadante acido
Tricloroacético (TCA) 10% em Acetona 90% v/v. As amostras foram mantidas overnight na
geladeira para precipitagdo proteica. Em seguida, os tubos foram centrifugados 4°C, 14.000
rpm durante 15 min e, apds esse periodo o precipitado foi descartado e o sobrenadante das
amostras coletado e transferido para tubos eppendorf de 2 mL. Posteriormente, o
sobrenadante dos tubos foi conduzido a secagem em concentrador de amostras do tipo Speed
Vac (Concentrator Plus Eppendorf) e estocadas a -20°C.

3.6.3. Analises cromatogréficas

As amostras foram submetidas a duas etapas de purificacdo. Para a fase mdvel foram
utilizados dois solventes: solvente A [Agua MilliQ (H,0) contendo 0,1% TFA (4cido
trifluoroacético) (v/v)] e solvente B [Acetonitrila (ACN) 100% contendo 0,1% TFA (v/V)].
Na primeira etapa de purificacdo, foram utilizados 200 pL de solucdo A para a ressuspenséo
das amostras que foram aplicadas em colunas sep-pak (Sep-Pak C18, 1 cc, Vac Cartridge,
Waters Corp., Milford MA, EUA) e eluidos com 85% de solu¢do B. Apds eluicdo, as
amostras foram submetidas a secagem e pesagem originando as amostras correspondentes ao
crescimento da cepa EH-315 em culturas planctonicas (P85) e em biofilmes (B85).

Na segunda etapa de purificagdo, 200 pg de cada amostra foram ressuspensos e
purificados utilizando um sistema RP-HPLC (Perkin-Elmer Flexar/Chromera). Neste sistema
foi utilizado um gradiente de 5 a 95% de solucéo B, por 90 min, utilizando-se uma coluna
XBrigde™ BEH300 C18 (2,1x100mm; 3,5 pm) (Waters), com fluxo de 0,2 mL/min. A
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eluicéo das fracdes foi monitorada por medidas de absorgéo de luz ultravioleta em 214 nm. O
controle de aquisicdo de dados foi feito através do software Chromera.

3.6.4. Andlises de cromatografia liquida acoplada & espectrometria de massas (LC-
MS/MS)

As analises de LC-MS/MS foram realizadas no Laboratério de Biologia Estrutural e
Zooquimica do Departamento de Biologia do Instituto de Biociéncias da UNESP, Rio Claro,
em colaboragdo com o Prof. Dr. Mario Sergio Palma.

As amostras em culturas planctonicas (P85) e em biofilmes (B85) foram submetidas a
cromatografia liquida ultra-rapida e espectrometria de massas de alta resolucéo. As analises
foram conduzidas em um sistema hibrido LCMS-IT-TOF (Shimadzu, Kyoto, Jap&o).

Foram aplicados 300 pg das amostras (B85 e P85) ressuspendidos em 100 pL de 4gua e
acidificados com &cido formico 1% (v/v), em um sistema Prominence UFLC (Ultra Fast
Liquid Chromatograph — LC-20A Shimadzu) sob gradiente de ACN de 0 a 90% (v/v),
contendo 0,1% (v/v) de TFA por 90 min, utilizando-se uma coluna XBrigdeTM BEH300 C18
(2,1x100mm; 3,5 pm) (Waters, Massachussetts, EUA). A eluicdo dos componentes foi
monitorada por absorbancia ultravioleta a 215 nm, com fluxo de 0,2 mL/min. A obtencdo dos
espectros de massas foi realizada em um espectrdmetro de massas equipado com fonte de
ionizacdo “electrospray” (ESI), e analisador de massas hibrido formado pela combinacéo de
sistemas “lon Trap” e “Time-of-flight” (IT-ToF) (Shimadzu). As anélises foram realizadas no
modo positivo (ESI+) e continuo, durante todo o experimento. Durante toda a anélise a
temperatura do CDL e da interface foi mantida a 200°C, a voltagem na agulha a 4,5 kV e a
voltagem no cone a 3,5 V. O fluxo de gés secante (Nitrogénio) foi de 100 L/h e o fluxo de gas
nebulizador (Nitrogénio) de 1,5 L/min. A deteccdo no espectrdmetro de massas foi realizada
com varreduras feitas no intervalo de m/z 200 a 3000, com uma resolugdo de
aproximadamente 15.000. As analises de espectrometria de massas sequenciais, ou seja,
espectros de fragmentacdo peptidica em condigdes de decomposi¢do induzida por colisdo
(CID) (MS?) foram realizados utilizando-se 0s mesmos parametros dos experimentos de MS*,
exceto a varredura que foi feita num intervalo entre 50 e 2500 m/z. Foi utilizado argdnio
como gas de colisdo, a uma pressdo de 100 kPa. O software LCMS solution (Shimadzu) foi
utilizado para controle de aquisicdo e analise de dados.

3.6.5. Analise dos dados de LC-MS/MS

Apos aquisicdo dos dados pelo software LCMS solution foi empregado o comando

“Mass Table”, para adquirir e transferir os espectros de massas para uma planilha do Excel

(Microsoft Office 2010). Em seguida, foi realizada manualmente a deconvolugdo dos picos
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de carga multipla para os metabdlitos detectados entre 200 e 2400 m/z. As analises foram
conduzidas de maneira a considerar todos os picos de valores m/z que apresentaram relagéo
sinal ruido (S/N) > 10. Entdo, foi criada uma lista de massas e, todas as massas semelhantes
foram checadas manualmente para confirmar a identificagdo e/ou distinguir os compostos
isobaricos. No presente estudo, as moléculas que apresentaram uma diferenca entre as massas
reconstruidas < 0,5 Da e tempo de retencd0 < 1 min foram consideradas como moléculas
idénticas. A andlise de uma corrida em branco foi conduzida entre cada corrida

cromatogréfica. Os gréficos foram construidos utilizando o Microsoft Excel 2010.

4. RESULTADOS E DISCUSSAO
4.1. Culturas planctonicas e formagéo dos biofilmes de H. capsulatum

A Figura 2 ilustra o crescimento das leveduras de H. capsulatum em culturas
planctdnicas (Figura 2A) e em biofilmes (Figuras 2B, 2C, 2D). Ensaios prévios
demonstraram que a formacéo inicial dos biofilmes de H. capsulatum ocorre em um periodo
de 7 h, no qual ha adeséo das leveduras a superficie abidtica estruturadas como arranjos em
monocamada e, eventualmente como uma comunidade aderida. Posteriormente, os biofilmes
consistentes sdo desenvolvidos em uma cinética de 24 h a 72 h, os quais sdo caracterizados
por aumento da massa celular e produgdo de matriz extracelular. A cinética previamente
realizada, referente a formacdo dos biofilmes pelas duas cepas (EH-315 e 60l), revela que a

atividade metabolica exibida por ambas é semelhante (Pitangui et al., 2012).
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Figura 2. Crescimento de leveduras de H. capsulatum em culturas plancténicas e biofilmes. Crescimento planctonico das leveduras em erlenmeyer por um periodo de 72
h, sob agitacdo (100 rpm), a 37°C em meio de cultura BHI caldo suplementado com 0,1% de cisteina e 1% de glicose (A). Inicio da formacdo dos biofilmes, ap6s 7 h de pré-
adesdo, com adicdo de BHI caldo suplementado com 0,1% de cisteina e 1% de glicose (B). Biofilme maduro de H. capsulatum formado ap6s 72 h de incubagdo em BHI

suplementado com 0,1% de cisteina e 1% de glicose (C) e, ap6s a retirada do meio de cultura (D).

s NP —~
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4.2. Analise transcriptémica
4.2.1. Quantificacéo e avaliacdo da pureza e integridade do RNA das amostras

A concentracdo de RNA obtida ap6s extracdo das culturas de H. capsulatum e determinada por espectrofotometria é apresentada na
Tabela 2. Em relacdo a razdo Azsonm/Azsonm, 0S Valores obtidos para o crescimento das cepas em biofilmes e em culturas planctdnicas indicam
pureza ideal do material extraido. Considerando a integridade do RNA das amostras, pardmetro avaliado através do equipamento Agilent 2100
Bioanalyzer® (Agilent Technologies), foi possivel observar que o RNA obtido apresentava-se integro, portanto de boa qualidade, exibindo
valores de RIN maior ou igual a 8. A Figura 3 ilustra os graficos gerados pelo Bioanalyzer representando os picos correspondentes as moléculas

de RNA ribossomal (RNAr) 18S e 28S, caracteristicos do material extraido de organismos eucariotos.
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Tabela 2. Concentracdo de RNA obtido apés extracdo utilizando o Kit RNeasy Plant Mini Kit®. Extragéo

da fase leveduriforme das cepas EH-315 e 601 de H. capsulatum em biofilmes e em culturas planct6nicas e

quantificacdo do material extraido utilizando espectrofotometro (Nanovue®).

Amostra

Biofilmes EH-315

Culturas planctonicas EH-315
Biofilmes 601

Culturas planctonicas 601

Concentracio (ng/pl)
9544
382.8
650.0

5000

Pureza (Asggnn/ Assoum)

Figura 3. Eletroferograma da Integridade do RNA. Integridade do RNA da cepa EH-315 e 601 de H.

capsulatum, respectivamente, em culturas planctonicas (A, C) e em biofilmes (B, D) analisado por técnica de

eletroforese capilar no equipamento Agilent

Healthcare).

(Ful4

250

150

100

2100 Bioanalyzer® através do kit RNA 6000 Nano (GE

T T ? T T T
30 35 40 45 50 5 60 65 [s)

4.2.2. Construgdo das bibliotecas de cDNA
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Apos a quantificagdo e andlise da pureza e integridade do RNA das amostras, foram

construidas as bibliotecas de cDNA de ambas as cepas em biofilmes e culturas planctdnicas.

Posteriormente, as bibliotecas foram validadas através de analises realizadas no Agilent 2100

Bioanalyzer® (Agilent Technologies). A Figura 4 ilustra a validacdo das bibliotecas da cepa

EH-315 em diferentes formas de cultura. Através dos gréficos gerados é possivel verificar a

pureza, bem como a dimensdo das bibliotecas construidas, exibindo um pico de

aproximadamente 260 pb. As bibliotecas geradas a partir do RNA da cepa 601 em culturas
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planctonicas e biofilmes foram validadas conforme detalhado anteriormente e o produto final

obtido exibiu pureza e dimensdes semelhantes aos dados apresentados na Figura 4.

Figura 4. Validacdo das bibliotecas de cDNA. Graficos representativos da pureza e dimensdo das bibliotecas
de cDNA construidas da cepa EH-315 em culturas planctdnicas (A) e em biofilmes (B), sendo o produto final

obtido correspondente a uma banda de aproximadamente 260 pb.
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4.2.3. Sequenciamento dos transcritos de H. capsulatum em biofilmes e em crescimento
planctonico

Apos construcéo e validacdo das bibliotecas de cDNA foi realizada a clusterizagéo e o
sequenciamento dos transcritos de H. capsulatum utilizando a plataforma HiSeq Illumina, a
partir da qual é realizada a leitura das bases por uma analise sequencial das imagens
capturadas em cada ciclo de sequenciamento. Os dados gerados possibilitaram a obtencdo do
conjunto completo das regides transcritas das cepas 601 e EH-315 nas distintas formas de
crescimento estudadas por RNA-seq, método que utiliza Sequenciamento de nova geracao
(Next Generation Sequencing — NGS) para avaliar a diversidade do transcriptoma (Mortazavi
et al., 2008) e que tem recebido crescente importancia para o diagndstico, prognéstico e/ou
para aplicagdes terapéuticas (Byron et al., 2016). De acordo com o sequenciamento foi
possivel estabelecer analises comparativas entre as distintas cepas e formas de crescimento,
estabelecendo os genes Unicos e GDEs (induzidos ou reprimidos) entre as condicOes
correlacionadas. Foram contrapostos os seguintes perfis transcriptomicos: EH-315 em
biofilmes vs. EH-315 em crescimento plancténico; EH-315 em crescimento planctonico vs.
601 em crescimento planctonico; EH-315 em biofilmes vs. 601 em biofilmes; 601 em
biofilmes vs. 601 em crescimento planctonico. Dessa forma, quatro comparagdes em pares
foram realizadas a fim de gerar o maior nimero de informacdes possiveis e comparar as
diferencas transcricionais dentro da mesma espécie (biofilmes vs. culturas planctonicas) e
entre diferentes cepas (EH-315 vs. 601). As andlises comparativas referentes ao

sequenciamento das leveduras de H. capsulatum estdo descritas nas Tabelas 3, 4, 5 e 6, de
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maneira a representar os 10 transcritos substancialmente induzidos e os 10 substancialmente
reprimidos de cada uma das comparagdes realizadas. Assim, de uma forma geral, uma anélise
por RNA-Seq envolve etapas principais que culminam na: 1) preparagdo da biblioteca, na
qual o RNA é convertido em pequenos fragmentos de cDNA; 2) NGS, na qual os fragmentos
de DNA sdo sequenciados e 3) andlise de bioinformética, na qual os fragmentos sequenciados
sdo alinhados com um genoma de referéncia a fim de identificar as caracteristicas biolégicas
relevantes (Davila et al., 2016). No presente estudo, o alinhamento das sequéncias obtidas foi
realizado atraves de uma montagem “de novo” para criar um transcriptoma de referéncia das
espécies fungicas ensaiadas. De fato, a montagem “de novo”, também denominada montagem
independente de um genoma, € a Unica abordagem disponivel para microrganismos que ndo
dispdem de um genoma de referéncia. Por outro lado, para 0os microrganismos com genoma
de referéncia, duas abordagens para a andlise do transcriptoma podem ser conduzidas, sendo
1) montagem guiada por um genoma e/ou 2) montagem “de novo”, embora a primeira
abordagem seja preferencialmente empregada para estes microrganismos (Martin et al.,
2011). Segundo Lu et al. (2013), o emprego de uma montagem “de novo” pode efetivamente
complementar os resultados de uma montagem baseada em um genoma de referéncia,
adotando desta forma uma abordagem integrativa.

No total, foram obtidas 41,3 e 108 milhGes de leituras (reads) brutas das bibliotecas
sequenciadas da cepa EH-315 em biofilmes e em culturas planctonicas, respectivamente. Para
a cepa 60I1, foram obtidas 24,5 milhGes de leituras brutas a partir do sequenciamento das
leveduras em biofilmes e 5,2 milhGes de leituras brutas do sequenciamento das culturas
planctdnicas. Subsequentemente, ap6s a remocdo das sequéncias dos adaptadores, leituras
ambiguas e leituras de baixa qualidade, foram geradas 32,8 e 29,2 leituras limpas de alta
qualidade a partir do sequenciamento da cepa EH-315 em biofilmes e em condi¢Oes
planctonicas, respectivamente; em contrapartida, foram geradas 22,6 e 1,3 milhdes de reads
limpas de alta qualidade resultantes do sequenciamento da cepa 601 estruturada em biofilmes
e em culturas planctonicas, respectivamente. Todas as leituras de alta qualidade foram

montadas “de novo” pelo programa CLC Genomics Workbench.
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Tabela 3. GDEs pela cepa EH-315 em biofilmes e em crescimento plancténico. Niveis de
expressdo de transcritos individuais foram comparados e estdo representados os 10 transcritos
induzidos e os 10 reprimidos nos biofilmes.

Valores de expressao

Valor de
Transcrito ID EH_315 EH_315 expressio Valor de P
Biofilmes Crescimento Planctonico diferenclal
146 923 23,1 4,81 1.81521E-13
305 5183 128.9 4,83 0
2908 1057 26,1 4,86 2,77556E-15
493 41,2 9.9 5,0 6,17014E-07
137 1310 30,6 5,143 0
1707 336 7.8 5,144 5,44759E-06
277 106.6 24,7 5,19 4,44089E-16
1198 46,5 5,4 10,2 3,61863E-10
465 98,5 2,0 56,4 0
61450 120.2 0.9 152,9 ]
46597 4,0 1309 s 0
24398 1.4 41,0 23 1,69078E-08
38853 9.9 2722 2, 0
38839 18.4 4103 18 0
61888 2,1 459 A 5,6363E-09
42322 33 61.4 3 2,67337E-11
8470 6,5 101.,6 2.8 0
23857 3.8 54,1 11,55 1,42935E-09
46990 23 328 11,52 2,4039E-06

23310 6.4 85.4 1, 4,21885E-14
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Tabela 4. GDEs pelas cepas EH-315 e 60l em crescimento planctdnico. Niveis de expressdo de
transcritos individuais foram comparados e estdo representados os 10 transcritos induzidos e os 10

reprimidos em culturas planctdnicas da cepa EH-315, de maior infectividade.

Valores de expressao

Valor de
Transcrito ID EH.315 601 expressao Valor de P
Crescimento Plancténico  Crescimento Planctonico ~ diferendial

420 47,0 2. 15,5 7,60977E-09
13047 697.0 30.3 16,6 0
15558 304.,6 12,5 17,6 0
21474 1200,4 48,2 17,9 0

344 77,2 2.9 19,0 4,88498E-14
44554 2704 9.9 19,5 0

325 30,0 0.8 25,8 1,63844E-06
11 181,7 4.8 274 0
53197 589.8 11,0 38,8 0
38 3973609 7,020689 40,7 0
3788 75 556.,6 0
20856 11.1 348.4 43,2 0

56467 2,6 47,6 1,38822E-12
2908 26,1 2749 0
3843 1.2 74,9 : 0
2882 12,8 130.0 : 0
26616 14,7 1429 0

1161 5.1 50,2 | 3 4,97469E-12
6 1040 987.,7 13,1 0

23 9.8 75,0 10 4,44089E-16




57

Tabela 5. GDEs pelas cepas EH-315 e 601 em biofilmes. Niveis de expressdao de transcritos
individuais foram comparados e estdo representados os 10 transcritos induzidos e os 10 reprimidos

nos biofilmes da cepa EH-315, de maior infectividade.

Valores de expressio

Valor de
Transcrito ID FH.315 601 expressiao Valor de P
Biofilmes Biofilmes diferencial
5461 229 1,2 18,8 5.36305E-06
11714 32,1 17 19,0 7,01755E-08
15092 50.6 1.9 26,9 4.34475E-12
21254 63.0 2.3 27,9 9.54792E-15
8593 61,3 2,2 28,3 2,02061E-14
39888 20,5 0.5 36,3 7,69009E-006
1142 22.8 0.4 48,6 1,76989E-06
45906 205.8 0.8 2434 0
63353 45,2 0,11 482,3 4,43046E-12
465 98.5 0,19 524,6 0
37 12 1814,1 14 0
8 38 840,7 213,6 0
1373 65,2 10424.5 -155,3 0
148 4.8 387.5 0
¥ 5,0 3833 0
4 95.1 6917.5 LY 0
1921 0.6 45,0 T,z 1,86073E-10
49 12,0 723.5 0
6 165.6 6682.5 34, 0

9 61.2 1169.4 18 0
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Tabela 6. GDEs pela cepa 601 em biofilmes e em crescimento planctonico. Niveis de expressao de
transcritos individuais foram comparados e estdo representados os 10 transcritos induzidos e os 10

reprimidos nos biofilmes.

Valores de expressao

Valor de
Transcrito ID 601 601 expressao Valor de P
Biofilmes Crescimento Plancténico diferencial
325 38,2 0.8 38,9 1,20721E-08
196 243,2 3.2 39,1 0
4 69175 1240 47,1 0
148 387.5 6.6 49,3 0
163 985.1 11,7 70,5 0
344 426,1 2.9 122,1 0
49 7255 3,6 166,3 0
8 840.7 2,0 350,3 0
1373 10424,5 24,7 356,6 0
37 1814,1 2,0 756,0 0
36467 47.6 0,24 -261,6 6,35936E-13
407 335 0,22 84,2 1,73886E-09
3788 556.6 7,4 88,5 0
6709 29,2 0,54 4 3,15179E-08
36293 20,7 0,45 56,6 3,54529E-06
2882 130.,0 2.7 54.! 0
20856 348.4 7.5 EX 0
17339 21,9 0,9 3,51931E-06
1720 103.0 59 0
21254 264 23 13,2 1.57865E-06

Os resultados demonstrados neste estudo foram obtidos considerando um valor
ajustado de P < 0,05 como critério bioldgico para selegdo de GDEs. Neste contexto, 0s genes
que apresentaram uma expressdo aumentada com valor de “Fold Change” = 2, foram

considerados, neste trabalho, como genes induzidos (up-regulated ou superexpressos).
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Enguanto que 0s genes que apresentaram uma expressdo diminuida, com valor de “Fold
Change” < -2, foram considerados como genes reprimidos (down-regulated).

Diagramas de Venn dos genes correlacionados entre pares de amostras estdo
representados na Figura 5. Tais Diagramas representam graficamente o nimero de genes
expressos em ambas as condi¢des, bem como 0s genes expressos exclusivamente em cada

amostra (genes Unicos).

Figura 5. Diagramas de Venn do transcriptoma de H. capsulatum. Diagramas mostram o nimero de genes
exclusivos de cada amostra e 0 nimero de genes expressos em ambas as condicdes. Correlagdes entre pares de
amostras, sendo biofilmes de EH-315 vs. culturas planctonicas de EH-315 (A), culturas plancténicas de EH-315
vs. culturas planctdnicas de 601 (B), biofilmes de EH-315 vs. biofilmes de 601 (C) e, biofilmes de 601 vs.

culturas planctdnicas de 601 (D).

A B

Biofilmes EH-315 Planct. EH-315 Planct. EH-315 Planct. 601
C D

Biofilmes EH-315 Biofilmes 60l Biofilmes 601 Planct. 601

Adicionalmente, a Figura 6 ilustra analises comparativas do perfil transcriptdmico

diferencial entre os pares de amostras analisadas, considerando o numero de GDEs, induzidos

ou reprimidos.
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Figura 6. Perfil transcriptomico de H. capsulatum. Andlises comparativas correspondentes ao perfil
transcriptémico diferencial entre as amostras analisadas, considerando o nimero de transcritos induzidos (up-
regulated) e reprimidos (down-regulated), obtidos por abordagem transcriptdmica utilizando a plataforma
Illumina e o equipamento HiscanSQ (lllumina). Perfil transcriptémico diferencial da cepa EH-315 em biofilmes
e em crescimento plancténico (A), das cepas EH-315 e 601 em crescimento planct6nico (B), das cepas EH-315 e

601 em biofilmes (C) e, da cepa 601 em biofilmes e em crescimento planctonico (D).
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A andlise dos dados de sequenciamento da cepa EH-315 em biofilmes e em
crescimento plancténico, revela que 176 genes foram expressos unicamente (genes Unicos)
pela cepa EH-315 em biofilmes com um valor de expressdo em RPKM variando entre 17 e
186. Por outro lado, 123 genes unicos foram expressos pela cepa EH-315 em crescimento
plancténico com nivel de expressdo entre 22 e 82 RPKM (Figura 5A). Além disso, 44 genes
foram induzidos por esta cepa de H. capsulatum em biofilmes, com um intervalo de
expressao diferencial > 2,0 e < 152,9 em relagdo a segunda amostra analisada. Em
contrapartida, 186 genes foram reprimidos pelo microrganismo em biofilmes e, com valores
de expresséo diferencial negativos entre 27,2 e 2,0 (Figura 6A).

Considerando a andlise diferencial entre a cepa EH-315 e 60l em crescimento
plancténico, os dados gerados revelam que foram expressos 231 genes Unicos pela cepa EH-
315 em crescimento planctonico, com nivel de expresséo variando entre 16 e 135 RPKM. Em
relacdo a cepa 601 em crescimento planctdnico, foram expressos apenas 27 genes Unicos, com
valor de expresséo entre 22 e 272 RPKM (Figura 5B). Tendo em vista genes induzidos, a
analise do transcriptoma da cepa EH-315 em crescimento planctonico revelou 141 genes up-

regulated, com valores normalizados de “Fold Change” > 2,0 e <40,7 comparado & expressao
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dos mesmos genes pela cepa 601 em crescimento planctdnico. Da mesma forma, a anélise dos
genes reprimidos pela cepa EH-315 em culturas planctonicas, revelou 114 genes down-
regulated e, com “Fold Change” negativo entre 2,0 e 102,02 (Figura 6B).

Em relacdo ao perfil transcriptomico diferencial entre a cepa EH-315 e 60l em
biofilmes, 172 genes tnicos foram expressos exclusivamente pela cepa EH-315 em biofilmes,
com nivel de expresséo entre 18 e 186 RPKM. Considerando a cepa 601 em biofilmes, foram
expressos 94 genes Unicos, com valores de expressdo entre 21 e 985 RPKM (Figura 5C).
Quanto aos genes induzidos, a cepa EH-315 em biofilmes exibiu 122, com um nivel de
expressao diferencial > 2,0 e < 524,6. Além disso, na analise da cepa EH-315 em biofilmes,
78 genes foram reprimidos com expressdo diferencial negativa entre 2,0 e 1421,3 (Figura
6C).

Finalmente, foi realizada a andlise transcriptdmica diferencial da cepa 601 em
biofilmes e culturas planctonicas e, neste caso, 11 genes Unicos, com nivel de expressao entre
17 e 135 RPKM, foram expressos pela cepa 601 em crescimento planctonico, livre ou
flutuante. Em contrapartida, 110 genes Unicos foram expressos pela mesma cepa em
biofilmes, com nivel de expresséo variando entre 21 e 383 RPKM (Figura 5D). Na avaliacdo
dos genes up-regulated, foi possivel verificar que para a cepa 601 em biofilmes, 63 genes
foram superexpressos e apresentaram valores de expresséo diferencial > 2,0 e < 756,03. De
maneira significativamente maior, 289 genes foram reprimidos pela mesma cepa em
biofilmes, sendo que estes exibiram expressao diferencial negativa entre 2,0 e 261,64 (Figura
6D).

Diante do exposto, atraves da analise diferencial entre biofilmes e culturas
planctdnicas de ambas as cepas, é possivel destacar que o microrganismo em biofilmes
expressa um ndmero significativamente maior de genes unicos quando comparado ao
crescimento em condig¢des planctonicas (Figuras 5A e 5D). Isso nos leva a concluir que
quando estruturadas em biofilmes as leveduras de H. capsulatum exacerbam a expressdo de
genes unicos.

De maneira complementar, ambas as cepas estruturadas em biofilmes reprimem um
namero significativamente maior de genes em relagdo ao nimero de genes induzidos (Figuras
6A e 6D). Portanto, quando o microrganismo altera o seu estilo de vida de mdvel para séssil,
Nnovos genes passam a ser expressos & medida que ha, predominantemente, repressdo na
expressdo de inUmeros genes.

Correlacionando as cepas EH-315 e 601 em crescimento plancténico, hd muito genes

(n = 255) que foram expressos em ambas, mas é nitido observar que a cepa EH-315, de maior
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infectividade, expressa um numero significativamente maior de genes Unicos (n = 231) em
relacdo a cepa 601 (n = 27), o que corresponde a um numero, aproximadamente, 8,5 vezes
menor (Figura 5B). J& em biofilmes, a razdo entre 0 nimero de genes exclusivos expressos
pela cepa EH-315 (n = 172) em relagdo a 601 (n = 94), reduz para um ndmero,
aproximadamente, 1,8 vezes menor (Figura 5C). Este fato sugere que em biofilmes,
formacdes que conferem aumento da viruléncia e resisténcia dos microrganismos, cepas com
infectividade divergente exibem elevado potencial de expressdo de genes Unicos. Portanto, a
alta expresséo de genes exclusivos em um biofilme néo é dependente da infectividade de uma
cepa.

Em contrapartida, o potencial de infeccdo das cepas pode estar associado a um
aumento no numero de genes induzidos. Este fato pode ser explicado uma vez que
considerando a quantificacdo relativa dos GDEs induzidos e reprimidos entre as cepas, nota-
se que a EH-315 superexpressa um niimero maior de genes do que o total de genes que sdo
reprimidos em relacdo a expresséo da cepa 601 nas duas formas de crescimento (Figuras 6B e
6C).

Assim, a plataforma de RNA-Seq empregada neste estudo permitiu uma
caracterizagdo robusta do perfil génico que representam a assinatura transcricional dos
biofilmes e de culturas planctonicas de cepas de infectividade divergente (EH-315 e 60lI).
Segundo Wang et al. (2009b), plataformas de RNA-Seq permitem quantificar precisamente o
nivel de expressdo génica, uma vez que 0 Sequenciamento de cada transcrito é feito
independentemente. Além disso, tais plataformas sdo extremamente sensiveis sendo capazes
de identificar uma ampla faixa do nivel de expressdo, detectando niveis muito baixos ou
muito altos.

Neste trabalho, conforme demonstrado anteriormente, entre os 230 GDEs
correlacionando biofilmes vs. culturas planctonicas da cepa EH-315, 44 genes foram up-
regulated e 186 foram down-regulated nos biofilmes. Subsequentemente, com base nestas
analises prévias, foi determinada a anotagdo funcional referente a ontologia génica (GO) do
produto dos 20 transcritos com expressdo diferencial significativa (10 up-regulated e 10
down-regulated) (Tabela 7). Tais proteinas merecem destaque e a Figura 7 exibe o Fold
Change da expressédo diferencial nos biofilmes da cepa EH-315 em relacdo & expresséo em
crescimento plancténico. Nesta condigdo diferencial, um transcrito cujo produto estd
associado a sintese de proteinas foi significativamente induzido (Fold Change 152,99),
enquanto um gene que codifica um produto essencial para a via de processamento do DNA

foi significativamente reprimido (Fold Change -9,10) nos biofilmes formados. Considerando
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a categorizagdo de um gene induzido significativamente cujo produto EF-1a (elongation
factor 1l-alpha) tem papel essencial na sintese proteica, segundo Merrick (1992), em
eucariotos tal proteina é altamente conservada e dirige 0 RNA transportador (RNAL)
carregado até o sitio aceptor do ribossomo em um transporte dependente de GTP. Estudos
anteriores revelam ainda que EF-la tem um papel importante na morfogénese do fungo
dimorfico Mucor racemosus (Shearer, 1995). Concomitantemente, nota-se a repressao
substancial de um transcrito codificante de um produto (issepl-like transposase) com papel
fundamental em uma via de processamento do DNA. Atualmente, ndo existem estudos na
literatura que descrevem a expressdo de transposases em biofilmes fungicos patogénicos. Em
contrapartida, Duran-Pinedo et al. (2014) relataram superexpressdo de um grande nimero de
transposases putativas em biofilmes mistos de Streptococcus mitis com 0s patégenos
periodontais Porphyromonas gingivalis e Aggregatibacter actinomycetemcomitans. De
acordo com este estudo, a superexpressdo das transposases ndo esta associada apenas a um
alto potencial para mobilidade genética (Mitchell et al., 2010), mas também a um processo de

morte celular controlada nos biofilmes bacterianos.
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Tabela 7. Categorizagdo funcional dos genes com expressao significativamente alterada em biofilmes vs. culturas planctdnicas da cepa EH-315 de H. capsulatum obtidos por

RNA-Seq.

Categoria ou Gene ID
Genes Up-regulated
contig 61450
contig 1198
contig 277

contig 1707
contig 137

contig 493

contig 305

contig 146

contig 25

contig 297

Genes Down-regulated
contig 34788

contig 446

contig 3452

contig 58

contig 18939

contig 59844
contig 14036

contig 8339
contig 18657

contig 26924

Anotacao Funcional

Elongation factor 1-alpha

abc atp-binding protein

Utease accessory protein
Lactoylglutathione lyase

Pts system sucrose-specific iibe component
Replication protein

Ipxtg-motif cell wall anchor domain partial
Lipoprotein

Histidine kinase

Nitrate transporter

Hypothetical protein BN871 FO 00160
Issepl-like transposase

Hypothetical protein BN871_FO_00160

Had tigr02254 tamily

Hypothetical protein BN871 _FO 00160
Hypothetical protein PaelaDRAFT 5811, partial
Two-component system sensor histidine kinase
Hypothetical protemn BN§71_FO_00160
Hypothetical protein PaelaDRAFT 5811, partial

Hypothetical protein BN871_FO 00160

e-Value

4,6E-6

1.3E-136

7.6E-45

1,1E-80

3,0E-62

8.4E-4

1,6E-156

Similaridade (média)

98.,4%
88.,6%
97,65%
98.,8%
98.85%
81,7%

75,1%

98.,65%

99.6%

770,

100%

Fold-Change

152,99

10,26

6,38
6,05

-0.03
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Figura 7. Fold Change Plot dos transcritos diferencialmente expressos em biofilmes vs. culturas
planctonicas da cepa EH-315 de H. capsulatum. Representacdo dos 20 transcritos com expressao diferencial
significativa e anotacdo funcional (Gene Ontology — GO), sendo 10 superexpressos e 10 reprimidos pelos

biofilmes.
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A andlise transcriptdmica diferencial entre culturas planctbnicas de ambas as cepas

(EH-315 e 60I) revelou que entre os 255 GDEs, 141 genes foram up-regulated e 114 foram
down-regulated e a anotacdo funcional dos transcritos com expressdo significativamente
alterada destaca que um gene cujo produto (atpase involved in DNA repair) atua em uma via
de reparo do DNA foi induzido significativamente (Fold Change 40,77). Diversas enzimas
envolvidas em sistemas de reparo do DNA tém sido relacionadas a habilidade de alguns
microrganismos para sobreviver em microambientes com perdxido de hidrogénio e pH acido.
Estes fatores propiciam estresse celular, tais como estresse oxidativo e 4cido, uma vez que
podem induzir danos ao DNA (Wen et al., 2011). No mesmo momento, um transcrito

codificante de uma proteina (Chkl Checkpoint kinase 1-like partial) envolvida em vias



66

bioldgicas relacionadas ao controle do ciclo celular em resposta ao dano ao DNA foi
reprimido substancialmente (Fold Change -102,02) (Tabela 8). De fato, o ciclo celular
envolve sequencialmente a transi¢do das fases G1, S e, G2 para a fase M, o que resulta na
divisdo e proliferacéo celular. Vias de checkpoint s&o responsaveis por um controle criterioso
da transicdo entre estas fases, uma vez que tais vias séo ativadas para garantir a finalizagéo
ideal da fase atual do ciclo celular, antes que a célula entre na proxima fase. Adicionalmente,
a sinalizacdo de checkpoint é crucial para promover a resposta a danos ao DNA e, nesta
condigdo Chkl induz a interrupcdo do ciclo celular e ativa o processo de reparo do DNA
celular (Pabla et al., 2012). A Figura 8 exibe o Fold Change dos produtos dos 20 transcritos
com expressédo diferencial significativa em culturas planctonicas da cepa EH-315 em relagéo
a expressdo em crescimento planctdnico da cepa 601, com destaque para a superexpressao de
uma proteina envolvida no reparo do DNA e para a repressdo de uma proteina relacionada as

vias de checkpoint.
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Tabela 8. Categorizacdo funcional dos genes com expressao significativamente alterada em culturas plancténicas da cepa EH-315 vs. culturas planct6nicas da cepa 601 de H.

capsulatum obtidos por RNA-Seq.

Categoria ou Gene ID
Genes Up-regulated
contig_ 38

contig 11
contig_344
contig_460

contig 34788
contig 18939
contig 1418

contig 285
contig_303
contig_3403

Genes Down-regulated
contig 3788
contig 20856

contig 56467

contig 2882
contig 1161
contig 1112

contig 5306

contig 6087
contig 94

contig 4952

Anotacio Funcional

atpase mvolvedin dna repair

Histidine decarboxylase

Membrane protein

Replication initiation protein

Hypothetical protein BN871 _FO 00160
Hypothetical protein BN871 FO 00160
mfs transporter

Replication iitiation protein

Ipxtg-motif cell wall anchor domain partial

Ipxtg-motif cell wall anchor domain partial

chikl checlkpoint-like partial

Proline dehydrogenase 1

Family transcriptional regulator

tpa: acl147-like

34 domain protein

2-hydroxyacid dehydrogenase
Oligopeptide transport atp-binding protein
Oligopeptide abe atp-binding protein
Carbon-nitrogen famuly

Aldehyde dehydrogenase

e-Value

5,1E-114

2,1E-28

1.0E-169

2,7E-4

1.5E-136

3.2E-40

1,2E-24

0

2.4E-63

2.4E-28

2.1E-46

3.5E-140

1.4E-79

8A4E-76

Similaridade (média)

84.9%
93%

92,75%

Fold-Change

40,77

-24.,66
-14,09
13,31
-10.,16

-9.63

-8.84

-8.40
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Figura 8. Fold Change Plot dos transcritos diferencialmente expressos em culturas planctdnicas da cepa
EH-315 vs. culturas planctdnicas da cepa 601 de H. capsulatum. Representagdo dos 20 transcritos com
expressao diferencial significativa e anotagdo funcional (Gene Ontology — GO), sendo 10 superexpressos e 10

reprimidos pelo crescimento plancténico da cepa EH-315.
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Adicionalmente, na assinatura transcricional dos biofilmes entre cepas de
infectividade distinta, 200 genes foram expressos diferencialmente, sendo 122 genes up-
regulated e 78 genes down-regulated nos biofilmes da cepa EH-315, de maior infectividade.
O gene induzido com maior expressao diferencial (Fold Change 482,3) foi identificado como
um gene codificador de GAPDH (Glyceraldehyde-3-phosphate dehydrogenase) (Tabela 9),

bem conhecida como a sexta enzima da via glicolitica, mas também associada a eventos
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nucleares, incluindo a transcrigdo, transporte de RNA, replicacdo de DNA e, ainda, a
apoptose. Hara et al. (2005) descrevem que além das fungdes glicoliticas muito bem
estabelecidas, GAPDH participa de um mecanismo molecular de citotoxicidade, no qual
facilita a degradacéo de alvos nucleares promovendo a morte celular. Adicionalmente, outros
papéis intracelulares de GAPDH tém sido descritos, incluindo indugéo da fusdo de vesiculas,
atividade quinase e, ainda modulagdo do citoesqueleto. Neste contexto, GAPDH foi a
primeira enzima glicolitica a ser encontrada em associagdo com a tubulina, uma relagdo
complexa que pode estar envolvida na motilidade celular ou na organizagdo intracelular
espacial, incluindo a posi¢édo das organelas, bem como o transporte intracompartimental de
elementos tubulares e vesiculares (Tisdale, 2002). Vallejo et al. (2012) descrevem GAPDH
como uma proteina detectada microscopicamente na parede celular de Paracoccidioides
brasiliensis, com funcdo destacada na ades&o aos componentes da MEC da célula hospedeira.
Simultaneamente & indugdo de GAPDH, os biofilmes da cepa EH-315 exibiram uma
repressdo substancial (Fold Change -213,63) de um transcrito que tem como produto uma
hidrolase associada a parede celular (Cell wall-associated hydrolase) (Tabela 9). Tal proteina
é requerida como um importante fator de viruléncia dos fungos patogénicos e é reconhecida
pelo seu importante papel na invasdo dos tecidos do hospedeiro (Ghannoum, 2000). Da
mesma forma, outras enzimas hidroliticas, como a fosfolipase, apresentaram expressao
diminuida em biofilmes de C. albicans e P. brasiliensis (Nailis et al., 2010; Sardi et al.,
2015). Com isso, os dados obtidos neste estudo demonstram que os biofilmes da cepa 60l
secretam uma maior quantidade de enzimas hidroliticas, o que confere aumento da
capacidade invasiva. A Figura 9 corresponde a uma representacdo esquematica do Fold
Change de cada uma das 20 proteinas correspondentes aos transcritos que apresentaram
expressdo diferencial significativa nos biofilmes da cepa EH-315 em relagdo & expressdo nos

biofilmes da cepa 60I.
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Tabela 9. Categorizagdo funcional dos genes com expressdo significativamente alterada nos biofilmes da cepa EH-315 vs. biofilmes da cepa 601 de H. capsulatum obtidos

por RNA-Seq.

Categoria ou Gene I[D
Genes Up-regulated
contig_63353

contig 8593
contig_15092
contig_ 25144
contig_14320

contig 3403
contig_3495

contig 3841
contig_ 70

contig 2468

Genes Down-regulated
contig 8

contig_148

contig 7

contig_4
contig_1921
contig 49

contig_ 9

contig_196

contig 94

contig_131

Anotacao Funcional

Glyceraldehyde-3-phosphate dehydrogenase
Cytochrome p450 liketbp

Glycosyl transferase (glycosyl transterase fanuly 2)
Protein tarl

Signal peptide

Lpxtg-motif cell wall anchor domain partial

1Rna intron-encoded homing partial
Uncharacterised protein
6-phospho-beta-galactosidase

pi04134 famuly protein

Cell wall-associated hydrolase

Is1 transposase partial

Hypothetical protein APECO1 1785

Na+ h+ antiporter

40s1ibosomal protein s6

Putative uncharacterized protein

Permease

Metal 1on metal ion (mn2+ fe2+) transporter fanuly
Carbon-nitrogen family

Recombinase

e-Value

3.4E-20

1,7E-25

4,7E-32

14E-11

3.,0E-40

2,5E-22

8.9E-26

5,0E-92

)

3.5E-4

1.7E-64

4.8E-140

4,7E-150

2,7E-60

43E-92

3.9E-56

7.0E-96

Similaridade (média)

64.2%
76.6%
100%
77,65%
81.4%

85.9%

98,2%
99.85%
85,25%
99.15%
98.6%
98.7%

92,65%

Fold-Change

10,63

6.21

-213,63

'
in
2

'

1
L
n
=

-70,69

-70,53

-58,80

-18,57

-14.47

-14.28

-11.88
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Figura 9. Fold Change Plot dos transcritos diferencialmente expressos em biofilmes da cepa EH-315 vs.
biofilmes da cepa 601 de H. capsulatum. Representacdo dos 20 transcritos com expressdo diferencial
significativa e anotacdo funcional (Gene Ontology — GO), sendo 10 superexpressos e 10 reprimidos pelos
biofilmes da cepa EH-315.
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Por fim, a comparacdo transcricional da cepa 601 em biofilmes vs. culturas
planctonicas revela que entre 352 GDEs, 63 foram up-regulated enquanto 289 genes foram
down-regulated pelas leveduras em biofilmes. A Figura 10 ilustra o Fold Change das 20
proteinas com anotacdo funcional, identificadas como produtos dos 20 transcritos que
apresentaram expressdo diferencial significativa nos biofilmes da cepa 601 em relagcdo a
expressao nas culturas planctonicas desta cepa. A categorizacdo funcional desta analise
diferencial destaca uma superexpressao significativa (Fold Change -213,63) de um transcrito
cujo produto (Cell wall-associated hydrolase) é descrito como uma hidrolase (Tabela 10).

Conforme descrito anteriormente esta proteina tem papel pronunciado na invaséo de tecidos.
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Assim, conclui-se que a indugdo deste transcrito demonstra uma habilidade invasiva
significativamente maior para as leveduras da cepa 601 em biofilmes do que as leveduras
livres da mesma cepa. Ao mesmo tempo, houve repressdo significativa (Fold Change -
261,64) de um transcrito cujo produto atua como um regulador transcricional (Family
transcriptional regulator). Neste contexto, Rypl constitui o regulador transcricional com
funcbes regulatérias bem estabelecidas para H. capsulatum. Rypl governa aspectos
relacionados & morfologia do fungo, sendo requerido para a transicdo micélio-levedura, a
37°C (Cain et al., 2012). De acordo com Webster e Sil (2008), Ryp1 € exigido para controlar
praticamente todo o perfil de expresséo da fase leveduriforme de H. capsulatum. Diante dos
resultados da andlise transcriptdmica, nota-se que em biofilmes da cepa 60l a expressdo de
reguladores transcricionais é significativamente reprimida. No entanto, estudos posteriores
podem ser designados a buscar de fato, os reguladores que estdo envolvidos e 0 que isso
implica na patogénese da histoplasmose.

Dessa forma, a tecnologia de sequenciamento da Illumina foi utilizada neste estudo
para 0 sequenciamento e analise do transcriptoma de leveduras de H. capsulatum,
caracterizando-se como uma abordagem eficiente para identificar genes criticos envolvidos
na formagdo dos biofilmes de H. capsulatum. Assim, esta investigacdo possibilitou a
identificacdo de genes candidatos potenciais que codificam proteinas chave. Tais genes
podem ser amplamente estudados como putativos alvos terapéuticos e/ou biomarcadores

durante a infeccéo as células hospedeiras.
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Tabela 10. Categorizacdo funcional dos genes com expressdo significativamente alterada em biofilmes vs. culturas planctonicas da cepa 601 de H. capsulatum obtidos por

RNA-Seq.

Categoria ou Gene I[D
Genes Up-regulated
contig_8

contig_49

contig_344

contig_163

contig_148

contig 4

contig_196

contig 9558

contig_11

contig 133

Genes Down-regulated
contig 56467
contig_407
contig_3788
contig_6709

contig 36293
contig_2882

contig_20856

contig_17339

contig_1720

contig 479

Anotacao Funcional

Cell wall-associated hydrolase

Putative uncharactenized protein

Membrane protein

Cell wall-associated hydrolase domain partial
Is1 transposase partial

Na+ bt antiporter

Metal 1on metal ion (mn2+ fe2+) transporter family

BnaC09g26910D
Histidine decarboxylase

Recombinase

Family transcriptional regulator
Restriction endonuclease

Chkl checkpoint-like partial

Protein rep

Sporulation lipoprotein domain protein
tpa: acl147-like

Proline dehydrogenase 1

Dihydrolipoyllysine-residue €2 component of
oxoglutarate dehydrogenase (succinyl-transterring)
complex

Alpha-11 nicotinic acetyl choline receptor

Hth-type transcriptional regulator

e-Value

5,0E-92

2,7E-60

2,0E-28

0

0

2.4E-63

1.4E-129

1,2E-24

1.8E-25

24E-28

Similaridade (média)

80,9%

99.1%

100%

Fold-Change

%)
h
o
5}

166.30

122,10

70.56

49,34

-261.,64

-184.21

-88,52

64,17

-56,68

-54.88

-54,61
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Figura 10. Fold Change Plot dos transcritos diferencialmente expressos em biofilmes vs. culturas
planctonicas da cepa 601 de H. capsulatum. Representacdo dos 20 transcritos com expressdo diferencial
significativa e anotacdo funcional (Gene Ontology — GO), sendo 10 superexpressos e 10 reprimidos pelos

biofilmes.
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4.3. Determinacdo da viabilidade celular e porcentagem de infeccdo em Mg alveolares
(AMJ2-C11) por diferentes cepas de H. capsulatum
4.3.1. Determinacdo da viabilidade celular apés infeccdo de células AMJ2-C11
utilizando o kit Live/Dead®

Ensaios para determinacdo da viabilidade de células infectadas foram realizados
previamente a obtencdo do conjunto de transcritos da interacdo fungo-célula hospedeira. A
Figura 11 demonstra os dados obtidos a partir da marcacédo com o kit Live/Dead® das células
AMJ2-C11 desafiadas por diferentes concentracfes de suspensdo fungica, compreendendo a
MOI em uma razdo de 10 leveduras:1 Mg, 1:1, 1:10 e 1:100. De acordo com as imagens
obtidas através do IN Cell Analyzer as células podem ser vistas em sua maioria coradas de

verde e com membrana integra para todas as MOIs, representando viabilidade uma vez que
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ha atividade de enzimas esterases (Figura 11A). Adicionalmente, os resultados obtidos a
partir da analise de fluorescéncia pelo software Investigator 1000 Workstation confirmam
estes dados, uma vez que em todas as concentragdes fungicas testadas, a viabilidade celular
foi superior a 84%, ndo havendo diferenca estatistica entre as diferentes MOIs e o controle de
células sem infeccdo (86,61%). Portanto, as MOIs empregadas ndo se demonstraram
citotdxicas, uma vez que exibiram porcentagem de viabilidade celular semelhante ao controle

de células sem infeccéo (Figura 11B).
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Figura 11. Ensaio de Viabilidade de Mg AMJ2-C11 infectados com leveduras de H. capsulatum apds 5 h. (A) Imagens adquiridas pelo IN Cell Analyzer caracterizando
células verdes como viaveis marcadas pela Calceina AM e células vermelhas como mortas marcadas por homodimero de Etidio (EthD-1). (B) Valores correspondentes a

viabilidade foram obtidos a partir da fluorescéncia das células marcadas utilizando o kit Live/Dead®. Analises conduzidas pelo software IN Cell Investigator 1000
Workstation. CN — Controle de células sem infeccéo.
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4.3.2. Determinacdo da porcentagem de infeccéo as células AMJ2-C11 por citometria de
fluxo

Considerando o perfil de infecc@o de cepas de H. capsulatum em Mg alveolares, que
sdo caracterizadas como as primeiras células efetoras que respondem ao fungo, € possivel
observar a capacidade de ambas as cepas em exibir porcentagens muito altas de infeccdo a
Mg (Figuras 12D e 13D). Os resultados dos ensaios de infec¢do a Mg alveolares AMJ2-C11
com as diferentes cepas de H. capsulatum estdo apresentados nas Figuras 12, 13 e 14. Os
dados obtidos demonstram que as cepas EH-315 e 601, de diferente infectividade, apresentam
potencial de infeccdo semelhante, sendo capazes de infectar 98,34 + 0,38% e 96,52 + 3,14%,
respectivamente, dos Mg alveolares murinos ap6s 5 h de infeccdo (Figura 14). Estes
resultados correspondem a Fl de leveduras marcadas com CFSE através da analise da
fluorescéncia de 10.000 células por tubo empregando como controle leveduras ndo marcadas,

leveduras marcadas e células AMJ2-C11 sem infeccéo.

Figura 12. Perfis de citometria ilustrando a intensidade de fluorescéncia (FI) de leveduras de H.
capsulatum na infeccdo de células fagociticas AMJ2-C11, analisadas por citdmetro de fluxo
FACSCanto™. (A) Controle negativo de leveduras (cepa EH-315) ndo marcadas. (B) Controle positivo de
leveduras (cepa EH-315) marcadas com CFSE. (C) Controle negativo de células AMJ2-C11 sem infecgdo. (D)
FI da infeccdo de células AMJ2-C11 com leveduras de H. capsulatum (cepa EH-315), ap6s 5 h. Dados obtidos
pelo software FACSDiva™ e representativos da FI de 10.000 células por tubo.
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Figura 13. Perfis de citometria ilustrando a intensidade de fluorescéncia (FI) de leveduras de H.
capsulatum na infeccdo de células fagociticas AMJ2-C11, analisadas por citdmetro de fluxo
FACSCanto™. (A) Controle negativo de leveduras (cepa 601) ndo marcadas. (B) Controle positivo de
leveduras (cepa 601) marcadas com CFSE. (C) Controle negativo de células AMJ2-C11 sem infeccdo. (D) Fl da
infeccdo de células AMJ2-C11 com leveduras de H. capsulatum (cepa 60I), ap6s 5 h. Dados obtidos pelo
software FACSDiva™ e representativos da F1 de 10.000 células por tubo.
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Figura 14. Perfil de infeccdo de diferentes cepas de H. capsulatum & Mg alveolares murinos. Valores
obtidos a partir da FI de leveduras marcadas com CFSE apds 5 h de infeccdo em células AMJ2-C11, através da

analise de 10.000 células por tubo utilizando o software FACSDiva™.
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4.4. Screening de miRNAs expressos em células hospedeiras apds interacdo com H.
capsulatum

4.4.1. Determinacao da viabilidade celular apés infeccdo de Mg THP-1 like utilizando o
kit Live/Dead®
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Os ensaios para a determinagdo da viabilidade celular foram conduzidos previamente
a realizacéo do screening de miRNAs regulados na infecgdo fungo-Mg hospedeiros. A Figura
15 representa os dados obtidos a partir da marcacdo de Mg THP-1 like utilizando o kit
Live/Dead® frente a diferentes concentracbes da suspensdo fungica, com as MOIs nas
seguintes razdes, 10 leveduras:1 Mg, 1:1, 1:10 e 1:100. As imagens obtidas pelo IN Cell
Analyzer possibilitam a visualizacdo das células, que em sua maioria encontram-se coradas
de verde em funcdo da atividade de esterases intracelulares e com membrana integra para
todas as MOls, o que representa viabilidade (Figura 15A). Estes dados que aparentam alta
viabilidade de células THP-1 frente a infeccdo podem se confirmados a partir da anélise de
fluorescéncia realizada pelo software Investigator 1000 Workstation, que demonstra em todas
as concentragdes fungicas testadas uma viabilidade celular superior a 93,79%, ndo havendo
diferenca estatistica entre as diferentes MOIs e o controle de células sem infeccéo (93,96%).
Portanto, as MOIs empregadas ndo se demonstraram citotoxicas, uma vez que exibiram
porcentagem de viabilidade celular semelhante ao controle de células sem infeccéo (Figura
15B). Tais resultados séo de extrema importancia, uma vez que a morte de Mg infectados
poderia inviabilizar uma diferenca significativa na expressdéo de miRNAs entre células

infectadas e ndo infectadas.
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Figura 15. Ensaio de Viabilidade de Mg THP-1 like infectados com leveduras de H. capsulatum ap6s 5 h. (A) Imagens adquiridas pelo IN Cell Analyzer caracterizando
células verdes como viaveis marcadas pela Calceina AM e células vermelhas como mortas marcadas por homodimero de Etidio (EthD-1). (B) Valores correspondentes a

viabilidade foram obtidos a partir da fluorescéncia das células marcadas utilizando o kit Live/Dead®. Analises conduzidas pelo software IN Cell Investigator 1000
Workstation. CN — Controle de células sem infecgdo.

A

MOI16:1 MOI1:1 MOI 1:10 MOI 1:106

=100
£
= 504
=
2
T 60 Live
e
ps 3 Dead
= 40
E -
-
=
=
3 =
o]

[ t I I L 1 I 1 1 1|

CN 10:1 1:1 1:10 1:100

MOI He:Meo



81

4.4.2. Determinacdo da porcentagem de infeccdo em Mg THP-1 like por citometria de
fluxo

Andlises de citometria de fluxo da infeccdo entre Mg THP-1 like e leveduras
fluorescentemente marcadas com CFSE foram realizadas a fim de determinar a porcentagem
de células infectadas e verificar se as cepas selecionadas infectam de fato Mg humanos. Para
estes ensaios leveduras ndo marcadas, leveduras marcadas e células THP-1 sem infeccdo
foram empregadas como controles. Os resultados foram obtidos através da analise de 10.000
células por tubo realizada pelo software FACSDiva™ (Becton & Dickinson, EUA) em
consequéncia da FI emitida tanto por leveduras aderidas a membrana de Mg, bem como por
leveduras intracelulares. As Figuras 16 e 17 representam os graficos obtidos por citometria de
fluxo compreendendo picos que, a esquerda representam células negativas ndo marcadas e, a
direita, células positivas fluorescentemente marcadas, portanto infectadas. De acordo com o0s
dados obtidos é possivel verificar que ambas as cepas de H. capsulatum (EH-315 e 60I)
exibem elevado potencial de interacdo com Mg THP-1 like, uma vez que altas porcentagens
de células infectadas foram encontradas ap6s 5 h de infec¢do, 93,36 + 1,89% e 97,38 +

0,90%, respectivamente (Figura 18).

Figura 16. Perfis de citometria ilustrando a intensidade de fluorescéncia (FI) de leveduras de H.
capsulatum na infeccdo de Mg THP-1 like e, analisadas por citometro de fluxo FACSCanto™. (A) Controle
negativo de leveduras (cepa EH-315) ndo marcadas. (B) Controle positivo de leveduras (cepa EH-315) marcadas
com CFSE. (C) Controle negativo de células THP-1 sem infeccdo. (D) FI da infecgdo de células THP-1 com
leveduras de H. capsulatum (cepa EH-315), apés 5 h. Dados obtidos pelo software FACSDiva™ e
representativos da FI de 10.000 células por tubo.
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Figura 17. Perfis de citometria ilustrando a intensidade de fluorescéncia (FI) de leveduras de H.
capsulatum na infeccdo de Mg THP-1 like e, analisadas por citdmetro de fluxo FACSCanto™. (A) Controle
negativo de leveduras (cepa 601) ndo marcadas. (B) Controle positivo de leveduras (cepa 601) marcadas com
CFSE. (C) Controle negativo de células THP-1 sem infeccdo. (D) FI da infeccdo de células THP-1 com
leveduras de H. capsulatum (cepa 601), ap6s 5 h. Dados obtidos pelo software FACSDiva™ e representativos da
FI de 10.000 células por tubo.
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Figura 18. Perfil de infeccdo de diferentes cepas de H. capsulatum a Mg humanos. Valores obtidos a partir
da FI de leveduras marcadas com CFSE ap6s 5 h de infeccdo em células THP-1, através da andlise de 10.000
células por tubo utilizando o software FACSDiva™.
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4.4.3. Quantificacdo e avaliacio da pureza e integridade do RNA das amostras
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Apos verificar a viabilidade das células infectadas e a ocorréncia da infeccéo, foi

extraido o RNA total das amostras. As concentracBes e purezas do RNA obtido estdo

demonstradas na Tabela 11. As analises por espectrofotometria indicam que altas

concentragdes de RNA das amostras foram obtidas e que o material extraido encontra-se em

um grau de pureza ideal de acordo com os valores de referéncia (1,8 a 2,0). A partir destes

dados, foi avaliada a integridade do RNA de cada amostra e os gréficos gerados pelo

equipamento utilizado (Agilent 2100 Bioanalyzer®, Agilent Technologies) revelam que nédo

ha nenhum traco de degradagdo. Considerando o algoritmo RIN conclui-se que as amostras

exibiram integridade ideal, com RIN maior ou igual a 8 (Figura 19).

Tabela 11. Concentracgédo de RNA obtido ap6s extragdo utilizando o Kit RNeasy Plant Mini Kit®. Extracéo

da fase leveduriforme das cepas EH-315 e 601 de H. capsulatum em culturas planctonicas e das cepas EH-315

em biofilmes. Quantificagdo do material extraido utilizando espectrofotdmetro (Nanovue®). *Unicata bioldgica;

**Duplicata bioldgica; ***Triplicata bioldgica.

Amostra

Mo vs EH-313%

Mavs. EH-315%%

Mo vs EH-3] 5%

Mo vs. 601*

Mo vs. 6OIF*F

Mo vs. 6O[*#*

Mo vs biofilines EH-315%
Mevs. biofilmes EH-315%#
Mo vs. biofilimes EH-31 5%+
Me sem infeegio®

Me sem infeccio®*

Me sem infecgho®

Concentracio (ng/ul)

1086.7

8497

6997
13419
10877

13409

10936

Pureza {Azgoun/Azs0mm)
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Figura 19. Eletroferograma da Integridade do RNA de Mg THP-1 like. Integridade do RNA de células THP-1 infectadas com as cepas EH-315 (A, B, C) e 601 (D, E, F)
de H. capsulatum em culturas plancténicas e com a cepa EH-315 em biofilmes (G, H, 1) em triplicata. Integridade do RNA do controle de células sem infeccéo (J, K, L) em

triplicata. Analise realizada por técnica de eletroforese capilar no equipamento Agilent 2100 Bioanalyzer® através do kit RNA 6000 Nano (GE Healthcare). RIN — RNA
Integrity Number.
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4.4.4. Analise da expressdo de miRNAs em células THP-1 ap6s infecgdo com leveduras
de H. capsulatum

Apos quantificagdo relativa, foram identificados miRNAs diferencialmente expressos
utilizando o método comparativo de Ct (AACt). Foram contrapostos os miRNAs obtidos entre
as seguintes condigdes: Mg THP-1 infectados com a cepa EH-315 vs. Mg THP-1 sem
infeccdo (controle), Mg THP-1 infectados com a cepa 60l vs. Mg THP-1 sem infeccéo
(controle), Mg THP-1 infectados com biofilmes da cepa EH-315 vs. Mg THP-1 sem infeccéo
(controle), Mg THP-1 infectados com biofilmes da cepa EH-315 vs. Mg THP-1 infectados
com a cepa EH-315 em crescimento planctonico (controle) e, Mg THP-1 infectados com a
cepa EH-315 vs. Mg THP-1 infectados com a cepa 60l (controle). Sendo assim, cinco
comparacdes em pares foram realizadas a fim de gerar o maior niamero de informacoes
possiveis e comparar as diferencas entre 0s miRNAS superexpressos ou reprimidos dentro da
mesma especie (biofilmes vs. culturas planctonicas) e entre diferentes cepas (EH-315 vs.
60l).

Os resultados demonstrados nesta analise foram obtidos considerando um valor de P <
0,05 para selecédo de miRNAs diferencialmente expressos. Considerando este cutoff, miRNAs
que apresentaram uma expressdao aumentada na amostra teste em relacdo ao controle com
valor de RQ > 2, foram induzidos (up-regulated ou superexpressos). Enquanto que 0s
miRNAS que apresentaram uma expressao diminuida na amostra em relacdo ao controle, com
valor de RQ < 1, foram reprimidos (down-regulated). Em consequéncia, um Volcano Plot foi
construido para detectar visualmente miRNAs diferencialmente expressos entre pares de
amostras. A Figura 20 ilustra um Volcano Plot para cada anélise diferencial realizada, com
identificacdo para os miRNAs com expressdo significativamente alterada (P < 0,05) nas

amostras ensaiadas em relagdo aos seus respectivos controles.
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Figura 20. Volcano Plot dos perfis de miRNAs detectados em Mg infectados com leveduras de H. capsulatum. O eixo-X mostra o Fold Change (RQ) em log2 da
expressao de miRNAs entre amostra teste e controle, enquanto o eixo-y mostra o valor de P em log10 ajustado para cada miRNA. Os pontos representados acima da linha
cinza horizontal indicam significancia estatistica (P < 0,05). Pontos em verde indicam miRNAs reprimidos e em vermelho miRNAs superexpressos. Andlises diferenciais
entre (A) Mg THP-1 infectados com a cepa EH-315 vs. Mg THP-1 sem infeccdo; (B) Mg THP-1 infectados com a cepa 601 vs. Mg THP-1 sem infeccédo; (C) Mg THP-1
infectados com biofilmes da cepa EH-315 vs. Mg THP-1 sem infeccdo; (D) Mg THP-1 infectados com biofilmes da cepa EH-315 vs. Mg THP-1 infectados com a cepa EH-

315 em crescimento plancténico e; (E) Mg THP-1 infectados com a cepa EH-315 vs. Mg THP-1 infectados com a cepa 60l.
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Diante destas analises, Mg THP-1 like infectados com diferentes cepas de H.
capsulatum (EH-315 e 60I) e em diferentes formas de crescimento (biofilmes e culturas
planctonicas) apresentaram perfis de expressédo diferentes em relagdo ao controle sem
infeccdo. Foram identificados um total de 6 miRNAs diferencialmente expressos pelas
células THP-1 infectadas com a cepa EH-315 comparadas com o controle (sem infeccdo), dos
quais 2 foram superexpressos (up-regulated) e 4 foram reprimidos (down-regulated) (P <
0,05). Considerando a infeccdo com a cepa 60I, células THP-1 superexpressam 3 miRNAs
diferenciais em relacdo ao controle de célula sem infec¢do (P < 0,05). Adicionalmente, Mg
THP-1 like infectados com biofilmes da cepa EH-315 exibiram 6 miRNAs diferencialmente
expressos e, desses, 3 foram superexpressos e 3 foram reprimidos em comparagdo com a
expressdo em Mg sem infecgdo (P < 0,05). Posteriormente, as analises diferenciais dos perfis
de expressdo de miRNAs entre células THP-1 infectadas com biofilmes de EH-315 vs.
infeccdo com leveduras planctonicas de EH-315 revelam uma superexpressdo diferencial
significativa (P < 0,05) de 5 miRNAs. Além disso, a comparagdo entre os perfis de expressao
de miRNAs em Mg infectados com cepas de infectividade divergente, demonstra que 8
miRNAs tiveram uma expresséo significativamente diferente (P < 0,05) na infecgéo pela cepa
EH-315 em relacdo a infeccdo com a cepa 60I, dos quais 1 foi superexpresso e 7 foram
reprimidos. Na Tabela 12 s&o representados todos os miRNAs diferencialmente expressos
entre as comparagOes realizadas em pares, bem como o Fold Change (RQ) e os efeitos
bioldgicos descritos para cada um deles. A Figura 21 exibe o Fold Change (log2) da

expressdo dos 28 miRNAs.
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Tabela 12. miRNAs diferencialmente expressos em Mg THP-1 néo infectados e infectados com leveduras de H. capsulatum. A quantificagdo relativa (RQ) dos miRNAs

foi analisada pelo software DataAssis

tTM

v3.01 (Applied Biosystems), em trés replicatas, através do método comparativo de Ct (AACt) entre as amostras descritas. S80

apresentados miRNAs que tiveram expressdo diferencial significativa (valor de P <0,05). RQ dos miRNAs superexpressos em vermelho e dos miRNAs reprimidos em verde.

miRNAID

Fold Change (RQ} Valorde P

Processos ou Categorias funcionais envelvidas

Referéncias

Mo THP-1 infectados com a cepa EH-315 vs. Me THP-1

hsa-miR-193a-3p
hsa-naR-32-3p
hsa-nuR-223-3p
hsa-muR-218-5p
hsa-miR-23a-3p

hsa-nmR-342-3p

3961,50

5,50

0,01
0,03
0,007
0.01
0,006
0,02

Inibe transformagio celular

Regulagio da apoptose

Diferenciagiio monocitos-macrofagos; Proliferagio celular, indugiio de apoptose
Inibe proliferaciio do ciclo celular; Indugio de apoptose

Sinalizagiio de células T, Regulaciio da apoptose

Inflamacio, Sinalizacio de dor

Thoponlosetal., 2011 Wang et al, 2014
Kopkeetal, 2015

Cooketal, 2015, Kie etal , 2011
Heetal, 2013

Heikham e Shankar, 2010

Fourie etal., 2014

Mo THP-1 infectados com a cepa 601 vs. Mo THP-1

hsa-miR-390-3p

hsa-miR-1270

hsa-muR-623

128,33
21,65

6,69

0,01
0,03

0,009

Supressao de TGF-beta |
Regulacio de IFNal

Regulagio da Endocitose mediada por receptor para desencadear a montagem de clatrina

Toustetal, 2015
Kinmira et al., 2015
httpeAwww. bioinfo mochsl org br/miriad?

miRNAhsa-mi-623/

Mo THP-1 infectados com biofilmes da cepa EH-315 vs. Mo THP-1

hsa-nuR-99b6-3p
hsa-nuR-148b-3p
hsa-miR-320b
hsa-muR-7-2-3p
hsa-let-71-5p

hsa-miR-342-3p

69,97

5,78
3,63

0,02
0,008
0,04
0,03
0,02
0,01

Proliteracio celular

Regulagio da resposta imune inata e regulagiio da apresentaciio de antigenos
Proliferagho e invasio celular

Super expressio tube crescimento celular em linhagens pulmonares

Induz sensibalidade a agentes antineoplasicos

Inflamacio; Sinalizagio de dor

Kangetal, 2012
Chenet al., 2013
Zhouetal, 2015
Raietal., 2011

Wenget al., 2014

Fourieetal . 2014
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Tabela 12. miRNAs diferencialmente expressos em Mg THP-1 néo infectados e infectados com leveduras de H. capsulatum. A quantificagdo relativa (RQ) dos miRNAs
foi analisada pelo software DataAssist™ v3.01 (Applied Biosystems), em trés replicatas, através do método comparativo de Ct (AACt) entre as amostras descritas. SA0

apresentados miRNAs que tiveram expressao diferencial significativa (valor de P <0,05). RQ dos miRNAs superexpressos em vermelho e dos miRNAS reprimidos em verde

(continuag&o).

miRNAID Fold Change (RQ) Valerde P Processos ou Categorins funcionais envelvidas

Referéncias

Me THP-1 infectados com hiofilmes da cepa FH-315 vs. Me THP-1 infectadoscom a cepa EH-315

Ligagio a actina; atividade carreadora de elétrons; contribuigio na integridade estrutural

hsa-nuR-631-5p 1.485.361.248 0,04 ,
da matriz extracelular
) Hipoxia, Redugio da permeabilidade vasenlar do tecido pulmonar (reduz lesdo pulmonar
hsa-mR-374a-5p 38,54 0.01 ) o )
inflamatonia induzida por exemplo, por LPS)
hsa-miR-23a-3p 5,32 0.0001 Sinalizagdo de celulas T, Regulagio da apoptose
hsa-mmR-128-3p 4,99 0,03 Proliferagio e invasio celular, apoptose
hsa-nuR-135b-5p 446 0,04 Regulacio negativa dos niveis de TNFo ¢ apoptose

Algorittnos publicos TargetScan ¢
miRanda

Adyshevetal, 2013, Adyshevetal ,
2014; Looney et al, 2015
Heikhame Shankar, 2010

Yuetal, 2015

Yee Steinle et al., 2015

Me THP-1 infectados com a cepa EH-315 vy, Mo THP-1 infectados com a cepa 601

Regulagio da adesiio celular, resposta terapéutica e relagio com perfis de resisténeia &

hsa-mR-379-3p 903,56 0.02
drogas
hsa-mR-675-3p 0.04 Expressio reprinuda esta associada a migragio e invasio celolar
hsa~-mR-302-3p 0,04 Inibicao de autofagia, do crescumento celular & da progressdo do aielo celular
. Hipexia, Redugdo da permeabilidade vascular do tecido pulmonar (reduz lesio pulmonar
hsa-miR-374a-5p 0,04 ) o )
inflamatdnia induzida por exemplo, por LPS)
hsa-mR-390-3p 0 Supressio de TGF-beta |
hsa-nnR-650 0 Intbe progressao do cielo celular, influencia na proliferagio de células B
hsa-muR-138-2-3p 0,03 Interaciio receptor-matiiz extracelular
hsa-miR-216a-5p 0,01 Expressioreprimida esta associada com proliferagio celular 2 supressio da apoptose

Haenischet al., 2011, Cazzoli et al., 2013

Lvetal, 2014

Chenetal., 2015

Adyshevetal, 2013 Adyshevetal,
2014; Looneyet al, 2615

Toustetal, 2013

Mraz st al., 2012

DIANA-microT-v3.0 (Maragkakis f al.,
20094, b)

Wang et al., 2014
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Figura 21. Fold Change Plot dos miRNAs diferencialmente expressos em Mg THP-1 ndo infectados e infectados com leveduras de H. capsulatum. A quantificacdo

relativa (RQ) dos miRNAs foi analisada pelo software DataAssist™ v3.01 (Applied Biosystems), em trés replicatas, através do método comparativo de Ct (AACt) entre as

amostras descritas. Sdo apresentados os 28 miRNAs que tiveram expressao diferencial significativa (valor de P <0,05). Andlises diferenciais entre (A) Mg THP-1 infectados

com a cepa EH-315 vs. Mg THP-1 sem infec¢do; (B) Mg THP-1 infectados com a cepa 601 vs. Mg THP-1 sem infec¢do; (C) Mg THP-1 infectados com biofilmes da cepa

EH-315 vs. Mg THP-1 sem infec¢do; (D) Mg THP-1 infectados com biofilmes da cepa EH-315 vs. Mg THP-1 infectados com a cepa EH-315 em crescimento plancténico e;

(E) Mg THP-1 infectados com a cepa EH-315 vs. Mg THP-1 infectados com a cepa 601.
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Adicionalmente, clusterizacfes hierarquicas sdo ilustradas por "Heat maps" que
agrupam os perfis de miRNAs das replicatas de células THP-1 infectadas com leveduras de
H. capsulatum e seus respectivos controles (Figura 22), isto €, os diagramas demonstram um
agrupamento entre os miRNAs e as amostras triadas, de maneira que cada linha representa
um miRNA e cada coluna, uma amostra. A arvore de clusterizacdo dos miRNAs esta
representada em linhas hierdrquicas & esquerda e acima. A escala de cores ilustra o nivel
relativo da expressdo do miRNA em ACt (Ct amostra - Ct controle). Em uma reacgéo de PCR
em tempo real, uma reacdo positiva é detectada pelo acimulo de um sinal fluorescente. O Ct
é definido como o nimero de ciclos requeridos para que o sinal fluorescente ultrapasse o
limiar (Threshold), ou seja, exceda o nivel de background. Em vista disso, o nivel de Ct é
inversamente proporcional a quantidade do miRNA em uma amostra e, portanto, quanto
menor o nivel de Ct, maior é a quantidade do miRNA-alvo na amostra. Assim, na Figura 22
nota-se que a marcagdo em verde corresponde & expressdo inferior do miRNA na amostra,
enquanto em vermelho representa um nivel de expressdo do miRNA superior em uma
amostra.

Notavelmente, células infectadas com leveduras de H. capsulatum, entre elas infeccéo
com a cepa EH-315 em biofilmes e culturas plancténicas e com a cepa 60l, podem ser
claramente distinguidas dos controles sem infeccdo (Figuras 22A, 22B e 22C). De acordo
com a Figura 22A, torna-se necessario destacar o miRNA hsa-miR-193a-3p, que, de fato, em
comparacdo com células sem infeccdo apresenta uma expressdo superior significativa em
células infectadas com a cepa EH-315. Por outro lado, na infeccdo com a cepa 60l, o
diagrama de Heat map evidencia 0 miRNA hsa-miR-590-3p exibindo um nivel de expresséo
muito maior na célula infectada em relacdo ao controle sem infec¢do (Figura 22B).
Considerando a infecgdo com os biofilmes da cepa EH-315, destacam-se nitidamente dois
miRNAs com expressdo diferencial significativa em relacdo ao controle de células nédo
infectadas, um deles com repressdo substancial apds a infeccdo (hsa-miR-342-3p) e, o
segundo, com superexpressao substancial na célula infectada (hsa-miR-99b-3p) (Figura 22C).
Na comparagédo entre Mg infectados com biofilmes de EH-315 vs. infecgdo com leveduras
livres da mesma cepa, o perfil de expressdo de miRNAs é claramente heterogéneo, com
destaque para o miRNA hsa-miR-651-5p, significativamente superexpresso em resposta a
infeccdo com os biofilmes (Figura 22D). Nota-se ainda um perfil de expresséo distinto entre
células infectadas com as leveduras planctdnicas de EH-315 e células THP-1 infectadas com

as leveduras livres de 601, mas confirma-se a maior expressdo diferencial do miRNA hsa-
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miR-216a-5p, o qual foi substancialmente reprimido na célula infectada com a cepa de maior
infectividade (EH-315) (Figura 22E).
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Figura 22. Andlise de agrupamento hierdrquico da expressdo de miRNAs aberrantes em Mg infectados com leveduras de H. capsulatum. Esta figura ilustra “Heat
maps” contendo cores (vermelho, verde e preto) que representam o nivel de expresséo dos miRNAs analisados pelo software DataAssist™ v3.01 (Applied Biosystems), em
trés replicatas. Anélises diferenciais entre (A) Mg THP-1 infectados com a cepa EH-315 vs. Mg THP-1 sem infeccdo; (B) Mg THP-1 infectados com a cepa 601 vs. Mg THP-
1 sem infecgdo; (C) Mg THP-1 infectados com biofilmes da cepa EH-315 vs. Mg THP-1 sem infeccéo; (D) Mg THP-1 infectados com biofilmes da cepa EH-315 vs. Mg
THP-1 infectados com a cepa EH-315 em crescimento planctonico e; (E) Mg THP-1 infectados com a cepa EH-315 vs. Mg THP-1 infectados com a cepa 601.
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A partir destas analises, miRNAs diferencialmente expressos foram integrados com
genes-alvo validados para identificar as relagdes regulatorias desempenhadas entre miRNAs e
RNAm. Assim, genes-alvo validados regulados pelos miRNAs diferencialmente expressos
foram identificados através de andlises combinatorias realizadas pelo software miRWalk.
Entdo, redes de interacdo miRNA-RNAm foram construidas utilizando o software Navigator
v2.2. A Figura 23 exibe tais redes de interacdo, de maneira que 0s MiRNAs estdo
representados em quadrados e estdo nomeados conforme a nomenclatura preconizada para
miRNAs (como exemplo: hsa-miR-342-3p — hsa, da espécie Homo sapiens; miR, abreviatura
de miRNA; 342, identificacdo do miRNA em numeros; 3p, localizacdo da cadeia do miRNA
na extremidade 3’). Adicionalmente, os genes-alvo no RNAm séo representados em circulos
e sdo marcados com uma cor especifica conforme a quantidade de miRNAs que os regula, de
forma que os circulos em vermelho representam genes que séo alvos de um tnico miRNA
(Figura 23); nas Figuras 23A e 23D, os circulos em roxo representam genes no RNAm que
sdo alvos de dois miRNAs distintos; e na Figura 23C os circulos em verde ilustram os genes
que sdo regulados por dois miRNAs simultaneamente e o circulo em roxo representa um
gene-alvo de trés miRNAs. Além disso, nas redes de interacdo construidas as linhas em cinza
interligam um miRNA ao seu gene-alvo no RNAm.

Assim, conforme demonstrado nas redes regulatérias construidas (Figura 23), a
maioria dos genes-alvo sdo regulados negativamente por um unico miRNA. No entanto,
outros genes, em menor ndmero, sdo down-regulados por dois ou trés miRNAs distintos. Na
analise diferencial entre Mg infectados com a cepa EH-315 vs. Mg sem infeccdo, 8 genes
(DST, FOXN2, HBS1L, HIVEP1, NUFIP2, PTPN1-1, TUT1 e ZFC3H1) sdo regulados
simultaneamente por 2 miRNAs distintos (Figura 23A). Na comparagdo entre Mg infectados
com biofilmes da cepa EH-315 e Mg ndo infectados, 9 genes (ACTG1, DNMT1, EEF2,
LPHN2, RFX3, RPL27A, TACC1, TNS3 e TOMM70A) sédo down-regulados por dois
miRNAs, enquanto 1 gene (EPB41) € regulado negativamente por 3 miRNAs diferentes
(Figura 23C). Considerando a comparacdo entre células infectadas com biofilmes da cepa
EH-315 vs. células infectadas com leveduras plancténicas da mesma cepa, 10 genes
(B4GALT1, CNOT1, DDX5, JAK1, KDM3B, KMT2C, PIK3C2B, SEPT2, SERBP1 e
STT3B) séo regulados negativamente por 2 distintos miRNAs (Figura 23D). Segundo
Broderick et al. (2011), o mesmo RNAm pode ser alvo de mais do que um miRNA,

promovendo dessa forma uma regulacdo mais eficiente e mais especifica.
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Figura 23. Redes de interacdo miRNA-RNAmM. Redes de interacdo construidas pelo software Navigator v2.2 resultante da analise de trés replicatas. Os miRNAs sdo
representados em quadrados. A maioria dos genes sdo alvos de um Gnico miRNA especifico (circulos em vermelho) e, os demais genes sdo regulados por dois ou trés
miRNAs distintos (circulos em verde e roxo). Anélises diferenciais entre (A) Mg THP-1 infectados com a cepa EH-315 vs. Mg THP-1 sem infeccdo; (B) Mg THP-1
infectados com a cepa 601 vs. Mg THP-1 sem infeccdo; (C) Mg THP-1 infectados com biofilmes da cepa EH-315 vs. Mg THP-1 sem infecgdo; (D) Mg THP-1 infectados
com biofilmes da cepa EH-315 vs. Mg THP-1 infectados com a cepa EH-315 em crescimento planctonico e; (E) Mg THP-1 infectados com a cepa EH-315 vs. Mg THP-1

infectados com a cepa 601.
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Para identificar as vias celulares potencialmente afetadas pelos miRNAs
diferencialmente expressos, os softwares miRPath e MIRSystem foram empregados.
Normalmente, os efeitos regulatérios dos miRNAs nos processos bioldgicos sdo exercidos
por grupos destes NcCRNAs que atuam de maneira coordenada. Assim, as vias de sinalizagéo
efetivamente desreguladas em Mg infectados com H. capsulatum como resultado da
expressdo de multiplos miRNAs sdo demonstradas na Tabela 13. De acordo com os dados,
em Mg infectados com a cepa EH-315, as vias mais relevantes afetadas pelos miRNAs,
incluem vias relacionadas ao controle da adesdo fungo-célula hospedeira (interagdo receptor-
MEC, adeséo focal), a biossintese de polissacarideos (biossintese de glicosaminoglicanos), a
regulacdo da estrutura e motilidade celular (regulagdo do citoesqueleto de actina), a
degradacdo de proteinas (protedlise mediada por ubiquitina), & resposta a estimulos
proinflamatérios (sinalizagdo de MAPK) e & regulacdo da homeostase celular (apoptose,
juncdes comunicantes).

Considerando Mg infectados com a cepa 601, os miRNAs superexpressos afetam vias
celulares associadas ao controle da adesdo fungo-célula hospedeira (interacdo receptor-
MEC), a biossintese de polissacarideos (biossintese de glicosaminoglicanos), ao metabolismo
de amino&cidos (degradacdo de lisina) e outros efeitos funcionais que regulam proliferacéo,
apoptose, diferenciagdo e migracéo celular (sinalizacdo de TGF-Beta).

Na infeccdo com biofilmes da cepa EH-315, inimeras vias foram potencialmente
desreguladas nos Mg infectados. Tais vias incluem controle da adesdo fungo-célula
hospedeira e interacdo célula-célula (interacdo receptor-MEC, adesdo focal, juncOes
aderentes), biossintese de polissacarideos (biossintese de glicosaminoglicanos, biossintese de
N-glicanos), metabolismo de aminoacidos (degradacédo de lisina), efeitos celulares funcionais
que regulam proliferagéo, apoptose, diferenciacdo e migragédo celular (sinalizagdo de TGF-
Beta), regulagcdo da homeostase celular (apoptose, jungdes comunicantes, sinalizacdo de Wnt,
sinalizagdo de p53) e resposta a estimulos proinflamatérios (sinalizacdo de MAPK). De fato,
uma grande diversidade de vias celulares foi desregulada em Mg apds infeccdo com
biofilmes de H. capsulatum, destacando assim a relevancia destas formagdes no
microambiente intracelular para a progresséo da histoplasmose.

Este fato se torna ainda mais consolidado na comparagéo entre vias alteradas pelos
miRNAs expressos por Mg infectados com biofilmes de H. capsulatum (EH-315) vs.
miRNAs expressos apds infeccdo com leveduras planctonicas desta cepa. Neste caso,
miRNAs diferenciais dos biofilmes afetam vias associadas a biossintese de polissacarideos

(biossintese de glicosaminoglicanos), efeitos funcionais que regulam proliferacdo, apoptose,
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diferenciacdo e migragéo celular (sinalizacdo de TGF-Beta), regulacdo da homeostase celular
(sinalizacéo de Whnt, sinalizagdo de p53), controle da adesdo fungo-célula hospedeira (adeséo
focal), resposta a estimulos proinflamatérios (sinalizagdo de MAPK), degradagdo de
proteinas (protedlise mediada por ubiquitina) e, ainda regulacdo da resposta imunoldgica
(sinalizacéo do receptor de linfdcitos T).

Finalmente, foram contrapostos os perfis de expressdo de miRNAs entre Mg
infectados com diferentes cepas (EH-315 vs. 601). Os dados indicam que os mMiRNAs
diferenciais da infecgdo com a cepa EH-315 regulam potencialmente vias relacionadas a
adesdo fungo-célula hospedeira (interagéo receptor-MEC), controle da proliferacéo, apoptose,
diferenciacdo e migracdo celular (sinalizacdo de TGF-Beta), biossintese de polissacarideos
(biossintese de glicosaminoglicanos), metabolismo de lipideos (biossintese de acidos graxos
insaturados), metabolismo de amino&cidos (degradagdo de lisina, valina, leucina e isoleucina)
e degradacdo de proteinas (protedlise mediada por ubiquitina).

De forma geral, a partir das vias celulares potencialmente afetadas em Mg
hospedeiros em resposta a infeccdo com leveduras de H. capsulatum, torna-se importante
destacar que tal interacdo promove desregulacdo de aspectos determinantes nestas células
fagociticas, sugerindo caracteristicas importantes da patogénese fungica, uma vez que se
relacionam aos aspectos inerentes a adesdo as células hospedeiras, bem como & resposta

inflamatoria e ainda, a morte celular.
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Tabela 13. Vias associadas aos genes-alvo regulados pelos miRNAs diferencialmente expressos por Mg
infectados com H. capsulatum. Dados resultantes das analises realizadas pelos softwares miRPath 2.0 e

MIRSystem utilizando o banco de dados KEGG (Kyoto Encyclopedia of Genes and Genomes).

Vias KEGG Numero de genes Valor de P

Mo THP-1 infectados com a cepa EH-315 vs. Mo THP-1

Interagio receptor-Matiiz extracelular (MEC) 14 1.1e-06
Biossintese de glicosaminoglicanos 6 1,7e-12
Proteolise mediada por Ubiquitina 26 0,01
Adesdo focal 32 0,01
Sinalizagdo de MAPK (mitogen-activated protein kinase) 33 0,02
Apoptose 12 0,04
Tungées comunicantes (GAP) 17 0,04
Regulacio do citoesqueleto de actina 29 0,04

Mo THP-1 infectadoscom a cepa 601 vs. Mo THP-1

Biossintese de glicosaminoglicanos ¥ 1.9e-11
Interag@o receptor-Matiiz extracelular (MEC) 21 7,9e-11
Degradagiio de Lisina 14 2.6e-05
Sinalizacdo de TGF-Beta 21 0.,0004

Mo THP-1 infectados com biofilmes da cepa EH-315 vs. Mo THP-1

Biossintese de glicosaminoglicanos ¥ 2.le-15
Interagdo receptor-Matiiz extracelular (MEC) 19 1.8e-10
Degradagio de Lisina 14 1,2e-06
Sinalizagdo de TGF-Beta 26 2.1e-03
Adesio focal 49 0,001
Sinalizagéo de Wit 39 0,0002
Tungées comunicantes (GAP) 19 0,009
Jungdes aderentes 17 0,01
Sinalizagdo de MAPK 56 0,01
Apoptose 18 0,01
Biossintese de N-glicanos 10 0,04

Sinalizagdo de p33 18 0.04
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Tabela 13. Vias associadas aos genes-alvo regulados pelos miRNAs diferencialmente expressos por Mg
infectados com H. capsulatum. Dados resultantes das analises realizadas pelos softwares miRPath 2.0 e

MIRSystem utilizando o banco de dados KEGG (Continuag4o).

ViasKEGG Numero de genes Valor de P

Mo THP-1 infectados com biofilmes da cepa EH-315 vs. Mo THP-1 infectados com a cepa EH-315

Biossintese de glicosaminoglicanos 6 5,1e-41
Sinalizagdo de TGF-Beta 26 3.4e-07
Sinalizagéo de p33 22 0,0001
Sinalizagdo de Wit 38 0,0008
Adesiao focal 46 0.001
Sinalizagdo de MAPK 56 0,002
Protedlise mediada por Ubiquitina 32 0,01
Sinalizagio do receptor de células T 2% 0,02

Mo THP-1 infectados com a cepa EH-315 vs. Mo THP-1 infectados com a cepa 601

Interagao receptor-Matnz extracelular (MEC) 26 2.6e-09
Sinalizagdo de TGF-Beta 35 1,2e-08
Biossintese de glicosaninoglicanos 7 1.5e-05
Biossintese de acidos graxos msaturados 7 4.052-03
Degradagio de Lisina 14 0,006
Protedlise mediada por Ubiquitina 41 0,01
Degradacgéo de Valina, Leucina e Isoleucina 12 0,03

Posteriormente, a fim de obter alvos regulados simultaneamente na infecgdo com
diferentes cepas de H. capsulatum e em diferentes formas de crescimento, foi construida uma
rede de interagdo mMiRNA-RNAmM considerando genes-alvo validados regulados por todos 0s
miRNAs com expressdo diferencial significativa nas células infectadas com a cepa EH-315,
com a cepa 60l e com os biofilmes da cepa EH-315 em relagdo as células controle sem
infeccdo. Esta analise possibilitou um melhor direcionamento dos dados a fim de identificar
um alvo comum e relevante na patogénese da histoplasmose. Na rede construida (Figura 24)
0s miRNAs séo representados em quadrados e se localizam externamente aos circulos, ao
passo que 0s genes-alvo sdo representados em circulos. Em vermelho, destacam-se 0s genes
que sdo regulados por um unico miRNAmM, os quais constituem a maioria dos genes-alvo. Os
circulos representados em roxo ilustram os genes que sdo alvos de dois miRNAs distintos e

os circulos em azul representam genes-alvo de trés miRNAs simultaneamente.
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Diante do exposto, € possivel observar que a rede regulatdria construida (Figura 24)
demonstra que 2 genes-alvo regulados por 3 miRNAs distintos entre as amostras integradas
merecem destaque. O primeiro deles nomeia-se EPB41 (erythrocyte protein band 4.1) que
codifica as proteinas 4.1 caracterizadas como componentes do citoesqueleto cortical
subjacente a membrana celular. Tais proteinas estdo envolvidas na organizagdo da polaridade,
bem como adesdo e motilidade celular. Também atuam no transporte transmembrana e na
resposta aos fatores de crescimento. Estas funcBes sdo desempenhadas por estas proteinas
uma vez que elas conectam componentes do citoesqueleto cortical, entre eles, actina e
proteinas de adesdo transmembrana com receptores e transportadores (Schulz et al., 2010).
Assim, a infecgdo com leveduras de H. capsulatum induz em Mg infectados a expressédo dos
miRNASs hsa-miR-148b-3p, hsa-miR-320b e hsa-miR-342-3p, que promovem de forma
eficiente e especifica a regulacdo do gene EPB41. Notavelmente, este gene contribui para a
reorganizagdo do citoesqueleto, bem como a adesdo & membrana celular e componentes da
matriz extracelular, caracteristicas fundamentais para a patogénese da histoplasmose.

A infeccdo com leveduras de H. capsulatum orquestra ainda a regulagdo do gene
NUFIP2 pela expressdo dos miRNAs hsa-miR-32-5p, hsa-miR-590-3p e hsa-miR-193a-3p.
Tal gene codifica a proteina nuclear fragile X mental retardation-interacting protein 2.
Segundo Bish et al. (2015), NUFIP2 localiza-se em grénulos de estresse no citosol celular
apds exposicdo ao estresse, sugerindo uma fungdo na repressdo da traducdo em resposta ao
estresse celular. Granulos de estresse sdo densas agregagdes ribonucleoproteicas compostas
por RNAm traducionalmente paralisados, subunidades ribossomais e proteinas. Estes
granulos sédo formados em decorréncia de diferentes formas de estresse celular incluindo
estresse oxidativo, choque térmico ou privacdo de nutrientes e regulam a estabilidade ou
traducdo do RNAm (Bitepage et al., 2015). Atualmente, ndo h& dados na literatura que
descrevem uma correlagéo entre a formacdo de granulos de estresse e a infeccdo por fungos
patogénicos, como H. capsulatum. Assim, esta interacdo pode ser um importante alvo de
estudo no futuro em vista da influéncia direta da formacéo destes granulos na regulagdo da

traducdo em resposta a infeccéo.
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Figura 24. Redes de interagdo miRNA-RNAm. Redes de interagdo construidas pelo software Navigator v2.2 resultante da anélise de trés replicatas. Andlise dos genes-alvo
regulados pelos miRNAs diferenciais entre Mg THP-1 infectados com a cepa EH-315, Mg THP-1 infectados com a cepa 601 e Mg THP-1 infectados com biofilmes da cepa
EH-315 vs. Mg THP-1 sem infeccdo. Os miRNAs sdo representados em quadrados. A maioria dos genes sdo alvos de um tnico miRNA especifico (circulos em vermelho) e,
os demais genes sao regulados por dois (circulos em roxo) ou trés miRNAs distintos (circulos em azul).
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Em resumo, miRNAs determinam o destino das células, uma vez que controlam os
niveis de expressdo de fatores de sinalizacdo e transcri¢do e reguladores do ciclo e morte
celular. Assim, a expresséo de miRNAs pode representar um mecanismo adotado pelo fungo
para modular as funcdes da célula hospedeira. Neste sentido, as relagdes miRNA-RNAmM que
foram desreguladas apés infeccdo com H. capsulatum foram estabelecidas e a partir disso
novas estratégias terapéuticas podem ser projetadas a fim de restabelecer esta relacdo atraves
do fornecimento sintético de miRNAs reprimidos (mimics) ou antagonizando a atividade de

miRNAS superexpressos (antagomiRs, antimiRs ou blockmiRs).

4.5. Andlise metaboldmica
45.1. Producdo de polissacarideos totais em amostras de culturas planctbnicas,
biofilmes e sobrenadante dos biofilmes de H. capsulatum

As analises bioquimicas foram realizadas neste ensaio para quantificar a produgéo de
polissacarideos totais em cada amostra analisada. Esta quantificacdo € de extrema
importancia para o estudo de biofilmes, uma vez que ela reflete diretamente a quantidade de
MEC presente nestas estruturas. A MEC ¢ alvo de diversos estudos, visto sua importancia na
manuten¢do da arquitetura tridimensional dos biofilmes, atuando como uma barreira fisica
que mantém a integridade destas formacdes e sua resisténcia aos agentes antiflngicos
(Seneviratne, Jin e Samaranayake, 2008). De acordo com os resultados obtidos, a
quantificacdo de PES foi semelhante entre todas as amostras, ndo havendo diferenga
estatistica. Considerando os PEI, os biofilmes das cepas EH-315 e 601 mostraram a maior
producdo, com diferenca estatistica para a producdo de PEI pelas culturas planctonicas
(P<0,001). Os niveis mais altos de PI, que representam reserva energética, tambem foram
produzidos pelos biofilmes de EH-315 e 601, com diferenca estatistica em relacdo aos PI
quantificados nas condigdes planctdnicas das cepas (P<0,001) (Figura 25).

Em contrapartida, a quantificacdo de polissacarideos nos sobrenadantes dos biofilmes
revelam os niveis mais baixos de producéo de PES, PEI e PI. Este fato pode ser explicado
pela presenca de moléculas de Quorum-sensing (QS) de outra natureza quimica no meio
extracelular. QS é caracterizado como um sistema de comunicacdo a partir do qual um
microrganismo “conversa” com outro. Esta comunicagdo baseia-se na sintese e percepcédo dos
chamados autoindutores, moléculas quimicas que atuam como sinais e acumulam-se no
ambiente extracelular (Kalia et al., 2015). Tais moléculas tém natureza quimica variada,

incluindo &cidos graxos, aminoacidos, peptideos, polissacarideos, entre outros e isto pode
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explicar a producdo reduzida de polissacarideos pelo sobrenadante dos biofilmes de ambas as

cepas (Figura 25).

Figura 25. Producéo de polissacarideos totais por H. capsulatum. Quantificacdo de Polissacarideos
Extracelulares Sollveis (PES), Polissacarideos Extracelulares Insollveis (PEI) e Polissacarideos
Intracelulares (PI) pelo método Fenol Sulfurico em biofilmes, culturas plancténicas e sobrenadante
dos biofilmes das cepas EH-315 e 601 de H. capsulatum. Valores dados pela média = D.P. sdo
resultados de uma analise two-way ANOVA. *P <0,001, plancténica EH-315 vs. biofilmes EH-315,
#P <0,001, planct6nica 60l vs. biofilmes 601.
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4.5.2. Analises cromatogréaficas

A Figura 26 apresenta 0os cromatogramas obtidos dos fracionamentos das amostras
P85 (planctdnica) e B85 (biofilmes). As amostras apresentaram perfis cromatogréficos
bastante distintos, visto que a amostra P85 apresentou 8 picos mais evidentes, numerados de
1 a 8, nos tempos de retencdo de 6,5; 25,3; 34,5; 40,7; 52,5; 58,4; 67,0 e 79,2 min,
respectivamente (Figura 26A), enquanto a amostra B85 apresentou apenas 3 picos mais
evidentes, numerados de 1 a 3, nos tempos de retencdo de 6,5; 32,7 e 46,3 min,
respectivamente (Figura 26B). Na sobreposicdo dos cromatogramas (Figura 26C) é possivel
observar um pico no tempo de retengdo de 6,5 min em comum para ambas as amostras,
porém, com uma intensidade muito mais elevada para B85. Dentre 0s outros picos exclusivos

de P85, é possivel observar um pico mais intenso no tempo de 40,7 min.
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Figura 26. Perfil cromatografico dos metabdlitos de leveduras de H. capsulatum. (A) Cromatograma dos
metabolitos da cepa EH-315 em crescimento planctonico (P85). (B) Cromatograma dos metabdlitos da cepa EH-
315 em biofilmes (B85). (C) Sobreposi¢do dos cromatogramas dos metabélitos da cepa EH-315: B85 em azul;
P85 em vermelho. Gradiente de ACN contendo 0,1% TFA (v/v) de 5 a 95% (v/v) por 90 min; coluna
XBrigdeTM BEH300 C18 (2,1x100mm; 3,5 um); eluicdo monitorada por absorbancia UV 214 nm; fluxo 0,2
mL/min. Sistema RP-HPLC (Perkin-Elmer Flexar/Chromera).
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4.5.3. Andlises de cromatografia liquida acoplada & espectrometria de massas (LC-MS/MS)
4.5.3.1. Fracionamento das amostras
O fracionamento das amostras B85 e P85 revelou um perfil cromatografico comparativo claramente distinto, a partir do qual é nitido

observar um nimero reduzido de picos no perfil dos biofilmes em relagdo ao perfil das culturas planct6nicas (Figura 27).

Figura 27. Perfil cromatografico dos metabdlitos de leveduras de H. capsulatum. (A) Cromatograma dos metabélitos da cepa EH-315 em crescimento planctonico (P85);
(B) cromatograma dos metabolitos da cepa EH-315 em biofilmes (B85). Gradiente de ACN de 0 a 90% (v/v), contendo 0,1% (v/v) de TFA por 90 min; coluna XBrigdeTM
BEH300 C18 (2,1x100mm; 3,5 um; Waters); eluicdo monitorada por absorbancia UV 215 nm; fluxo 0,2 mL/min. Sistema Prominence UFLC (Ultra Fast Liquid
Chromatograph — Shimadzu).
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4.5.3.2. Abundéncia total de metabdlitos dos biofilmes e das culturas planctdnicas

Uma anélise comparativa de abundéncia de massas foi realizada a partir dos espectros
de massas obtidos e deconvoluidos dos metabdlitos extraidos da cepa EH-315 em biofilmes
vs. culturas planctdnicas. Nas condicOes de analises utilizadas, os resultados indicaram que 0s
componentes de ambas as amostras distribuiram-se em uma faixa de massa molecular de 200-
2400 Da, de maneira que foram obtidos perfis diferentes para cada uma das amostras. De
acordo com as massas moleculares dos componentes dos biofilmes vs. culturas planctonicas,
foi possivel selecionar um total de 630 moléculas, e a anélise comparativa foi demonstrada
em um diagrama de Venn (Figura 28A), sendo: a) 74% (467) dos compostos com a mesma
massa entre as duas formas de crescimento do fungo; b) 18% dos componente com massas
moleculares (112 compostos) exclusivas em culturas planctonicas e; ¢) 8% dos componentes
com massas moleculares (51 compostos) exclusivas dos biofilmes. Diante do exposto, é
necessario destacar que a grande maioria dos metabélitos (74%) tem massas moleculares
comuns nos biofilmes e nas culturas planctdnicas, no entanto, considerando as moléculas de
massas exclusivas, em culturas planctdncias as células leveduriformes produzem um ndmero
significativamente maior de metabdlitos (n = 112; 18%) do que o nimero produzido por

células em biofilmes (n = 51; 8%).

Figura 28. Diagramas comparativos dos metabolitos de biofilmes e culturas planctdnicas de H. capsulatum
por massas moleculares. (A) Diagrama de Venn dos metabolitos da cepa EH-315 em biofilmes e culturas
plancténicas evidenciando o nimero de compostos com massas moleculares comuns e distintas entre as
amostras. (B) Gréafico representativo da porcentagem de metabolitos com massas moleculares coincidentes entre
biofilmes e culturas planctdnicas da cepa EH-315, massas exclusivas dos biofilmes e massas exclusivas das

culturas planctonicas. Varreduras feitas no intervalo de m/z de 200 a 2400 Da.
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A Figura 29 demonstra a abundancia total dos metabolitos (630) de acordo com as
massas deconvoluidas de cada um deles, originados a partir das amostras de biofilmes (em
vermelho) e culturas planctonicas (em azul), de maneira a sobrepor as massas moleculares
dos componentes de acordo com sua intensidade relativa. Estes resultados confirmam as
diferencas exibidas pelos perfis cromatogréficos, uma vez que foi possivel detectar inimeros

compostos com massas moleculares diferentes na correlagéo biofilme vs. planctonica.

Figura 29. Sobreposicdo dos metabdlitos totais detectados nas amostras de biofilmes e culturas
planctdnicas da cepa EH-315 de H. capsulatum por LC-MS/MS. As amostras diferentes estdo representadas

em cores distintas; metabélitos dos biofilmes em vermelho e metabdlitos das culturas plancténicas em azul.
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4.5.3.3. Abundancia de metabdlitos com massas moleculares comuns entre biofilmes e
culturas planctonicas
4.5.3.3.1. Abundancia dos metabdlitos por range de massas moleculares

Na analise posterior, foram consideradas as moléculas que apresentaram massas
comuns entre biofilmes e culturas planctonicas (467) e, a distribuicdo destas moléculas por
massas moleculares em relacdo a intensidade relativa esta representada na Figura 30. Diante
do exposto, verifica-se que considerando um range de massas entre 200 a 400 Da, ha 197
moléculas (42%) que exibem a mesma massa molecular nas duas formas de crescimento; em
uma faixa de 400 a 800 Da concentram-se a maioria das moléculas, faixa na qual foram
detectados 245 metabolitos (53%); e em relacdo a um range de massas entre 800 a 1800 Da,
uma pequena quantidade de metabolitos foi detectada, apenas 25 moléculas (5%). Assim,

tendo em vista as moléculas detectadas com as mesmas massas moleculares nos biofilmes e
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nas culturas planctonicas, sugere-se que h4 uma alta concentracdo de moléculas de massa
molecular < 800 Da nas duas condi¢des de crescimento de H. capsulatum ao passo que ha um
nimero reduzido de compostos de massa > 800 Da (possiveis peptideos) nestas situacoes
bioldgicas. Estes dados podem caracterizar a assinatura metabdlica das leveduras de H.

capsulatum, quer seja estruturadas em biofilmes ou em crescimento livre.
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Figura 30. Metabdlitos de massas moleculares comuns entre biofilmes e culturas planctonicas da cepa
EH-315 de H. capsulatum distribuidos em um range de 200-1800 Da. (A) Metabdlitos em um range de 200 a
400 Da, detecgdo de 197 moléculas de massas moleculares comuns; (B) metabélitos em um range de 400 a 800
Da, deteccdo de 245 moléculas de massas moleculares comuns e; (C) metabdlitos em um range de 800 a 1800
Da, detecgdo de 25 moléculas de massas moleculares comuns.
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4.5.3.3.2. Abundancia dos metabdlitos por intensidade relativa

Uma nova anélise pdde ser conduzida a partir da intensidade relativa dos metabdlitos
de acordo com os dados obtidos por LC-MS/MS e considerando as moléculas que
apresentaram a mesma massa molecular tanto nos biofilmes como em culturas planctonicas.
Em vista disso, destacam-se as moléculas que exibiram intensidade aumentada nos biofilmes
(UP) e aquelas com intensidade diminuida nos biofilmes (DOWN) em relagdo a intensidade
das mesmas nas culturas planctdnicas. Com a exploracdo destes dados, nota-se que apenas
1% das moléculas (6) manteve-se com a mesma intensidade entre biofilmes e culturas
planctdnicas. Por outro lado, a maioria das moléculas, o que corresponde a 57% (265)
apresentaram a intensidade diminuida nos biofilmes em relacdo & sua intensidade em
crescimento livre. Enquanto que 42% dos componentes (196) demonstraram intensidade
aumentada em biofilmes comparada & intensidade das células planctbnicas. Assim, estes
resultados demonstram a heterogeneidade relativa ao perfil metabdlico entre as células
fungicas moveis e sésseis, uma vez que 99% dos metabdlitos detectados sdo produzidos em
intensidades diferentes quando alteraram sua condigdo bioldgica de livres para estruturarem-
se em biofilmes. As analises comparativas entre a intensidade relativa das moléculas que
apresentaram a mesma massa molecular nos biofilmes e nas culturas planctnicas estdo
demonstradas na Figura 31, evidenciando metabdlitos produzidos com intensidade aumentada
e diminuida nos biofilmes em relacdo & intensidade nas leveduras planctonicas. De fato,
salienta-se que a maioria (57%) dos metabolitos sdo produzidos em uma intensidade menor
quando as células fungicas organizam-se em biofilmes comparado a intensidade dos mesmos

produzidos pelas células plancténicas.

Figura 31. Diagramas comparativos dos metabolitos de biofilmes e culturas planctdnicas de H. capsulatum
por intensidade relativa. Representacdo esquematica dos metabdlitos com massas moleculares comuns entre as
amostras. (A) Diagrama de Venn dos metabdlitos da cepa EH-315 em biofilmes e culturas planctdnicas
evidenciando o nimero de compostos produzidos na mesma intensidade entre os diferentes cultivos, produzidos
com intensidade aumentada nos biofilmes (UP) e produzidos com intensidade diminuida nos biofilmes
(DOWN). (B) Grafico representativo da intensidade dos metabolitos produzidos em biofilmes em relacdo a

intensidade em culturas plancténicas da cepa EH-315. Varreduras feitas no intervalo de m/z de 200 a 1800 Da.
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Adicionalmente, na Figura 32 é representado um panorama geral dos metabdlitos produzidos com intensidade aumentada nos biofilmes
em relacdo a intensidade nas células planctonicas (Figura 32A) e aqueles produzidos com intensidade diminuida nos biofilmes comparada a
intensidade nas culturas plancténicas (Figura 32B). Os dados representados demonstram que tanto os metab6litos UP como os DOWN em
biofilmes concentram-se em um range de massa molecular entre 200 a 800 Da. Os gréficos correlacionam a intensidade relativa dos metabdlitos

com sua relacdo m/z.

Figura 32. Metabolitos de massas moleculares comuns entre biofilmes e culturas plancténicas da cepa EH-315 de H. capsulatum mas produzidos com intensidades
diferentes. (A) Metabdlitos produzidos com intensidade aumentada nos biofilmes (UP — 196 moléculas); (B) Metabdlitos produzidos com intensidade diminuida nos
biofilmes (DOWN - 265 moléculas). Varreduras feitas no intervalo de m/z de 200 a 1800 Da.
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4.5.3.4. Abundéncia de metabdlitos com massas moleculares exclusivas dos biofilmes e
das culturas planctonicas

A partir dos dados obtidos por andlise de LC-MS/MS é possivel explorar ainda os
metabolitos produzidos exclusivamente pelos biofilmes e aqueles produzidos unicamente
pelas células planctonicas. A distribuicdo destas moléculas em ranges de massas moleculares
em relacdo a intensidade relativa estd demonstrada na Figura 33. Os gréficos evidenciam que
considerando um range de massa molecular de 200 a 400 Da ha a menor concentracdo de
metabdlitos produzidos, sendo 3 detectados unicamente nas células em biofilmes, enquanto
que 2 séo produzidos por culturas planctonicas; em uma faixa de massa molecular entre 400 a
800 Da foram detectados 20 moléculas produzidas somente pelos biofilmes e 55 produzidas
pelas culturas planctonicas; e, entdo, o range de massa molecular entre 800 e 2400 Da
concentra a maior parte dos metabdlitos exclusivos de cada uma das condigBes bioldgicas,
visto que nesta faixa hd 28 metabdlitos produzidos pelas leveduras em biofilmes e 55
produzidos pelas células livres. De fato, os dados aqui apresentados das moléculas de massas
exclusivas séo inversamente proporcionais aos resultados obtidos considerando as moléculas
de massas moleculares comuns entre biofilmes e culturas planctonicas. Em relagdo aos
metabdlitos de massas exclusivas de uma ou outra forma de crescimento de H. capsulatum,
eles concentram-se na faixa de massa molecular > 800 Da e a menor concentragdo na
producdo destes ocorre em uma faixa < 800 Da. De maneira inversa, a maioria dos
metabolitos de massas moleculares comuns entre biofilmes e culturas planctdnicas apresenta
<800 Da, ao passo que a minoria concentra-se em uma faixa de massas > 800 Da. Diante do
exposto, sugere-se que os metabodlitos que sdo produzidos de maneira exclusiva pelas
leveduras de acordo com seu modo de crescimento (rede tridimensional ou livre)

caracterizam-se como peptideos em predominio as moléculas de baixa massa molecular.
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Figura 33. Metabdlitos de massas moleculares exclusivas dos biofilmes e das culturas plancténicas da
cepa EH-315 de H. capsulatum distribuidos em um range de 200-2400 Da. (A) Metabdlitos em um range de
200 a 400 Da (Biofilmes - 3; Planctdnica 2); (B) Metabolitos em um range de 400 a 800 Da (Biofilmes - 20;
Planctdnica - 55) e; (C) Metabdlitos em um range de 800 a 1800 Da (Biofilmes - 28; Planctonica - 55).
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4.5.3.5. Representacdo esquematica do perfil metabdlico de H. capsulatum em biofilmes e

culturas planctbnicas

Figura 34. Representacdo esquematica do perfil metabdlico de H. capsulatum em biofilmes e em culturas
planctdnicas. P: cultivo das leveduras em condig¢des planctdnicas; B: cultivo das leveduras em biofilmes
maduros. Massas moleculares em Dalton (Da). DOWN: metab6litos com intensidade diminuida nos biofilmes
em relacdo a intensidade nas culturas planctdnicas; UP: metabdlitos com intensidade aumentada nos biofilmes

em relagdo a intensidade nas culturas plancténicas.
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A Figura 34 representa esquematicamente e de forma resumida o perfil metabdlico
detectado por LC-MS/MS das amostras de biofilmes e culturas plancténicas das leveduras de
H. capsulatum. Entdo, os dados anteriormente representados demonstram que: a) a maioria

dos metabdlitos produzidos por ambas as formas de crescimento (biofilmes e planctdnicas)
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possuem massas moleculares comuns (74%); b) considerando componentes de massas
comuns, a maioria (95%) representa moléculas de massa molecular < 800 Da; c)
considerando a intensidade relativa dos componentes de massas comuns, em biofilmes a
maioria dos metabolitos (57%) € produzida em intensidade menor (DOWN) do que o nivel de
producdo detectado nas culturas planctonicas; d) considerando componentes de massas
exclusivas, em biofilmes ha uma menor produgdo de metabdlitos em relagdo as culturas
planctonicas (biofilmes vs. planctonica, 51 vs. 112) e; e) considerando componentes de
massas exclusivas, em biofilmes a maioria (55%) representa compostos de massa molecular >
800 Da.

A investigacdo do perfil metabolico dos biofilmes flngicos patogénicos é atualmente
uma abordagem pouco explorada. No presente estudo, foi estabelecido, de fato, que hd uma
alteracdo significativa na regulacdo metabdlica & medida que as células leveduriformes de H.
capsulatum deixam de ser livres para assumirem o formato de uma rede tridimensional
extremamente organizada, a qual caracteriza os biofilmes. Os dados aqui apresentados foram
explorados em termos de a) abundéancia total de metabdlitos nas duas formas de crescimento;
b) abundéancia relativa dos metabdlitos que apresentaram as mesmas massas moleculares
entre células em biofilmes e em culturas planctdnicas mensurando-os em diferentes ranges de
massa molecular; c) abundéancia relativa dos metabolitos que apresentaram as mesmas massas
moleculares entre células em biofilmes e em culturas planctonicas classificando-os em UP ou
DOWN de acordo com a intensidade, aumentada ou diminuida, respectivamente, em que
foram produzidos nos biofilmes em relagdo & producdo dos mesmos em células livres; €)
abundancia dos metabolitos produzidos unicamente pelas células em biofilmes e
categorizacdo das mesmas em diferentes ranges de massa molecular e; f) abundancia dos
metabolitos produzidos exclusivamente pelas células em culturas planctdnicas e
categorizacdo das mesmas em diferentes ranges de massa molecular. Tais analises foram
necessarias uma vez que nao ha dados na literatura que estabelecem o perfil metabdlico dos
biofilmes de H. capsulatum e, diante do exposto, salienta-se que ha uma grande diversidade
metabolica entre as distintas formas de crescimento do fungo, demonstrada pela assinatura da
abundancia dos metabolitos produzidos pelas leveduras de H. capsulatum (investigacéo intra-
cultivo) e das distintas formas de crescimento (investigagéo inter-cultivos).

A técnica empregada neste estudo, cromatografia liquida acoplada a espectrometria de
massas por ionizagdo electrospray (LC-ESI-MS), caracteriza um método avangado que
permite identificar e categorizar de forma altamente eficiente, rapida e sensitiva as proteinas e

peptideos de uma amostra, além de possibilitar a caracterizacdo de componentes mais
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abundantes, bem como dos constituintes raros (Calvete et al., 2007). Outras investigagdes
tém sido conduzidas a cerca da exploragdo da diversidade metabdlica de amostras bioldgicas
utilizando protocolos otimizados de LC-ESI-MS. Em um estudo conduzido por Dias et al.
(2014) foram detectadas as variacOes referentes a diversidade peptidica do veneno da vespa
social Polybia paulista coletada de um mesmo ninho em diferentes épocas do ano (estudo
intra-ninho), bem como de diferentes ninhos na mesma estagdo (estudo inter-ninho). Tal
investigacdo concentrou-se em uma andlise diferencial de abundancia metabdlica, focada na
quantificacdo peptidica dos venenos, bem como na distribuicéo dos peptideos detectados por
ranges de massas moleculares.

No que diz respeito aos biofilmes flngicos patogénicos, como relatado anteriormente,
os estudos relacionados & deteccdo da composicdo metabdlica dos mesmos sdo limitados.
Recentemente, o restrito nimero de abordagens desenvolvidas no contexto metabdlico de
biofilmes de C. albicans empregaram técnicas de GC/MS (Zhu et al. 2013; Chen et al.,
2014). Zhu e colaboradores (2013) identificaram as 31 pequenas moléculas metabdlicas que
foram diferencialmente produzidas durante o desenvolvimento dos biofilmes comparado a
producdo pelas células planctdncias de C. albicans. A partir disso, foi desenvolvida uma
analise metabolémica direcionada e a trealose foi validada como um dissacarideo
imprescindivel para a formacgéo dos biofilmes maduros bem como para a resisténcia destas
formacBes aos agentes antiflngicos (anfotericina B e miconazol). De fato, um estudo
conduzido por Roessner et al. (2000) destacou um modelo de GC-MS como um método
rapido, altamente sensivel e quantitativo para verificar a diversidade de varios metabolitos
indicativos do metabolismo do carbono e nitrogénio. Tal modelo pode ser empregado como
um sistema para separacdo e deteccdo de metabdlitos, uma vez que permite a andlise
simultdnea de um grande nimero de compostos, tais como acUcares, &lcoois de agUcar,
aminas, aminoéacidos e acidos organicos.

Assim, a indicacdo do método a ser desenvolvido para analise metaboldémica, quer
seja por LC/MS ou GC/MS, esté diretamente relacionada as caracteristicas da amostra. De
forma geral, os métodos de GC/MS séo aplicados principalmente para a andlise de compostos
volateis em amostras complexas, ao passo que 0s modelos de LC/MS podem ser aplicados
especialmente para a analise de moléculas termicamente instaveis e ndo volateis em amostras
bioldgicas. De acordo com Lee et al. (2012) entre as vantagens do método de LC/MS
destacam-se um tempo de analise significativamente mais curto e um preparo de amostra
expressivamente mais simples comparado ao modelo de GC/MS, ambos desenvolvidos por

estes autores para a analise de um agente intravenoso, o propofol, e seus metabolitos na urina.
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Apesar disso, ambas as técnicas, GC/MS e LC/MS, proporcionam boa sensisibilidade e
seletividade (Sumner et al., 2003).

Adicionalmente, é importante destacar que uma analise metabolémica é dividida em
duas abordagens distintas, a metabolémica ndo direcionada e a direcionada. Por um lado a
metaboldmica ndo direcionada revela o perfil metabdlico, focando na detec¢do do maior
namero possivel de grupos de metabdlitos para definir o padrdo ou a impressdo digital de
uma condicdo bioldgica, sem necessariamente identificar ou quantificar um composto
especifico. Em contrapartida, a metabolémica direcionada caracteriza-se pelo monitoramento
de metabdlitos selecionados, focando na detec¢do de um grupo especifico de metabolitos e,
em muitos casos, requer a identificacdo e quantificacdo de varios metabdlitos dentro de um
grupo (Roberts et al., 2012). No presente estudo, foi conduzida uma anélise metabolémica
ndo direcionada, uma vez que tal estratégia abrange a andlise de todos os analitos
mensuraveis de uma amostra bioldgica, incluindo a deteccdo dos compostos quimicamente
desconhecidos. De fato, existem desafios inerentes a esta abordagem, principalmente no que
diz respeito & necessidade de desenvolver protocolos e o tempo demandado para processar a
enorme quantidade de dados brutos gerados. Subsequentemente, a partir da obten¢do dos
dados, uma analise ndo direcionada requer a anotacdo dos sinais (metabolitos) detectados por
intermédio de: a) bibliotecas in silico ou; b) uma investigacdo experimental e a identificagdo
dos compostos utilizando quimica analitica (Roberts et al., 2012). Diante do exposto, apesar
dos desafios, a analise metabolémica ndo direcionada empregada neste estudo constitui uma
ferramenta com potencial para a descoberta de um novo alvo e/ou um biomarcador e, para
tanto, tendo estabelecido o perfil metabdlico, as etapas posteriores concentram-se na
caracterizagdo estrutural dos metabdlitos relevantes na analise diferencial biofilmes vs.
culturas planctonicas que, posteriormente poderdo ser validados com ensaios funcionais
desenvolvidos para avaliar a atividade e funcéo bioldgica do(s) novo(s) metabdlito(s).

Os resultados alcangados no presente estudo contribuem significativamente para a
compreensdo de informagfes referentes ao gendtipo e fendtipo das leveduras de H.
capsulatum em biofilmes e o impacto destas formacdes na interagdo com o hospedeiro. Em
resumo, é importante ressaltar que a estruturacdo das leveduras em biofilmes induz uma
regulacdo negativa nos processos transcrionais de forma direta (genoma codificante —
RNAmM) e indireta (genoma ndo-codificante — miRNAS) e, nos processos metabolicos do
fungo. Tal regulagdo negativa estd associada a: a) repressdo da maioria dos genes quando as
leveduras livres passam a organizarem-se em biofilmes, visto que ~80% dos genes séo

reprimidos pelo fungo nestas formagGes por ambas as cepas (EH-315 e 60I); b)



118

superexpressdo de todos os miRNAs alterados na comparacdo de células infectadas com
biofilmes vs. planctbnicas; c) intensidade relativa reduzida (DOWN) da maioria dos
metabolitos (57%) produzidos pelas células em biofilmes em relagcdo a intensidade nas
homélogas livres, considerando os metabolitos com a mesma massa molecular entre
biofilmes e culturas planctdnicas e; e) producdo significativamente menor de metabolitos
exclusivos pelas culturas em biofilmes (8%) vs. células planctdnicas (18%).

Diante do exposto, faz-se necessario salientar que correlacionando o perfil de
miRNAs de macrofagos infectados com os biofilmes da cepa EH-315 em relacéo ao perfil de
infecco com leveduras livres, observa-se que ap0s a infec¢do com os biofilmes ha apenas a
superexpressdo de 5 miRNAs e, neste caso, nenhum miRNA anormalmente regulado teve sua
expressdo reprimida. De fato, como descrito anteriormente, os MIRNAs regulam
negativamente a expressdo génica e, portanto, estes resultados coincidem com os dados
apresentados pela analise transcriptdmica, uma vez que em biofilmes, ha uma predominéncia
de genes reprimidos pelas leveduras (81% de genes reprimidos pela cepa EH-315), ao passo
que a minoria dos genes séo induzidos nestas formagdes (19% de genes induzidos pela cepa
EH-315). De outra forma, conclui-se que, quando estruturam-se em biofilmes, as células
orquestram preferencialmente a repressdo dos genes, fato comprovado na biologia do fungo
(analise transcriptdmica) e na interacdo fungo-célula hospedeira (screening de miRNAS), de
maneira a avaliar diretamente a expressédo génica (sequenciamento do RNAm), bem como a
analise da regulacéo indireta da expressdo de genes (perfil dos miRNAS).

Neste sentido, é consenso que a adesdo de um fungo a uma superficie bidtica ou
abidtica interfere no metabolismo celular e resulta na fisiologia diferencial das células em um
biofilme em relacdo a populacéo planctdnica. Assim, a repressdo de indmeros genes, a
superexpressdo de miRNAs que regulam negativamente a expressdo génica e a producéo
reduzida de metabdlitos, bem como a producéo de muitos metabolitos com menor intensidade
caracterizam processos fisioldgicos de uma levedura de H. capsulatum em biofilmes que
impactam da reducdo da atividade metabdlica. Estes achados estdo, provavelmente,
relacionados ao arranjo arquitetdnico dos biofilmes, uma vez que a atividade metabdlica
diminui com a profundidade das células (Lawrence et al., 1991; Harrison et al., 2004). A
massa dos biofilmes se caracteriza como uma formacéo compacta de células entreligadas e
intercaladas com uma rede amorfa de canais pelos quais 0s nutrientes e o oxigénio s&o
difundidos e, segundo Bester et al. (2005), as taxas diferenciais de crescimento em biofilmes
resultam em gradientes quimicos que restringem o crescimento de um microrganismo dentro

destas formagdes, em vista da difusdo limitada de oxigénio e de nutrientes.
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Efetivamente, integrar as abordagens conduzidas correlacionando ncRNAs, RNAm,
proteinas e metabdlitos é um grande e complexo desafio que exige futuras investigacOes e
validagOes dos alvos terapéuticos e/ou alvos diagndsticos estabelecidos e demonstrados.
Através da andlise transcriptdmica, alguns genes diferencialmente expressos entre biofilmes e
células planctonicas foram apresentados e destacados como potenciais alvos.
Adicionalmente, por intermédio da analise de ncRNAs, foram revelados os miRNAs-alvos
anormalmente regulados em resposta & infecgdo flingica, bem como os genes respectivos
(RNAm) que sofrem regulacdo negativa. Finalmente, por meio da anélise metaboldémica,
foram evidenciados inlmeros metabolitos diferenciais entre as distintas formas de cultivo de
H. capsulatum que podem ser explorados como futuros alvos. O fato é que as moléculas
destacadas (genes, miRNAs e metabdlitos) constituem uma fonte potencial para delinear: a)
um marcador de biofilmes na infec¢do as células hospedeiras, a fim de compreender a relagdo
dos biofilmes como um fator de viruléncia; b) novos prot6tipos com mecanismos de acéo
direcionados para a terapéutica da histoplasmose e; c) novos biomarcadores como

ferramentas diagndsticas da histoplasmose.

5. CONCLUSOES

Os dados gerados pelo sequenciamento possibilitaram comparar as diferengas
transcricionais dentro da mesma espécie (biofilmes vs. culturas planctonicas) e entre
diferentes cepas (EH-315 vs. 601). Sendo assim, a andlise transcriptdmica revelou genes-alvo
que caracterizam a assinatura transcricional dos biofilmes e da infectividade de uma cepa e,
em concluséo, destaca-se ainda que a maioria dos genes € reprimida (~80% down-regulated)
quando as leveduras livres passam a organizarem-se em biofilmes.

Conclui-se também que h& um padrdo de expressdo anormal de miRNAs em Mg
THP-1 em resposta & infeccdo com leveduras de H. capsulatum (cepa EH-315 em culturas
planctonicas e biofilmes e cepa 601 em culturas planctonicas). Tais miRNAs identificados sdo
responsaveis pelo destino das células infectadas, uma vez que atuam regulando
negativamente a expressdo de um gene (RNAm) alvo, interferindo em vias que determinam a
patogénese da histoplasmose e que envolvem desde os aspectos inerentes & adeséo as células
hospedeiras, bem como a resposta inflamatoria e ainda, a morte celular. Além disso, 0s
resultados obtidos indicam que 0s genes-alvo EPB41 e NUFIP2 tém sua expressdo
potencialmente desregulada em células hospedeiras apds a infeccdo com H. capsulatum.
Assim, em vista da importancia funcional reconhecida dos miRNAs identificados neste

estudo, estes ncRNAs podem viabilizar uma estratégia terapéutica no futuro, a fim de reverter
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a relacdo mMiRNA-RNAmM a normalidade celular, por meio do fornecimento de um
determinado miRNA (mimics) ou através do blogueio de um miRNA expresso (antagomiRs).
Destaca-se ainda que no screening diferencial biofilmes vs. culturas planctonicas todos os
miRNAs alterados foram superexpressos na célula infectada, fato que demonstra a atuacéo de
tais miRNAs convergindo para a regulacdo negativa da expressdo génica em resposta a
infeccéo por biofilmes.

Adicionalmente, a analise metabolémica diferencial demonstra que em biofilmes ha
um aumento substancial de PEI e Pl comparado ao crescimento de ambas as cepas (EH-315 e
601) em culturas planctonicas, constatando a produgdo de matriz extracelular, bem como
maior reserva energetica indispensdvel a estas formagdes. Subsequentemente, a andlise de
abundancia dos metabolitos detectados por LC-MS/MS revelou trés grupos de metabélitos,
sendo a) a grande maioria de moléculas com massas moleculares comuns (74%) entre
biofilmes e culturas planctonicas, das quais 95% apresentam massa molecular < 800 Da e
57% tém uma intensidade relativa reduzida quando as leveduras passam a estruturarem-se em
biofilmes (DOWN); b) 8% das moléculas produzidas exibiram massa exclusiva nos
biofilmes, das quais a maioria (55%) apresentou massa molecular > 800 Da e; c) 18% das
moléculas produzidas exibiram massa exclusiva nas culturas planctdnicas. Portanto, em
biofilmes ha uma producdo significativamente menor de metab6litos exclusivos.

Em conclusdo, a integracdo entre as abordagens desenvolvidas revela que a
estruturacdo das leveduras em biofilmes induz uma regulagdo negativa que impacta nos
processos transcricionais direta (genoma codificante — RNAm) e indiretamente (genoma ndo-
codificante — miRNAS) e, nos processos metaboélicos, sugerindo uma redugéo significativa da
atividade metabdlica evidenciada tanto na biologia do fungo em biofilme (regulagdo
transcricional e metabdlica), como na interacdo in vitro biofilmes-células hospedeiras (perfil
de miRNAS).

Em conjunto, através das plataformas exploradas foram identificadas (genes e
miRNAS) e detectadas (metabolitos) moléculas que constituem uma fonte potencial para
delinear: a) um marcador de biofilmes na infeccdo as células hospedeiras; b) novos prot6tipos
para a terapéutica da histoplasmose e; ¢) novos biomarcadores como ferramentas diagndsticas

para a histoplasmose.
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Abstract

Alterations that lead to deficiency of the immune system, such as diabetes mellitus, may promote proliferation
of Candida albicans and selection of strains which have greater ability to adhere and to penetrate the host tissues.
Recent studies indicate an increase of the antifungal resistance of C. albicans isolates in periodontal pockets,
suggesting that the oral cavity could be a reservoir of resistant yeast to antifungal agents. Moreover, oral cavity
can act as a reservoir of certain pathogens that may cause systemic infections. The periodontal pocket is an
ecological niche suitable to host microorganisms that could act as opportunistic pathogens. The aim of this study is
to contribute to the understanding of resistance to conventional antifungal against C. albicans isolates from patients
with periodontitis and diabetes. The determination of the minimal inhibitory concentrations (MIC) was evaluated
according to M27S3 of the CLSI (2008), with modifications. The results showed that 48.8% of the studied strains
were resistant to one or more antifungals and 6.6% were resistant to fluconazole and voriconazole. These results
suggest an increasing resistance to conventional antifungal agents among Candida species, suggesting that the oral

cavity could host pathogen fungi.

Keywords: Candida albicans; Diabetes; antifungal; Minimal inhibi-
tory concentrations (MIC); Resistance

Introduction

A large proportion of healthy adult population holds yeast
Candida genus in the oral cavity [1]. The mucosa is considered the
main reservoir, but studies have shown that Candida species can be
co-aggregated with bacteria in biofilm and that may be an important
factor for manifestations of candidiasis and for colonization of cavities
of caries and periodontal pockets [2]. According to some authors,
the presence of yeast in subgingival regions may contribute to the
pathogenesis of periodontal disease or increase the probability of
candidemia, especially in cases of immunocompromised patients [3-
5]. Periodontal disease is mainly caused by Gram negative anaerobic
species, but has been reported in the literature that the proportion
of yeast in the periodontal pockets is similar to some of periodontal
bacteria [6], thus suggesting the possible role of Candida sp. in disease
pathogenesis [2,4,7,8], but it is not clear, in the literature, whether this
would continue after periodontal therapeutic antibacterial successive.
Moreover, its permanence in these sites can be characterized as
potential sources of dissemination, especially in immune compromised
individuals [9]. Sardi et al. [10] found a higher prevalence of C.
albicans in periodontal pockets of diabetic patients compared
with non diabetic. Super infection by Candida can be refractory to
conventional periodontal treatments in specific situations, such as in
immune compromised patients. In these cases, the systemic therapy
with antifungal drugs could be indicated. Few studies have reported
the use of antifungals in Candida isolates in periodontal pockets. The
presence of Candida in periodontal pockets has been investigated a
little time and very little is known about the importance of this fungus
in this pathology. Oral candidiasis used to be treated with polyenes
amphotericin B or nistatin and the discovery of antifungal activity of
azolic compounds represented an important advance in the treatment
of superficial and systemic fungal infections Moreover, they inhibit
germ tube formation, reducing the adherence to oral epithelial cells
and acrylic surfaces in dentistry [11]. Caspofungin, an echinocandin,
which has demonstrated activity against Candida species both in vitro
and in vivo for systemic infections [12,13]. The aim of this study was

to analyze antifungal susceptibility of C. albicans strains isolated from
chronic periodontitis patients and diabetes.

Methods
Microorganisms

We used 45 clinical isolates of Candida albicans isolated from
subgingival sites of patients with generalized chronic periodontitis and
diabetes mellitus type II. These fungi were isolated from patients with
age ranging between 31 to 68 years attending in clinic of Periodontics,
Piracicaba Dental School, State University of Campinas (UNICAMP).
Exclusion criteria were used: use of antibiotics and periodontal
treatment during the previous 6 months. As control was used strain
ATCC 90028 of Candida albicans. All microorganisms belong to
the mycology collection of the Laboratory of Clinical Mycology,
Department of Clinical Analysis, Faculty of Pharmaceutical Sciences,
UNESP, Araraquara.

Preparation of antifungal drugs

Conventional antifungal agents indicated for the treatment of
candidiasis were used: amphotericin B, fluconazole, voriconazole and
caspofungin. The preparation of the drugs was performed according
to M27 S3 of the CLSI (Clinical and Laboratory Standards Institute)
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(2008). Amphotericin B (Sigma Chemical Company, St. Louis, MO,
USA) and voriconazole (Sigma Chemical Company, St. Louis, MO,
USA) are water-insoluble drugs, therefore, were solubilized in DMSO
for the preparation the ten stock solutions with concentrations ranging
from 0.0313 to 16 pg/mL. Fluconazole (Sigma Chemical Company,
St. Louis, MO, USA) and caspofungin (Sigma Chemical Company, St.
Louis, MO, USA) are water-soluble drugs therefore were solubilized in
sterile water and ten stock solutions were prepared with a concentration
range varying from 0125 to 64 pg/mL. All stock solutions were
diluted in RPMI-1640 (Sigma-Aldrich, St. Louis, MO, USA) with
L-glutamine, without sodium bicarbonate, supplemented with 2%
glucose, and buffered to a pH of 7.0 using 0.165M 3-(N-Morpholino)
(propanesulfonic acid) (MOPS), (Sigma-Aldrich, St. Louis, MO, USA)
to preparation the working solutions. The range concentration for
amphotericin B and voriconazole was 0.01565 to 8 pug/ml and for drugs
fluconazole and caspofungin was 0.0625 to 32 pg/mL.

Determination of minimum inhibitory concentration (MIC)

The sensibility of the clinical isolates to conventional antifungal
agents was evaluated according to M27 S3 of the CLSI (2008), with
modifications. From 24 hours cultivation of clinical isolates of C.
albicans on Sabouraud dextrose, the inocula were prepared in RPMI-
1640 to the final concentration of 1.0x10* CFU/mL and added in 96-well
microplates (Difco, Detroit, USA) previously prepared with antifungal
drugs. The plates were incubated in a shaker at 37°C/150 rpm for 24
hours. The reading of MIC was performed in a spectrophotometry at 490
nm. Through this test, the 45 clinical isolates were classified as sensitive
Voriconazole

Fluconazole Anfotericin B Caspofungin

S* < 8 pg/mL <0,125 pg/mL <1 pg/mL <2 pg/mL
S-DD* | 16 —32 pg/mL | 0,25-0,5 pyg/mL - -
R* > 64 pg/mL 21 pg/mL 22 ug/mL > 2 pg/mL

S - sensitive / DD - dose dependent / R — resistant

Table 1:. Values of MIC for the classification of susceptibility to fluconazole,
voriconazole, amphotericin B and Caspofungin in Candida species.

(S), sensitive dose dependent (S-DD) and resistant (R), according with
the breakpoints recommended by the CLSI (2008) (Table 1).

Results

Through the determination of MIC was observed that from 45
clinical isolates of C. albicans, 48.8% were resistant to one or more
antifungals. This percentage was determined by comparison between
the MIC values of isolates with cutoff values found in the literature. Our
results showed that 6.6% of clinical isolates were resistant to the azole
class, being resistant to fluconazole as voriconazole. Figure 1 shows the
percentage of clinical isolates sensitive, dose-dependent sensitive and
resistant to azoles. Among the azoles, the fluconazole showed greater
activity against clinical isolates with only five (11.2%) isolates resistant
to this drug (Figure 1-A), differently from the voriconazole, in which 19
(42.2%) of the isolates were resistant (Figure 1-B).

We observed that a large percentage of clinical isolates were sensitive
to amphotericin B, and only four (8.9%) classified as resistant (Figure
1-C). It was also observed that the antifungal caspofungin showed only
two (4.4%) considered resistant isolates (Figure 1-D). Thus, the clinical
isolates of C. albicans tested with these two drugs showed no fungal
resistance, but showed significant resistance to azole antifungal class.

Discussion

Candida species inhabit diverse ecosystems and are present in
the genitourinary and gastrointestinal tracts, nail, skin, bronchus and
oral cavity where they can establish themselves as regular commensal
microbiota without causing harm to the host [14]. However, systemic
diseases such as diabetes mellitus and AIDS, physiological conditions
such as pregnancy, infancy or old age, nutritional factors, treatment with
broad-spectrum antibiotics, immune suppressants and corticosteroids,
in addition to local factors such as xerostomia and use of prosthetic
devices are conditions that predispose to the development of Candida
infections [2,10,15-19]. The use of broad-spectrum antimicrobial, such
as tetracycline and metronidazole as an aid in periodontal treatment
has also been an important factor for the development of super
infections by resistant bacteria and Candida species, including patients
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Figure 1: Relation of 45 clinical isolates of Candida albicans with antifungal fluconazole (A), voriconazole (B), amphotericin B (C) and Caspofungin (D).
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with HIV [6,20]. Resistance to fluconazole has been reported by several
authors [21-26]. In the present study, 62.2% of the C. albicans isolates
tested were susceptible to fluconazole, 15.6% to voriconazole, 91.1% to
amphotericin B and 95.5% to caspofungin. The intrinsic resistance of
Candida species to fluconazole, an agent commonly used for treating
antifungal and greater resistance to amphotericin B has been reported
[27]. Candida albicans appears co-aggregate contributing to bacterial
biofilm formation on this structural and impairing penetration of
certain antimicrobial drugs [28]. Also, for these researchers C. albicans
was found typically in the outer layers of the biofilm, and seemed to act,
according to the authors, as a barrier that protected the microorganisms
from the action of immune mechanismsby assisting the resistance of
subgingival microbiota in the face of host defenses, and contributing to
persistence of inflammation in the surrounding tissues.

Waltimo et al. [29] evaluated the antifungal susceptibility among
isolates of C. albicans from periodontal pockets and showed that 100%
of these isolates were sensitive to amphotericin B and 5 - flucytosine.
However, susceptibility to azole antifungals proved variable cross-
resistance occurring in relation to them. Dumitru et al. [30], studied
isolates of C. albicans and found strains resistant to amphotericin B and
four class azole antifungals. Furlletti et al. [31] showed that C. albicans
isolated from periodontal pockets were resistant to amphotericin
B and fluconazole-sensitive. Jewtuchowicz et al. [7] studied isolates
of C. dubliniensis and C. albicans from periodontitis patients and
healthy systematically and found that only one isolate was resistant
to fluconazole and voriconazole. Junqueira et al. [32] demonstrated
that isolates of Candida sp. oral cavity of HIV patients are resistant to
fluconazole. In our study we found some isolates resistant to fluconazole
(11.2%), voriconazole (42.2%), caspofungin (4.4%) and amphotericin
B (8.9%), although the highest resistance occurred with the antifungal
voriconazole. Some research has shown the presence of different
species of Candida isolated from different anatomical sites resistant
to voriconazole in diabetics patients [33-36]. Antifungal agents such
as amphotericin B, 5-fluorocytosine, voriconazole and terbinafine are
not usually used in the treatment of oral candidiasis, however, also
deserve attention. Although such antifungals are only available for
systemic use and are recommended for the treatment of disseminated
infections, determination of minimum inhibitory concentration
relative to oral cavity isolates obtained from patients with immune
suppression, especially in cases of periodontitis is important to obtain
epidemiological data and the possibility of this site being the original
focus of disseminated fungal infections [37,38]. The results of this study
suggest that clinical isolates of diabetic patients have a certain resistance
to azoles, perhaps because these patients have already contacted and
antifungal therapy with azoles may no longer be as effective in treating
periodontal Candida super infections that are refractory to conventional
treatments. Furthermore, studies on the correlation between clinical
results and in vitro are needed to establish a better antifungal.
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Abstract

Millions of people and animals suffer from superficial infections caused by a group of highly special-
ized filamentous fungi, the dermatophytes, which only infect keratinized structures. With the appear-
ance of AIDS, the incidence of dermatophytosis has increased. Current drug therapy used for these
infections is often toxic, long-term, and expensive and has limited effectiveness; therefore, the dis-
covery of new anti dermatophytic compounds is a necessity. Natural products have been the most
productive source for new drug development. This paper provides a brief review of the current litera-
ture regarding the presence of dermatophytes in immunocompromised patients, drug resistance to
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conventional treatments and new anti dermatophytic treatments.

Key words: dermatophytes, filamentous fungi, natural products, synthetic product.

Dermatophytosis

Millions of people and animals suffer from superfi-
cial infections caused by a group of highly specialized fila-
mentous fungi, the dermatophytes, which only infect kera-
tinized structures (Burmester et al., 2011). The American
Academy of Dermatology estimates that 10-20% of the
population is affected by dermatophytes (Pfaller and Sut-
ton, 2006). Dermatophytes are a group of parasitic fungi
that live at the expense of the keratin in the skin, nails and
hair. These microorganisms fall into the genera
Trichophyton, Microsporum and Epidermophyton, as char-
acterized according to the formation and morphology of
their conidia (Weitzman and Summerbell, 1995; White et
al., 2008 Peres et al., 2010). In general, dermatophytes are
confined to the stratum corneum of the epidermis and skin
appendages, especially in the moist areas of the body, such
as the regions between the toes, groin and below the breasts
(Chuang et al., 2007). Although dermatophyte infections
are restricted to areas of the epidermis, they can be invasive
and cause serious widespread infections in immunocom-
promised patients, with the development of granulomas

(Peres et al., 2010). In such cases, the disease no longer is
superficial and reaches deeper layers of dermis, causing
granulomatous lesions.

Dermatophytes produce proteolytic enzymes, kera-
tinases, which are able to hydrolyze keratin, the main pro-
tein constituent of hair, nails and skin. The infection can be
mild to severe, depending on the host immune response
(Akcaglar et al., 2011). The keratin, collagen and elastin
constitute 25% of the mass of mammals. The enzyme re-
quired to hydrolyze these macromolecules is found in in-
fected tissues and is therefore considered essential to the
virulence of dermatophytes (Simpanya, 2000). Coloniza-
tion by a dermatophyte, and its ability to cause an infection
in the host, depends on several factors, among which are the
“escape” mechanisms of the host resistance, including dry
skin, a slightly acidic pH, the continuous regeneration skin,
the fungicidal effect of fatty acids, the state of the kera-
tinized layer and other factors, such as competition with the
normal skin microbiota (Erbagci et al., 2004). The estab-
lishment of the infection is initiated by the inoculation of
arthrospores deposited on the skin, favored by a pre - exist-
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ing skin lesion or abrasion (Sidrim and Rocha, 2004) and
the microorganism’s remarkable enzymatic ability to de-
grade keratin (Simpanya, 2000; Abdel-Rahman, 2001;
Macédo et al., 2005) . It also can infect several animal spe-
cies, creating generally dry, rounded and usually non-pru-
ritic lesions, distributed focally on the skin without causing
a general inconvenience to the affected animals (Pereira
and Meireles, 2001; Sobestiansky, 2001) . The animals
serve as reservoirs of zoophilic dermatophytes and their
zoonotic infections have considerable importance (Caba-
fies, 2000; Baranova et al., 2003) . Anthropophilic species
are not part of the normal microbiota of humans nor are
these microorganisms opportunistic, but true pathogens
that infect keratinized tissues, nails or hair of healthy indi-
viduals (Baeza ef al., 2007; Monod, 2008). Dermatophytes
digest keratin and have the ability to invade living tissues
and cause certain injuries (Simpanya, 2000), with the se-
verity of the infection being related to, in part, the reaction
of the host to the invading organism, and other factors, such
as species or virulence of the infecting strain, the host reac-
tion to the metabolic products produced by the fungus, ana-
tomic site of infection, and local environmental factors.

Treatment of Mycosis

Forsuccessful of infection by dermatophytes, the
pathogen required to overcome the defense mechanisms of
the host. A important mechanism of host defense against
these pathogens is the keratinization which is the process of
epithelial desquamation leading to removal of the fungus
(Peres et al., 2010). For treating the fungal infections of
skin, topical medications are appropriate only for early or
mild infections, especially those caused by 7. rubrum, the
main cause of Tinea pedis. In nail infections (onycho-
mycosis) and infections caused by zoophilic dermato-
phytes, mainly leading to the development of Tinea capitis
and corporis, the usual therapy is systemic (Tani et al.,
2007; White et al., 2008). Terbinafine inhibits the growth
of dermatophytes of all genera and is the main drug of
choice for the treatment of dermatophytoses, especially
with chronic conditions. The naftifin and terbinafine repre-
sent the group of drugs synthetic, the allylamine, which
were described as drugs in clinical treatment of superficial
mycoses (Balfour and Faulds, 1992). It has shown fungi-
cidal activity against a wide range of dermatophytes, molds
and certain fungi dimorphic, and fungistatic activity against
Candida albicans being that terbinafine has been the drug
of first choice for dermatophytes (Abdel-Rahman and
Nahata, 1997; McClellan et al., 1999). Its mechanism of ac-
tion relies on blocking the biosynthesis of ergosterol, an es-
sential component of fungal cell membranes, through inhi-
bition of fungal squalene epoxidase (Abdel-Rahman and
Nahata, 1997). The tolerability of these drugs is generally
high after topical administration or oral. In comparative
studies, the incidence of adverse effects associated with use
of terbinafine orally, was lower than that observed with
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griseofulvin and similar to itraconazole (Abdel-Rahman
and Nahata, 1997). Terbinafine has emerged as a new ther-
apeutic option for dermatophytoses in both humans and
animals (Mancianti et al., 1999). Griseofulvin is used ex-
clusively to control the development of keratinized tissue
infection by presenting only fungistatic and not fungicidal
action. This drug is orally administered and treatment var-
ies according to the clinical form of mycosis (Gupta et al.,
2001). In severe infections, the treatment must be pro-
longed (Deacon, 1998). The mechanism of action of this
drug is associated with interfering with the polymerization
of microtubules causing abnormalities in cell division due
to achromatic spindle formation and abnormal growth,
probably due to disruption of intracellular transport associ-
ated with microtubules (Odds, 2003). Currently, imidazole
derivatives represent a major advance in oral and topical
treatment of superficial mycoses, with dermatophytosis
specifically, clotrimazole (topical), ketoconazole, itraco-
nazole and fluconazole are commonly used because they
are absorbed through the gastrointestinal tract and maintain
an effective activity (Katzung et al., 1998), with flucona-
zole being effective against other types of fungal infections
(Follador et al., 2001; Oliveira et al., 2002). In therapy,
there are two groups of antifungal azoles are used in the
clinic: the imidazoles (ketoconazole, miconazole, clotrima-
zole and econazole) and triazoles (fluconazole, itracona-
zole, voriconazole and posaconazole). The use of imida-
zoles is limited to the treatment of superficial mycoses.
Triazoles have a larger application in these therapies. In
dermatology, chronic infection is treated with severe drugs
such as terbinafine, itraconazole and fluconazole, which are
the most used (Abdel-Rahman et al., 1998; Fernandez-
Torres et al., 2001; Fernandez-Torres et al., 2003). In an at-
tempt to increase the cure rate of drug treatments, combined
topical and oral anti-inflammatory drugs have been used.
There have recently been cases of treating onychomycosis
using topical amorolfine and ciclopirox (Gupta et al.,
2001).

Resistance to Drugs

There is a large arsenal of antifungal drugs, however,
their cellular targets are limited because of the similarity
that exists between fungi and host cells. Drugs that are com-
monly used are directed against the biosynthetic pathway
(Martinez-Rossi et al., 2008). The reports of recurrences
are usually associated with the discontinuation of therapy,
although clinical resistance to the antifungal drug terbina-
fine has been described in the literature (Mukherjee et al.,
2003) described a case of clinical resistance to this drug.
The strain studied was taken from a patient with onycho-
mycosis was that treated with oral terbinafine, which was
not effective with the microorganism presenting cross-
resistance to several other drugs, including naftina, butena-
fine, and tonoftato tolciclato, suggesting a target-specific
resistance mechanism. The report regarding their resistance
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to terbinafine has been discussed and refers to the squalene
epoxidase gene mutation leading to the substitution of
amino acid L393F (Osborne et al., 2006). Terbinafine resis-
tance in mutants of the Aspergillus species was also men-
tioned, and this indicated that there was a mutation in the
gene encoding squalene epoxidase enzine (ErgA), resulting
in high resistance to this antifungal (Rocha et al., 2006;
Espinel-Ingroff, 2008). In studies on the mechanisms of re-
sistance to the fungus 7. rubrum, two ABC-type transport-
ers, TruMDR1 and TruMDR2, were important in the
process of resistance (Fachin ef al., 2006; Maranhao et al.,
2009). The clinical resistance to griseofulvin, or relapses
after treatment, is common in dermatophytosis. In a study
conducted by Zomorodian, et al. (2007), a decreased ex-
pression of the gene encoding beta-tubulin was observed
for the fungus 7. rubrum during drug administration, with
the decrease being concentration dependent. This informa-
tion contributed to a better understanding of the mechanism
of action and therefore can assist in more rational use of
pharmacological therapy. The in vitro resistance of an iso-
late can be classified as either intrinsic or acquired. Intrinsic
resistance allows all normal members of a species to toler-
ate a particular drug. Acquired resistance is a term used
when a resistant strain emerges from a population that was
previously drug-sensitive (Kamai et al., 2004) . The bio-
chemical mechanisms may contribute to the phenotype of
drug resistance in fungus involve a decrease in drug uptake,
structural alterations in the target site and an increase in
drug efflux or in intracellular target levels, gene amplifica-
tion, gene transfer, gene deletion, point mutations, loss of
cis - and trans-acting regulatory elements and transcrip-
tional activation (Kamai et al., 2004) . Few studies have re-
ported mechanisms of drug resistance in dermatophytes,
although more studies are required to determine the mecha-
nisms by which resistance occurs for these pathogens.

Natural and Synthetic Products

The search for plants with healing powers for various
diseases dates back many years. From prehistory to the
present day, thousands of plants have been used by people
of all continents, either in the form of poultices, infusions,
decoctions, and others. In the 90’s, approximately ? of the
American population had already made use of at least one
type of unconventional therapy (Eisenberg et al., 1993). In
this context, interest in plants with therapeutic properties
including those with antimicrobial activity has grown, not
just form themselves into an alternative therapeutic ap-
proach, but also because the prospect of isolating sub-
stances with significant efficacy and a lower index of disad-
vantage (Queiroz et al., 2009). Plants have been used in
medicine for a long time, having been extensively used in
folk medicine because they represent an economical alter-
native, are easy to obtain and are applicable to various pa-
thologies (Rojas et al.,, 2006). Plants are an important
source of biologically active compounds, many of which
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are models for the synthesis of a large number of drugs
(Yunes and Calixto, 2001; Simdes ef al., 2003). Special at-
tention has been directed to natural derivatives, based on
the knowledge of antifungal compound production in na-
ture (Wojtaszek, 1997; Gurgel et al., 2005).

Natural products have served as a research resource
for most drugs, providing a basis for chemical research and
discovery of new drugs (Chin ef al., 2006). Several reasons
have been offered to explain the success of natural prod-
ucts, among them is their great chemical diversity, the ef-
fects of evolutionary pressure in creating biologically
active molecules, the structural similarity of protein targets
in different species, among others (Harvey, 2007). Natural
products are a source of numerous agents of therapeutic
value. They also inspired, at various levels, the develop-
ment and manufacture of synthetic agents of therapeutic
importance. These agents are synthesized by manipulating
the natural product, demonstrating that the synthesis of
molecules can be used to discover and develop novel thera-
peutic agents (Wilson and Danishefsky, 2006). An ideal
antifungal drug should have a broad spectrum of fungicidal
activity and not cause toxicity to the host (Carrillo-Mufioz
etal.,2006). A large number of antifungal drugs have some
connection with natural products. The class of polyenes and
griseofulvin are natural products, whereas echinocandins
are semisynthetic derivatives of natural products (Butler,
2005). Currently, antibiotics and antifungals represent a
small group of drugs which plays an important role in fun-
gal disease control, however, some of these antifungals
have serious drawbacks such as toxicity, fungistatic activ-
ity, limited spectrum of action or resistance (Garcia-Sosa et
al., 2011). The great importance of natural products in de-
veloping new therapeutic tools is evident. In this aspect,
medicinal plants and their derivatives are important for
pharmacological research and drug development. These
natural products can be used directly as therapeutic agents,
as well as a source of raw materials for synthesis, or can
serve as prototypes for new pharmacologically active mod-
els (Brazil, 2006).

Fructus Psoraleae and Folium Eucalypti Globuli
have long been used as Chinese medicines to treat dermato-
mycosis. Both pure compounds effectively inhibit the in vi-
tro growth of 7. mentagrophytes and T. rubrum (Lau et al.,
2010). In the study of Eisenberg ef al. (1993) a volatile ex-
tract of Eryngium duriaei subsp. juresianum, presents an
antifungal activity (Minimal inhibitory concentration
(MIC) values = 0.16-0.32 uL.mL (-1)) against several
dermatophyte species (7. mentagrophytes, T. rubrum, E.
floccosum; T. verrucosum, T. mentagrophytes var.
interdigitale, M. canis and M. gypseum) (Eisenberg et al.,
2010). Machado ef al. (2009) evaluated the antifungal ac-
tivity of Eugenia umbelliflora Berg. against some
dermatophytes (E. floccosum, M. canis, M. gypseum, T.
rubrum, T. mentagrophytes) and obtained good results,
with MIC values between 200 and 1000 microg/mL, and in-
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terestingly, inhibited 4/5 species with MIC values of <or =
500 microg/mL. Koroishi ef al. (2008) studied the Piper
regnelli extract, with the results indicating that this plant
had strong activity against 7. mentagrophytes, T. rubrum,
M. canis and M. gypseum. Park et al. (2011) found good re-
sults against various pathogenic fungi (species dermato-
phytes) with the polyphenol Epigallocatechin 3 - O-Gallate
(Table 1). The antifungal activities of the essential oils
(EOs) of  Acantholippia  seriphioides,  Artemisia
mendozana, Gymnophyton polycephalum, Satureja
parvifolia, Tagetes mendocina, and Lippia integrifolia, col-
lected in the Central Andes area, province of San Juan, Ar-
gentina, were investigated against M. gypseum, T.
mentagrophytes, and T. rubrum and were inhibited by the
EOs of G. polycephalum, L. integrifolia, and S. parvifolia,
with minimum inhibitory concentrations (MICs) between
31.2 and 1000 pg/ml. This study shows that these Andean
species might be used to treat superficial fungal infections
(Limaetal.,2011). Ponnusamy et al., 2010 investigated the
medicinal plant Wrightia tinctoria activity against derma-
tophytic and non-dermatophytic fungi. Leaf chloroform ex-
tract showed activity at 0.5 mg/mL against 7. rubrum, E.
floccosum,  Aspergillus  niger and  Scopulariopsis
brevicaulis. The major compound, identified as indirubin,
exhibited activity against dermatophytes such as E.
floccosum (MIC = 6.25 pug/mL); T. rubrum and T.
tonsurans (MIC = 25 pg/mL); T. mentagrophytes and T.
simii (MIC = 50 pg/mL). It was also active against non-
dermatophytes (Aspergillus niger, Candida albicans and
Cryptococcus sp.) within a MIC range of 0.75-25 pg/mL.
All of the new chemical entities approved as drugs between
1981-2006 total almost 1,184 products, with 5% as natural
products, 47% as semi-synthetic derivatives of natural
products, mimicking natural products and products synthe-

Soares et al.

sized with pharmacological groups based on natural prod-
ucts, 18% as by-products and vaccines and 30% as fully
synthetic products (Newman and Cragg, 2007). The origi-
nality of many structures of natural products attracts atten-
tion to their use as a starting point for semi-synthesis and
total synthesis (Butler, 2005). Soares et al. (2010) used
semi-synthetic esters of protocatechuic acid isolated from
Cupania oblongifolia against T. rubrum and T. menta-
grophytes, demonstrating an antifungal activity with MIC
values lower than 31.25 ug/mL. The modification of natu-
ral products by semi-synthesis has led to different types of
drug combinations. The development of chemotherapeutic
agents of synthetic origin and the discovery of powerful
new antimicrobians isolated from natural sources account
for invaluable contributions in the fight against bacterial
and fungal resistance (Silveira et al., 20006). Pisseri et al.
(2009) conducted a randomized open clinical trial on 60
thorough breeding horses affected by equine ringworm us-
ing Tea Tree Oil (TTO). The animals were randomly di-
vided into 2 groups of 30 subjects. Diagnostic criteria were
the presence of clinical signs and positive Trichophyton
equinum culture. Specificity control using TTO mixture in
5 not dermatophyte affected animals was achieved also.
The antimycotic activity against 7. equinum of a mixture
containing 25% TTO in sweet almond oil, was evaluated in
vivo treating 30 subjects, the others were administered
enilconazole 2% solution. The animals of both groups were
topically treated twice a day for 15 days with a 25% mixture
of TTO diluted in sweet almond oil and every 3 days, four
times with enilconazole rinses, respectively. All the treated
animals showed complete clinical and a etiological healing.
Part of control subjects also, showed an improvement and
none of them exacerbate the lesions. The authors believe
this TTO an alternative for practitioners interested in herbal
medicines, contributing to fulfill the gap existing between

Table 1 - Antifungal activity of natural products against a variety dermatophytes.

Natural Products Microorganisms

Reference

Citrus bergamia (Rutaceae)
floccosum

Brazilian Copaiba Oil (Fabaceae) T. rubrum, M. Canis
Piper regnellii (Piperaceae)

Syzygium aromaticum (Myrtaceae)
Eugenia umbelliflora Berg. (Myrtaceae)
Fructus Psoraleae (Leguminosae)

Protocatechuic acid (Cupania oblongifolia)
(Sapindaceae)

Folium Eucalypti Globuli (Leptospermaceae)

Eryngium duriaei subsp. Juresianum
(Umbelliferae)

Xanthones (Clusiaceae)

Epigallocatechin 3 — O- Gallate (green tea)
(Theaceae)

T. rubrum, T. mentagrophytes T. tonsurans, M canis, M. gypseum E.

M. canis, M. gypseum, T. rubrum, T. mentagrophytes

M. canis, M. gypseum, T. rubrum, T. mentagrophytes, E. floccusum
M. canis, M.gypseum, T.rubrum, T.mentagrophytes, E.floccusum.
T.rubrum, T. mentagrophytes

T.rubrum, T. mentagrophytes

T.rubrum, T. mentagrophytes

T. mentagrophytes, T. rubrum, E. floccosum, T. verrucosum,
T. mentagrophytes var interdigitale, M. canis and M. Gypseum

M. canis, M. gypseum, T. rubrum, T. mentagrophytes, E. floccusum

M. canis, T.rubrum, T.mentagrophytes

Sanguinetti et al., 2007

Santos et al., 2008
Koroishi et al., 2008
Pinto et al., 2009
Machado et al., 2009
Lau et al., 2010
Soares et al., 2010

Lauetal., 2010
Cavaleiro et al., 2011

Pinto et al., 2011
Park et al., 2011
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in vitro and clinical studies. The extracts obtained from
plants, such Euphorbia prostata, Salvia Texana, Colubrina
greggii, Clematis drummondii, among others, have shown
promising results for stimulating the search for new poten-
tial antifungal plant sources (Alanis-Garza et al., 2007).
Most antifungal drugs have a connection to natural prod-
ucts, it can be seen the potential antimicrobial plant prod-
ucts, and consequently, the real possibility of application of
these products in the prevention and treatment of infectious
diseases of fungal origin. However, it is necessary to men-
tion the need for toxicological studies and clinical and secu-
rity support for the use of these products as drugs.

Conclusion

Millions of people and animals suffer from superfi-
cial infections caused by a group of highly specialized fila-
mentous fungi, the dermatophytes. Interest in medicinal
plants has increased, especially in Brazil, due to the fact of
the vast diversity of plants with therapeutic potential. It is
necessary to search for new drugs because of the increase of
resistant isolates. More studies are needed to develop drugs
for dermatophytosis, since the conventional drugs used for
this pathology, while being cytotoxic, often lead to clinical
resistance.
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Frequency and Genetic Diversity of the MAT1 Locus of Histoplasma
capsulatum Isolates in Mexico and Brazil
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The MATI1-1and MATI-2 idiomorphs associated with the MAT1 locus of Histoplasma capsulatum were identified by PCR. A
total of 28 fungal isolates, 6 isolates from human clinical samples and 22 isolates from environmental (infected bat and contami-
nated soil) samples, were studied. Among the 14 isolates from Mexico, 71.4% (95% confidence interval [95% CI], 48.3% to
94.5%) were of the MAT1-2 genotype, whereas 100% of the isolates from Brazil were of the MATI-1 genotype. Each MAT1I
idiomorphic region was sequenced and aligned, using the sequences of the G-217B (+ mating type) and G-186AR (— mating
type) strains as references. BLASTn analyses of the MAT1-1 and MAT1-2 sequences studied correlated with their respective +
and — mating type genotypes. Trees were generated by the maximum likelihood (ML) method to search for similarity among
isolates of each MAT1I idiomorph. All MAT1-1 isolates originated from Brazilian bats formed a well-defined group; three isolates
from Mexico, the G-217B strain, and a subgroup encompassing all soil-derived isolates and two clinical isolates from Brazil
formed a second group; last, one isolate (EH-696P) from a migratory bat captured in Mexico formed a third group of the
MATI-1 genotype. The MAT1-2 idiomorph formed two groups, one of which included two H. capsulatum isolates from infected
bats that were closely related to the G-186AR strain. The other group was formed by two human isolates and six isolates from
infected bats. Concatenated ML trees, with internal transcribed spacer 1 (ITS1) -5.8S-1TS2 and MATI-1 or MAT1-2 sequences,
support the relatedness of MAT1-1 or MATI-2 isolates. H. capsulatum mating types were associated with the geographical origin
of the isolates, and all isolates from Brazil correlated with their environmental sources.

Histoplasma capsulatum is a heterothallic ascomycete that has
an anamorphic or asexual stage with two types of sexual com-
patibility, + and —, represented at the mating locus (MAT1) by
the idiomorphic regions MATI-1 and MATI-2, respectively. The
teleomorphic (sexual) stage that results from + and — mating was
first described as Emmonsiella capsulata by Kwon-Chung (1-4).
Nowadays it is known as Ajellomyces capsulatus, which temporar-
ily exhibits the dikaryotic and diploid phases that form haploid
ascospores after two meiotic reductions. Thus, the species H. cap-
sulatum and A. capsulatus constitute the same holomorphic or-
ganism. The classical studies of sexual compatibility in H. capsu-
latum were performed by mating fungal specimens in culture
plates. However, this procedure is difficult because H. capsulatum
isolates rapidly lose the ability to mate in vitro (5); therefore, mo-
lecular methods were developed to identify the mating type in this
microorganism (6-8).

To date, there have been a few relevant studies in the United
States about the use of genetic tools to determine sexual compat-
ibility in H. capsulatum, in which the — mating type predominates
(6-8). Recent findings have involved the product of the Velvet A
gene (VeA), which belongs to the proteins of the Velvet family, in
mating structure formation (cleistothecial) and virulence of H.
capsulatum (9). H. capsulatum isolates exhibit a wide distribution
and an important genetic diversity, as has been documented in
Latin America (10-16). However, the frequency and genetic di-
versity of the + and — mating types are not well documented in
most countries where H. capsulatum is found, and data reported
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in the United States are not necessarily representative of other
geographical areas.

In the present work, we studied indigenous H. capsulatum iso-
lates from Mexico (North America) and Brazil (South America) to
determine the frequency and genetic diversity of the sexual com-
patibility types of H. capsulatum in these two distant geographical
areas. Most of the isolates studied were obtained from naturally
infected bats and contaminated soils, although some isolates from
human clinical cases were also analyzed. PCR was used to identify
and to perform genetic analyses of the MATI-1 and MATI-2
idiomorphs. The internal transcribed spacer 1 (ITS1)-5.8S-1TS2
region of the H. capsulatum isolates of each MAT1 idiomorph was
used for concatenated phylogenetic analyses of both genomic re-
gions to increase the genetic relatedness of H. capsulatum isolates
from different mating types. Therefore, our contribution is origi-
nal, mainly for its frequency data and because it is the first one to
use the MAT1 locus as a geographical marker for H. capsulatum.
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TABLE 1 General data and sexual compatibility of the H. capsulatum
isolates studied

TABLE 2 Database accession numbers of H. capsulatum MATI
sequences analyzed

Associated
clinical Geographical Mating
Isolate form* Source® origin® type?
EH-46 D Human (liver) GR-Mexico -
EH-53 D Human (blood) HG-Mexico -
EH-317 D/HIV+ Human (blood) MS-Mexico +
EH-315 NA Mormoops megalophylla (gut) GR-Mexico — +
EH-373 NA Artibeus hirsutus (lung) MS-Mexico  —
EH-374 NA Artibeus hirsutus (spleen) MS-Mexico -
EH-376 NA Artibeus hirsutus (lung) MS-Mexico -
EH-378 NA Artibeus hirsutus (lung) MS-Mexico -
EH-391 NA Leptonycteris nivalis (liver) MS-Mexico  —
EH-405 NA Leptonycteris nivalis (lung) PL-Mexico -
EH-449B NA Leptonycteris nivalis (spleen) ~ MS-Mexico — —
EH-521 NA Artibeus hirsutus (lung) MS-Mexico +
EH-672H NA Tadarida brasiliensis (liver) HG-Mexico  —
EH-696P NA Tadarida brasiliensis (lung) NL-Mexico +
18H D/HIV+ Human (blood) RJ-Brazil +
37307 D/HIV+ Human (bone marrow) RJ-Brazil +
247BL ND Human (ND) MS-Brazil +
M396/08 NA Molossus molossus (NR) SP-Brazil +
M1084/08 NA Molossus molossus (NR) SP-Brazil +
M487/08 NA Molossus molossus (NR) SP-Brazil +
M975/08 NA Molossus molossus (NR) SP-Brazil +
ACO05 NA Soil RJ-Brazil +
TIO1 NA Soil RJ-Brazil +
1GS19 NA Soil RJ-Brazil +
RPS51 NA Soil RJ-Brazil +
CO2 NA Soil RJ-Brazil +
CO4 NA Soil RJ-Brazil +
1gS4/5 NA Soil RJ-Brazil +

Isolate GenBank accession no.

MATI-1 isolates
EH-696P KC282441
EH-315 KC282442
EH-317 KC282443
EH-521 KC282444
37307 KC282445
18H KC282446
RPS51 KC282447
1GS19 KC282448
ACO05 KC282449
1gS4/5 KC282450
TIO1 KC282451
CO2 KC282452
CO4 KC282453
247BL KC282454
M396/08 KC282455
M975/08 KC282456
M487/08 KC282457
M1084/08 KC282458

MATI-2 isolates
EH-46 KC282431
EH-53 KC282432
EH-373 KC282433
EH-374 KC282434
EH-376 KC282435
EH-378 KC282436
EH-672H KC282437
EH-391 KC282438
EH-449B KC282439
EH-405 KC282440

@ Abbreviations: D, Disseminated histoplasmosis; HIV+, human immunodeficiency
virus positive; NA, not applicable; ND, not determined.

? ND, not determined; NR, not registered.

¢ The state and country are shown. The country is shown after the hyphen, and the state
is shown before the hyphen as follows: in Mexico, GR, Guerrero; HG, Hidalgo; MS-
Mexico, Morelos, Mexico; PL, Puebla; NL, Nuevo Ledn; in Brazil, RJ, Rio de Janeiro;
MS-Brazil, Mato Grosso do Sul, Brazil; SP, Sao Paulo.

@ The + mating type has the MATI-1 idiomorphic region, and the — mating type has
the MATI-2 idiomorphic region.

MATERIALS AND METHODS

Histoplasma capsulatum. We studied 28 Histoplasma capsulatum isolates
(14 from Mexico and 14 from Brazil) obtained from different infectious
sources (Table 1). The isolates were maintained in the yeast phase by
culture at 37°C in brain heart infusion broth (Bioxon; Becton, Dickinson,
Mexico City, Mexico) supplemented with 0.1% L-cysteine and 1% glu-
cose.

Identification of sexual compatibility types. We followed the proto-
cols for yeast DNA extraction and the processing of PCR products of
Bubnick and Smulian (6) with minor modifications. We used two sets of
primers designed for the MATI locus: (i) for the MATI-1 sequence,
MATI-1S (5'-CGTGGTTAGTTACGGAGGCA-3") and MAT1-1AS (5'-
TGAGGATGCGAGTGATGGGA-3"), which generated an amplicon of
440 bp; and (ii) for the MATI-2 sequence, MAT1-2S (5'-ACACAGTAG
CCCAACCTCTC-3") and MAT1-2AS (5'-TCGACAATCCCATCCAAT
ACCG-3'), which generated an amplicon of 528 bp. The PCR was
performed in a 25-pl reaction mixture, containing 200 pM each deoxy-
nucleoside triphosphate (ANTP) (Applied Biosystems Inc., Foster City,
CA, USA), 1.5 mM MgCl,, 50 ng/pl of each primer, 2.5 U Tag DNA
polymerase (New England BioLabs Inc., MA, USA), 1X Taq commercial
buffer, and 75 ng/ul of each DNA sample.

PCR assays were performed in a Thermal iCycler (Bio-Rad Laborato-
ries Inc., Hercules, CA, USA) programmed as follows: (i) 3 min at 95°C;
(ii) 35 cycles, consisting of 30 s at 95°C, 30 s at 58°C, and 1 min 30 s at 72°C;
and (iii) 10 min at 72°C. The PCR products were resolved by 1.5% agarose
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gel electrophoresis under the same conditions described by Bubnick and
Smulian (6). The 100-bp DNA ladder was used as a molecular marker.

ITS1-5.8S-ITS2 PCR. The PCR assay was performed by the method of
Muniz et al. (13), using the following primers: ITS4 (5'-TCCTCCGCTT
ATTGATATGC-3') and ITS5 (5'-GGAAGTAAAAGTCGTAACAAGG-
3’), which generated an amplicon of 607 bp.

Sequencing. The resolved PCR products were purified using the Mon-
tage PCR centrifugal filter devices kit (Millipore Corporation, Bedford,
MA, USA). The purified products were sent to the Molecular Biology Unit
of the Cellular Physiology Institute, Universidad Nacional Auténoma de
México (UNAM)-Mexico, for sequencing in an ABI automated apparatus
(Applied Biosystems). Sequencing was performed for both DNA strands.
The generated consensus MATI-1 and MATI-2 or ITS1-5.8S-ITS2 se-
quences for each isolate are deposited in GenBank or in the Fungi Barcode
of Life Database (Bold System) and their available accession numbers are
shown in Tables 2 and 3.

Genetic analyses. Sequences were aligned with Clustal-W in MEGA
version 5.0 (MEGA-5) (http://www.megasoftware.net) and edited manu-
ally.

The sequences of the MATI-1and MATI-2idiomorphs from all the H.
capsulatum isolates studied were compared by searching the GenBank
database for homologous nucleotide sequences with the BLASTn algo-
rithm. The sequence of the G-217B strain from Louisiana-United States,
ATCC 22636 (GenBank accession number EF433757), was used as a ref-
erence for the MATI-1 idiomorphic region. The sequence of the G-186AR
strain from Panama, ATCC 22635 (GenBank accession number
EF433756), was used as a reference for the MAT1-2 idiomorphic region.

The aligned sequences were submitted to evolutionary analyses to as-
sume the similarity or divergence among isolates of each mating type,
using the maximum likelihood (ML) method. Concatenated ML trees,
with ITS1-5.8S-1TS2 and MATI-1 or MATI-2 sequences, were processed
to provide more-robust phylogenetic data. Unrooted ML trees were con-
structed in MEGA-5, based on the Hasegawa-Kishino-Yano (HKY)
model (17) for MATI idiomorphs and Tamura-Nei (TrN) model for con-

Eukaryotic Cell


http://www.megasoftware.net
http://www.ncbi.nlm.nih.gov/nuccore?term=EF433757
http://www.ncbi.nlm.nih.gov/nuccore?term=EF433756
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282441
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282442
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282443
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282444
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282445
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282446
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282447
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282448
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282449
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282450
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282451
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282452
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282453
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282454
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282455
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282456
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282457
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282458
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282431
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282432
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282433
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282434
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282435
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282436
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282437
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282438
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282439
http://www.ncbi.nlm.nih.gov/nuccore?term=KC282440
http://ec.asm.org

TABLE 3 Database accession numbers of H. capsulatum ITS1-5.8S-1TS2
sequences analyzed

The MATT Locus of H. capsulatum Isolates

TABLE 4 Variable sites within the MATI-1 idiomorph sequences of H.
capsulatum

Isolate Accession no.”

Mexican isolates

EH-46 HIST019-13
EH-53 HISTO001-13
EH-315 HIST002-13
EH-317 HIST003-13
EH-373 HIST004-13
EH-374 HIST020-13
EH-376 HIST021-13
EH-378 HIST022-13
EH-391 HIST006-13
EH-449B HIST025-13
EH-521 HIST026-13
EH-672H HIST029-13
EH-696P HIST018-13
Brazilian isolates
1gS4/5 GU320945.1
TIO1 GU320964.1
CO2 KF114466
CO4 KF114465
37307 KF114464
247BL KF114463
18H KF114471
M396/08 KF114467
RPS51 GU320962.1
M975/08 KF114469
1GS19 GU320944.1
M487/08 KF114468
ACO05 GU320980.1
M1084/08 KF114470

“ The Mexican isolates were deposited in the Fungi Barcode of Life Database (Bold
System), and the Brazilian isolates were deposited in GenBank.

catenated analyses (18). Gaps and missing data were eliminated. A boot-
strapping algorithm was implemented on the data set for 1,000 replicates.
The highest bootstrap values were registered in each node of each ML tree.

Statistics. The MATI-1 and MATI-2 idiomorph frequencies were es-
timated in relation to each mating genotype, taking into account all H.
capsulatum isolates from Mexico or Brazil studied. In regard to frequency
data, the 95% confidence interval (95% CI) was calculated by normal
distribution.

RESULTS AND DISCUSSION

Previous studies of the clinical and environmental H. capsulatum
strains in the United States using conventional mating tests with
the fungal mycelial phase reported a higher frequency of the —
mating type in clinical strains than in strains isolated from soil
samples (5, 19). However, the predominance of the — genotype in
clinical strains in the United States, even if supported by a large
number of H. capsulatum samples from different sources as indi-
cated by Kwon-Chung et al. (5, 19), is not necessarily true in other
geographical areas. Although the above-published data have em-
phasized interesting findings about the disequilibrium of the —
and + mating types in human clinical isolates associated with the
clinical form of the disease (5, 6, 19), these findings may not apply
to clinical isolates from other geographical areas, since H. capsu-
latum isolates exhibit a wide distribution and a significant genetic
diversity as has been documented in Latin America (11). On the
basis of our present results, it was impossible to infer a disequilib-
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Variable site in the MATI-1 idiomorph sequence
Noninformative sites common to all MATI-1 isolates
Transitions
Guanine to adenine at nt 807, 813, and 822
Cytosine to thymine at nt 856

Informative sites for nine isolates from R]J, Brazil®
Transitions
Cytosine to thymine at nt 782 and 1127
Thymine to cytosine at nt 865
Guanine to adenine at nt 1023

Informative sites for five isolates (four from SP, Brazil, and one from MS,
Brazil)”
Transition
Guanine to adenine at nt 1000

4 RJ, Rio de Janeiro; SP, Sao Paulo; MS, Mato Grosso do Sul.

rium of — and + mating types due to the small number of human
clinical isolates studied, and in regard to the environmental iso-
lates, we did not find any evidence of disequilibrium.

Currently, DNA-based mating studies have been used to evaluate
the distribution of the sexual compatibility types of Ophiostoma quer-
cus in different geographical areas (20). According to this antecedent,
in the present paper, by PCR of the MAT]I locus, we determined the
mating types of 6 autochthonous clinical isolates and 22 native envi-
ronmental isolates (infected bats and contaminated soil) of H. capsu-
latum from two distant regions within the Americas (Mexico and
Brazil) (Table 1). The MATI-2 genotype was predominant in Mex-
ico, representing 71.4% (95% CI, 48.3 to 94.5%) of the isolates,
whereas 100% of the isolates originating in Brazil were of the MAT1-1
genotype.

Hence, the frequencies of H. capsulatum mating types were
mainly associated with the geographical origin of the isolates and
most likely correlate with their environmental sources.

Given that the — mating type is more widely distributed in the
H. capsulatum isolates from the United States and Mexico (North
America) and the + mating type is more frequent in Brazil (South
America), as revealed by the present results, we suggest that the
different mating types of H. capsulatum are distinctively spread
across the American continent. In addition, the presence of two
sexual compatibility types in the same geographical region, albeit
unequally distributed, suggest that genetic dispersion of the
MATTI locus in the environment could be associated with natural
reservoirs of H. capsulatum.

For the MATI-1idiomorph, 18 sequences from nucleotide (nt)
778 to 1171 were analyzed, whereas 10 sequences from nt 3038 to
3,584 were analyzed for the MATI-2 idiomorph. The sequences
obtained for each idiomorph were aligned with the matching se-
quences of the H. capsulatum reference strains obtained from
GenBank, G-217B (MATI-1) or G-186AR (MATI-2).

Based on the known sequence of reference strain G-217B, the
sequences of the MAT1-1 idiomorph region (14 from Brazilian H.
capsulatum isolates and four from Mexican H. capsulatum iso-
lates) were aligned by using MEGA-5, showing four noninforma-
tive sites common to all isolates (Table 4). In the MATI-1 geno-
type, four informative sites stand out, these sites were shared by
nine isolates (seven isolates from soil samples and two isolates
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TABLE 5 Variable sites within the MATI-2 idiomorph sequences of
H. capsulatum

Variable site in the MAT1-2 idiomorph sequence
Noninformative sites common to all MATI-2 isolates
Transitions
Cytosine to thymine at nt 3098 and 3248
Adenine to guanine at nt 3125 and 3285
Thymine to cytosine at nt 3200
Transversion
Thymine to adenine at nt 3068

Informative sites for eight isolates from MS, Mexico®
Transitions
Thymine to cytosine at nt 3156
Guanine to adenine at nt 3284
Adenine to guanine at nt 3449
Transversions
Thymine to adenine at nt 3130 and 3212
Cytosine to adenine at nt 3163 and 3188

“ MS, Morelos.

from human clinical samples) from Rio de Janeiro, Brazil. In ad-
dition, one informative site was shared by four isolates recovered
from Molossus molossus bats from Sdo Paulo State and one human
isolate from Mato Grosso do Sul State, Brazil (Table 4).

Two isolates from Mexico (EH-317 from a clinical case and
EH-315 from an infected bat) with the MATI-1 genotype exhib-
ited the same mutations, a transition (cytosine to thymine at nt
940) and a transversion (guanine to thymine at nt 955). The Mex-
ican H. capsulatum isolate EH-521 was the most similar to refer-
ence strain G-217B, whereas the H. capsulatum isolate EH-696P,
from the migratory Tadarida brasiliensis bat captured in Mexico,
was the most divergent from all MATI-1 H. capsulatum isolates
studied (data not shown).

The MAT1I-2 sequences of the 10 Mexican isolates were compared
to the MATI-2 sequence of reference strain G-186AR (GenBank)
using MEGA-5, showing six noninformative sites common to all iso-
lates (Table 5). In addition, eight isolates from Morelos State, Mexico,
shared three transitions and four transversions (Table 5). However,
four out of these eight H. capsulatum isolates, which were recovered
from bats captured in the same cave of Morelos, diverge from this
group by the absence of mutations between nt 3510 and 3513 (data
not shown).

Two informative sites (both transversions, adenine to thymine
at nt 3052 and guanine to thymine at nt 3480) were found only in
isolates EH-374 and EH-672H (data not shown).

Alignment analysis showed that isolate EH-696P from Mexico,
which had been recovered from a bat captured at the northeastern
Mexican border, exhibited the greatest number of point muta-
tions in its MATI-1 sequence, whereas the EH-374 and EH-672H
isolates showed fewer mutations among the MATI-2 sequences
(data not shown).

BLASTn analysis of nucleotide sequences of the MATI-I
idiomorph region of 18 H. capsulatum isolates demonstrated that
five of the Brazilian isolates exhibited 99% similarity to the se-
quence of reference strain G-217B. The fact that these isolates
came from a circumscribed geographical region in Brazil, that
four of the isolates (M396/08, M487/08, M975/08, and M1084/08)
were recovered from M. molossus bats from Sao Paulo and one
isolate (247BL) came from a human clinical sample from Mato

1036 ec.asm.org

Grosso do Sul State, which borders Sdo Paulo State, suggest that an
unusual MATI-1 genotype is prevalent in this particular region.
Likewise, nine Brazilian isolates from Rio de Janeiro (seven iso-
lates from soil, isolates AC05, CO2, CO4, IgS4/5, IGS19, RPS51,
and TI01, and two isolates from human samples, isolates 18H and
37307) exhibited 98% similarity. Three Mexican isolates (EH-315,
EH-317, and EH-521) showed 98% similarity and the Mexican
EH-696P isolate from the migratory bat T. brasiliensis was de-
tected to have 96% similarity to the G-217B reference strain. The
BLASTn algorithm search for similarities among sequences of the
MAT1-1 genotype revealed only a very low similarity of 6.8% with
the gene sequence of a hypothetical protein of the ascomycete
Pyrenophora teres f. sp. teres, which supports the close relationship
of all MATI-1 H. capsulatum isolates studied.

A) 247BL Hum/MS-BR
M396/08 MmISP-BR EH-696P TONL-MX (O
M487/08 Mm/SP-BR
M975/08 MmISP-BR
M1084/08 Mm/SP-BR
G-217B Hum/LA-US
CO4 SoilRJ-BR

EH-521 AhIMS-MX

19S4/5 Soil/RJ-BR
86 \EH-317 Hum/MS-MX

37307 Hum/RJ-BR
€02 SoilRJ-BR
ACO5 Soil/RJ-BR
18H SoiliRJ-BR
16S19 Soil/RJ-BR
RPS51 Soil/RJ-BR
TI01 SoillRJ-BR

EH-315 Mmeg/GR-MX

0.0030

B)

%

%”c
)
%
%

EH-373 Ah/IMS-MX
EH-376 Ah/MS-MX
EH-378 AhIMS-MX
EH-391 Ah/MS-MX

0.0030

FIG 1 Maximum likelihood trees for the MAT]I locus of the H. capsulatum
isolates studied. (A) MATI-I tree. (B) MATI-2 tree. The ML analysis was
based on the HKY model. The trees were generated by 1,000 replications, as
outlined in Materials and Methods. The bootstrap values that were =70% are
shown at the nodes. The G-217B (MATI-1) and G-186AR (MATI-2) se-
quences were obtained from the GenBank database and were used as reference
strains. The black and gray bars indicate the different isolate groups. The iso-
lates are named by their biological and geographical sources. The source (soil
or biological) of the isolate is shown before the slash as follows: Hum, human;
Ah, Artibeus hirsutus; Ln, Leptonycteris nivalis; Mm, Molossus molossus; Mmeg,
Mormoops megalophylla; Tb, Tadarida brasiliensis. The geographical source of
the isolate is shown after the slash. The state is shown after the slash and before
the hyphen as follows: GR, Guerrero; HG, Hidalgo; LA, Louisiana; MS, More-
los (Mexico); MS, Mato Grosso do Sul (Brazil); NL, Nuevo Ledn; PL, Puebla;
PA, Panama; RJ, Rio de Janeiro; SP, Sdo Paulo. The country is shown after the
hyphen (Brazil [BR], Mexico [MX], United States [US]).
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37307 Hum/RJ-BR
C04 SoillRJ/BR

0.002

The MATT Locus of H. capsulatum Isolates

B)

7(EH-53 Hum/MS-MX

EH-46 Hum/GR-MX
EH-378 AhIMS-MX

EH-374 AhIMS-MX

EH-373 AhIMS-MX
EH-391 LnIMS-MX

EH-449B Ln/MS-MX
I EH-672H TH/HG-MX I
70k=EH-376 AIMS-MX
0002

FIG 2 Concatenated maximum likelihood trees for the ITS1-5.8S-1TS2 region and each MAT1 locus of the H. capsulatum isolates studied. (A) ITS1-5.8S-1TS2
and MATI-1 concatenated tree. (B) ITS1-5.8S-1TS2 and MAT1-2 concatenated tree. The ML analysis was based on the TrN model. The trees were generated by
1,000 replications, as outlined in Materials and Methods. The bootstrap values that were =70% are shown at the nodes. The black and dark gray bars indicate the

different isolate groups. For abbreviations, see the legend to Fig. 1.

BLASTn analysis of 10 sequences from Mexican H. capsulatum
isolates of the MAT'1-2 idiomorph region revealed their high sim-
ilarity with the sequence of reference strain G-186AR. This refer-
ence sequence shared 98% similarity with sequences of two iso-
lates from different bat species (EH-374 and EH-672H). The other
eight Mexican isolates from the central zone of the country
(EH-46 and EH-53 from human clinical samples; EH-373, EH-
376, EH-378, EH-391, EH-405, and EH-449B from different bat
species) showed 97% similarity with the sequence of the G-186AR
reference strain. The BLASTn algorithm search for similarities
among MATI-2 genotype sequences showed 49.1% similarity
with the gene sequence of a predicted protein, with a high-mobil-
ity-group (HMG) DNA binding domain, of the fungal pathogen
Paracoccidioides brasiliensis (clone 60855 isolate C4-PS3) and
44.4% similarity with the gene sequence of a protein, with an
HMG DNA binding domain, of Ajellomyces dermatitidis (strain
SLH14081). These data also confirm the relationship among all
MATI-2 H. capsulatum isolates studied.

The ML analysis of the sequences of the MATI-1 idiomorph
demonstrated that our Brazilian isolates from infected bats cap-
tured in Sao Paulo State (Table 1) and the human clinical isolate
from Mato Grosso do Sul, Brazil, constitute a well-defined group,
representing a probable clonal population of H. capsulatum. In
addition, seven H. capsulatum isolates from contaminated soil and
two clinical isolates, all from Rio de Janeiro, Brazil (Table 1),
formed a distinct subgroup that shared a probably clonal MAT1-1
genotype, which is in agreement with previous data using different
molecular markers published by Muniz et al. (12, 13). This sub-
group clustered with three MATI-1 isolates from Mexico and the
G-217B reference strain. The EH-696P isolate from a migratory
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bat captured in Mexico constituted a third group of the MATI-1
genotype and showed the largest genetic distance to all the H.
capsulatum isolates with the MATI-1 genotype studied (Fig. 1A).

In contrast, ML analysis of the MAT1-2 idiomorph, which in-
cluded most sequences from Mexican isolates, demonstrated that
these sequences could be categorized into two major groups. The
first group was formed by two isolates from bats (EH-374 and
EH-672H) and the G-186AR reference strain (Fig. 1B). The other
group was formed by two human clinical isolates and six isolates
from infected bats, four of which (EH-373, EH-376, EH-378, and
EH-391) belong to a probably clonal population of H. capsulatum,
as reported by Kasuga et al. (11).

Our results reveal a preferential distribution of H. capsulatum
isolates with respect to the sequences of the idiomorphic regions
of the MAT1 locus, encompassing two distant geographical areas
of the Americas, Mexico and Brazil. Moreover, our findings dem-
onstrated a close relationship between the fungal isolation source
and geographical origin within Brazil and also in the central states
of Mexico (Guerrero, Morelos, Puebla, and Hidalgo), where most
of the Mexican samples were isolated.

Regarding the population structure of the H. capsulatum iso-
lates studied, some of the Mexican isolates classified by Kasuga et
al. (11) were characterized as possibly recombinant, and others,
such as environmental isolates from the Morelos State of Mexico,
were characterized as a clonal population (11, 14-16).

Undoubtedly, understanding the H. capsulatum mating type
distribution in areas of the Americas with a high prevalence of
histoplasmosis would contribute to our knowledge of the H. cap-
sulatum genetic plasticity generated by sexual recombination
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events, which could eventually occur under environmental con-
ditions.

Results of concatenated analyses, using ITS1-5.8S-1TS2 region
and each MAT1 idiomorph, support the relatedness of MAT1-1 or
MAT1I-2 isolates with robust data (Fig. 2A and B, respectively). In
addition, ML concatenated analyses generated similar tree topol-
ogies as Fig. 1A and B, despite the fact that only two major groups
were found. In these analyses, G-217B and G-186AR reference
strains were not included because their ITS1-5.8S-ITS2 sequences
were not available in different databases. The ITS1-5.8S-ITS2 se-
quence of the Mexican EH-405 isolate was not obtained due to the
loss of this isolate and its DNA.

In conclusion, knowledge regarding the distribution of the
MATI locus in H. capsulatum and its genetic diversity should con-
tribute to a better understanding of the biology of this fungus and
the actual impact of its sexual compatibility genes distributed in
natural conditions. We emphasize that in this paper we incorpo-
rated two completely new aspects. (i) We studied isolates from
two very distant geographical areas to use the MATI locus as a
geographical marker. (ii) Most of the H. capsulatum isolates stud-
ied came from natural sources (wild infected bats), which makes
our contribution unique as a result of its geographical frequency
data.
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Abstract

its virulence factors and drugs resistance.

The introduction of more efficient diagnostic methods, new techniques in surgery and transplantation, antibiotics
and chemotherapeutics more potent and novel materials for prostheses, catheters and probes significantly increased
the life expectancy and quality of life of critically ill patients, on the other hand, hospital-acquired infections emerged
as important iatrogenic complications. Invasive infections are a growing problem in public health hospitals in Brazil
and worldwide. Among the various etiological agents found in the hospital environment, the genus Candida has been
the third most frequently isolated pathogen. In general, invasive fungal infections are associated with high morbidity
and mortality, difficulties in diagnosis, antimicrobial resistance, length of hospital stay and increased hospital costs.
This mini review of the literature describes about epidemiology of hospital infection of Candida species, as well as

.
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Introduction

Nosocomial infections, also called "hospital-acquired infections",
are infections acquired during hospital care which is not present or
incubating at admission. Infections occurring more than 48 hours after
admission are usually considered nosocomial [1,2]. The transformation
of the commensal yeast in important agent of infections in hospital
due results of the very progress of medicine as: the emergence of a
large number of invasive procedures, breaking barriers of natural
protection, intensive use of broad-spectrum antibiotics and the ability
to sustain life of people very weak and susceptible to opportunistic
microorganisms [3]. Although increasing the number of commercially
available antifungal agents in recent years, they are still at a disadvantage
when compared to antibacterial drugs. Resistance to antifungal agents
has represented a major challenge for the clinic and a major public
health problem. Faced with the observed difficulties in the treatment
of mycoses in some groups of patients it is recommended, where
possible the isolation of the agent responsible for the infection and
the determination of minimum inhibitory concentration (MIC) of
drugs [4]. The literature on the presence of Candida species in hospital
infection, their current epidemiology, virulence factors and drug
resistance are reviewed in the present report.

Epidemiology

Infections caused by Candida species are termed candidiasis
or candidosis. Its spectrum is quite extensive, ranging from the
colonization of tissues and mucosal, up to the systemic organ invasion,
thus expressing the variety of relations that occur between the host and
commensal microorganisms. Candidemia corresponds to the most
important opportunistic mycosis in the world, besides being among
the leading causes of nosocomial infections. The main risk factors
are patients in ICUs, neutropenia related to cancer, major surgery
and preterm infants [5]. Nosocomial infections constitute a serious
public health problem, and are among the major causes of morbidity
and mortality in humans, leading to increased hospitalization time
and, consequently, generating high costs for patient treatment [6].
The epidemiological surveillance program in the United States has
shown that 5-10% of patients who go into hospitals acquire nosocomial

infection [7]. In the United States, the prevalence of fungal infections
increased from 6% in 1980 to 10.4% in 1990, according to the National
Nosocomial Infections Surveillance of that country. Of these, about
80% were caused by Candida species. Moreover, this same surveillance
system reported that in the period 1989 to 1999 there were significant
increases in the prevalence of infections caused by C. albicans and C.
glabrata [8]. C. albicans is the sixth cause of most common nosocomial
infection according to studies by CDC [9].

C. tropicalis has a high prevalence in cases of candidemia in Brazil
and worldwide. Its transmission mechanism is essentially endogenous
[10].Itis considered that 50 to 60% of patients colonized with this species
develop systemic infections [11], frequently observed in neutropenic
patients suffering from diseases such as cancer and hematological
disorders or bone marrow recipients [12,13]. However, C. glabrata
constitutes the fourth leading cause of nosocomial infection fungal
yeast in Brazil, although it is reported less frequently in our country
than in Europe or the United States and Canada [14-16]. This species
is associated with both the cases of candidemia in elderly patients as in
the case of candiduria. Moreover, this kind of infection is associated to
intrinsic resistance to fluconazole [11].

The clinical manifestations of nosocomial fungal infections may
present in various forms: bloodstream infections (fungaemia), Urinary
Tract Infection (UTTI), surgical wound infections, skin abscesses related
to insertion of the catheter, infection of the heart muscle and other
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[17]. The state of immunosuppression occurs when the integrity of the
defense system of the host is broken [18,19]. Polymorphonuclear cell
phagocytic system, immunity mediated by T lymphocytes and physico-
chemical barriers of the skin and mucous membranes are the primary
defenses against fungal infections [20]. Several factors (Intensive Care
Unit [ICU], vascular access, transplantation and neutropenia) can
produce interference in these defense mechanisms and predispose
individuals to mycotic processes [21]. However, the risk of infection is
determined by the interaction between epidemiological factors, degree
of immunosuppression, and exposure to potentially pathogenic fungi in
the hospital environment [22]. The epidemiological pattern of infection
observed in the ICU is the result of a combination of factors related to
the condition of medical-surgical patients and the degree of iatrogenic
intervention [23,24]. Intensive care units represent a point of interface
between the more severe patients who receive multiple therapies
and aggressive and more resistant pathogens, which are selected by
prolonged antimicrobial therapy [25,26]. In the hospital environment,
patients in intensive care units are the most vulnerable because they are
exactly those whose management is done from intravascular catheters,
probes bladder and mechanical ventilation, and other invasive
methods, which increases the risk of opportunistic infection [23,27].
Invasive fungal infections are important complications or disseminated
in immunocompromised and non-immunocompromised receiving
special care in intensive care units [28,29]. The increased incidence
of invasive mycosis in ICU patients is associated, in general, with
antineoplastic chemotherapy, immunosuppressive therapy, broad-
spectrum antibiotics, use of access devices and prostheses, orthopedic
and abdominal surgeries complex, extensive burns, degenerative
metabolic diseases, prematurity and environmental exposure and
length of stay in the unit [30,31].

Catheterization is one of the most important aspects of modern
medical practice, especially in the case of patients with neoplasms,
surgical patients and transplant recipients and other ICU critical
patients that require fluids, blood products, multiple drugs, nutritional
support and monitoring [32]. However, such devices expose patients
to local, systemic or metastatic infectious complications [33,34]. These
infections can result in increased rates of mortality, longer hospital stays
and higher medical costs [35-37]. The incidence of catheter-related
infection varies considerably with the material composition and device
type, length of stay, frequency of manipulation, ability to adhere to the
catheter and virulence factors of pathogens and clinical condition of the
patients [32,33]. The most serious infections are associated with central
venous catheters [38]. These devices are a major source of infection
in hospitals, accounting for over 90% of all bloodstream infections
[39,40]. The central venous access may be needed for extended periods
of time and the catheter can be manipulated several times a day for
administration of substances, hemodynamic and to obtain samples for
laboratory analysis, thus increasing the possibility of infectious events
occur [32,41]. Although showing comparatively lower incidence of
infection and more related to the occurrence of phlebitis, peripheral
venous catheters have considerable morbidity due to their widespread
use [33,42]. Urinary catheter to monitor urine output is also important
causes of nosocomial infection, showing percentage of morbidity
and significant mortality and hospital costs [25,43]. Colombo and
Guimaraes [44] conducted a study involving cases of candiduria as
epidemiology, diagnosis and therapy. This infection is an important
cause of nosocomial infection, since 20% of hospitalized patients may
present candiduria during hospitalization. Among isolates of Candida
found in urinary infections, the species C. albicans is still the most
prevalent (50 to 70% of cases), followed by C. glabrata (5 to 33%)

and other non-albicans species such as C. tropicalis, C. parapsilosis, C.
krusei, C. lusitaniae and C. guillermondi. The Table 1 adapted Colombo
and Guimaraes [44] show an increased incidence of infections by
non-albicans species in brazilian studies. In this table we can see the
highlighted C. tropicalis (4.6 to 52.5%) and C. glabrata (7 to 8.8%).
The Table 1 shows the significant incidence of non-albicans species in
patients with candiduria in U.S. and Brazil hospitals, highlighting the
species C. glabrata (16% of cases) and C. tropicalis (8%).

Candida spp. has been isolated in 8% of cases of nosocomial
infection of the bloodstream and nearly half of the isolates are Candida
non-albicans, including C. glabrata and C. krusei [32,45]. This finding,
the emergence of strains resistant to antifungal drugs has been a trend
[46-48]. Occasionally, the transplanted organ itself can be a source of
infection [49,50]. Although bacterial and viral processes occur more
frequently, those caused by fungi are associated with a high mortality
rate [51]. The fungal species and the type of infection differ with the
transplanted organ and geographic area. However, Candida spp. and
Aspergillus spp. are responsible for over 80% of cases [41,52].

The cytotoxic chemotherapeutic affect the tissues with high
replication, including hair, gonads, bone marrow and the epithelial
cells of the gastro-intestinal and genito-urinary tract [53]. Mucositis
and ulcerative lesions of the oropharynx, esophagus and intestines
induced by cytostatic therapy have been related to the pathogenesis
of opportunistic fungal infections in patients with oncohematologic
colonizing processes [54-56]. It is well established that the use of
broad spectrum antibiotics for prevention and treatment of bacterial
complications, particularly those acting at high concentrations in the
gastro-intestinal tract and which exhibit good activity against gram
negative anaerobic bacteria results in a substantial increase in the
population endogenous Candida spp. [57,58]. This increase, combined
with the destruction of the epithelial barrier following antineoplastic
chemotherapy has been considered an important factor for the
development of endogenous acquisition of candidemia [37,59].

Chang et al. [60] evaluated 152 isolates of candidemia in Medicine
Hospital of China in Taiwan, from October 2004 to December 2006.
In this study 95% of the isolates belong to the four main species of
Candida: C. albicans (52.6%), C. glabrata (8.6%), C. parapsilosis (14.5%)
and C. tropicalis (19.7%). There is a considerable increase of candidemia
by non-albicans species. The authors show a high prevalence of C.
parapsilosis in candidemia in children, but non-albicans species with
higher isolation rate in this study was C. tropicalis, as described in
another study conducted in Brazil [61]. In Brazil, a study evaluating the

Etiological Agent No de isolates Percentage
Hospital U.S. Candida albicans 446 52,0%
Candida glabrata 134 16,0%
Candida tropicalis 68 8,0%
Candida parapsilosis 35 4,0%
Candida krusei 9 1,0%
Others 162 19,0%
Hospital Brazil Candida albicans 24 48,3%
Candida glabrata 5 7,9%
Candida tropicalis 19 30,7%
Candida parapsilosis 4 6,2%
Candida krusei 2 4,4%
Others 1,4 2,5%

Adapted from Colombo and Guimaraes [44]

Table 1: Etiology of 861 episodes of candiduria sample of hospitals in the U.S.
and in hospitals in Brazil (2001-2006).
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frequency and distribution of Candida species infections in hospitals,
showed that C. albicans remains the species most important, accounting
for 44% of clinical isolates obtained, but the non-albicans species have
high significance between infections highlighting C. tropicalis 21.7% of
the isolates, C. parapsilosis (14.4%), C. glabrata (11.2%) and C. krusei
(3.5%). The authors show a significant increase in the incidence of
C. glabrata reaching 23.5% and this increase may be related to risk
factors and high prevalence of infection by this species in patients with
malignant diseases [61]. Another study conducted in a rural tertiary
hospital in India, showed a high incidence of Candida spp isolated in
different hospital departments. The largest number of positive isolates
of Candida was in ICU (32.69%), followed by surgical units (25%),
department of medicine (19.23%), department of obstetrics (17.31%),
department of pediatrics (3.85%) and orthopedic department (1.92%).
The isolates were identified as 53.85% Candida non-albicans, 25% of
which were identified as C. glabrata, C. tropicalis (21.43%), C. kefyr
(21.43%) and C. krusei (17.58%). A greater awareness of the risk factors
and transmission of fungal infections by health care workers helps to
prevent nosocomial outbreaks caused by Candida spp infections [62].

A review of opportunistic fungal infections in Latin America, was
conducted by Nucci et al. [5], reporting significantly the high incidence
of Candida species infections in hospitals in Brazil, Argentina,
Chile, Costa Rica and Mexico. In most studies of the epidemiology
of candidemia, the primary agent is C. albicans, but two surveys in
Argentina in neonates and a survey in Porto Alegre, Brazil, showed
a higher incidence of infection with C. parapsilosis. The Brazilian
Network Candidemia Study, has shown in recent studies that C.
albicans accounts for 40.9% of all cases of candidemia, followed C.
tropicalis (20.9%), C. parapsilosis (20.5%) and C. glabrata (3.5%). The
candidemia caused by C. tropicalis is associated with cancer, especially
in patients with leukemia and neutropenia [5].

Other species such as C. rugosa and C. guilliermondii are relatively
uncommon in the development of candidemia, but Medeiros et al.
[62,63] found an outbreak by C. guillermondii in a hospital in Brazil,
which is very troubling, since these two species have low sensitivity to
fluconazole and itraconazole and they are considered resistant.

Virulence Factors Relevant for Nosocomial Candidemia

Virulence factors are genetically determined, but expressed by
microorganisms when subjected to certain conditions [64]. Virulence
attributes specialized and developed by Candida spp. are directly
involved in adhesion and invasion of host tissues, biofilm formation
and evasion of the immune system, factors that determine infection
[65]. Hematogenous infections caused by Candida spp are preceded by
colonization of yeast in the patient and in general these are responsible
for yeast infection. The main risk factors that lead to candidemia
include yeast colonization in catheters and hands of health professionals
[66]. A study conducted at a hospital in Parand, Brazil, evaluated the
potential virulence of yeasts isolated from catheters and the hands of
professionals in relation to adherence and hydrophobicity. The results
indicate that yeasts isolated from catheters exhibited greater virulence
potential, since they were more adherent and hydrophobic when
compared to yeasts isolated from hands of workers [64]. Moreover, it
is clear that numerous Candida species secrete proteins to survive in
different environments of the host. Recent studies highlight the analysis
of the secretome of C. albicans as an approach that has enabled a deeper
understanding of virulence mechanisms adopted by the fungus to
cause infection. It is predicted that the secretome of C. albicans includes
more than 200 proteins involved in pathways that act in host tissue
penetration, nutrient acquisition, tissue destruction, formation of the

extracellular matrix of the cell wall remodeling, cell separation and thus
biofilm formation [65]. Punctuating potential virulence factors, there
is the production of proteases and phospholipases, which correlate
directly to the ability of the microorganism to adhere to host cells, a fact
that determines the success of colonization and infection. This adhesion
is facilitated, since the production of proteases and phospholipases are
capable of inducing a dysfunction or even rupture of membranes in
host cells [67]. The secretion of these hydrolytic enzymes is a process
that requires attention especially in ICU patients with candidemia
associated with the use of catheters De Luca et al. [68,69] investigated the
activity of proteases and phospholipases in 59 episodes of candidemia
documented in the Clinical Institute Humanitas, Milan, Italy, and the
results indicate that all strains of C. albicans exhibited phospholipase
activity and 48% had proteinase activity. Moreover, the secretion
of protease was identified in only one strain of C. parapsilosis. In C.
glabrata no enzyme was detected. Therefore, in systemic infections, C.
albicans has higher proteinase activity compared to the species Candida
non-albicans. In addition, Candida species interact directly with
host cells and this property is associated with the interactive surface
adhesins. Regarding membership, physical integration between the
yeast cells and the host is a process fully mediated structural integrity of
the fungal cell wall and by virtue of its location, and this interaction can
occur between proteins and proteins or between proteins and sugars.
In general, the adhesins described have so far been identified by far-
Western blotting, immunoprecipitation and affinity chromatography
[70] and a group that has received considerable attention includes Als
family proteins that have been identified as adhesins wall fungal cells
that interact with multiple ligands of the host cell [71]. In this context,
biofilm formation also involves surface interactions. Some studies have
shown that als genes are up-regulated during biofilm formation of C.
albicans [72-74]. Biofilms directly affect the quality of life and survival
of patients with candidemia, since when installed in intravascular
catheters, peritoneal dialysis catheters and other implanted devices
serve as a reservoir of infectious particles, which then break off from an
initial structure and spread occupying niches not previously colonized,
creating a metastatic infection in other organs [75].

Two important aspects related to biofilms complicate therapy in
systemic infections caused by Candida species. Initially, it is important
to note that much of the clinical manifestations of candidiasis are
uniquely associated with biofilm formation and, in a second aspect,
the cells found in the structure of the biofilm exhibit high levels of
resistance to most clinically used antifungals [76,77]. In this regard,
several studies have focused on the investigation of biofilms of Candida
species with the goal of finding new therapeutic targets. The latest
innovation described in this context involves a study conducted by
Srinivasan et al. [76] who developed a device named C. albicans biofilm
chip (CaBChip), a high-density robotic microarray that consists of C.
albicans nano-biofilms used to print yeast cells onto a solid substrate.
The main advantages of CaBChip include automation, miniaturization,
and cost savings in amount of reagents, qualities that make this device
ideal for drug discovery using the real high-throughput screening.

Drugs Resistance

The antifungal drugs may interfere with the synthesis of nucleic
acids (pyrimidines), microtubules (griseofulvin), synthesis of ergosterol
(azoles, allylamines, thiocarbamates, morpholines), cell membrane
integrity (polyene), cell wall synthesis (echinocandins, nicomicinas)
and protein synthesis (sodarinas) and other cellular sites [78-80].
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The clinical use of systemic antifungal drugs are the most common
amphotericin B and its lipid preparations, itraconazole, fluconazole,
triazoles (voriconazole, posaconazole and ravuconazole) and derivatives
of echinocandins (caspofungin, micafungin and anidulafungin) [81-
83]. However, available in Brazilian public hospitals, are only derived
polyene (amphotericin B) and azoles (itraconazole and fluconazole) [84].
The resistance can be defined in terms of clinical and microbiological
[85,86]. The concept of microbiological resistance includes the
resistance primary (or intrinsic) which is present in an organism that
without prior exposure to secondary resistance and antifungal drugs
(or acquired) which is one developed in response to exposure to these
substances [87]. Typically, the secondary resistance is due to phenotypic
changes and/or genotypic character stable or transitory [88,89]. In turn,
the strength has been defined as clinical progression or persistence of
an infection, despite the establishment of appropriate antimicrobial
therapy [90]. The occurrence of clinical resistance is associated with
host factors, pharmacological factors, iatrogenic factors and fungal
factors [91]. Inside of invasive fungal infections, the clinical resistance
typically manifests in patients with profound, prolonged neutropenia,
patients undergoing multiple therapies and patients with prostheses
and catheters [31,92]. The primary resistance to amphotericin B has
a limited occurrence. Some emerging pathogens such as Aspergillus
spp., C. glabrata, C. guilliermondii, C. krusei, C. lusitaniae, Fusarium
spp., Scedosporium spp., Scopulariopsis spp. and Trichosporon beigelii,
however, have shown some degree of primary resistance in vitro [93,94].
Likewise, the secondary resistance to polyene drug is hardly prevalent
among fungal species. However, some cases of disseminated infection
by strains of C. glabrata, C. krusei and C. albicans that have developed
resistance to amphotericin B during the antifungal treatment have been
described [90]. A polyene resistance is primarily related to qualitative
and quantitative changes of the fungal cell membrane lipids [93]. The
biochemical mechanisms of resistance include reduction of ergosterol
content without concomitant change in its composition, replacement
of sterols with greater affinity for polyene and reorientation of existing
sterols, making the connection with the polyene and sterically less
favorable thermodynamics [95,96]. Other sources of resistance are
increased cell catalase activity thatacts minimizing oxidative destruction
produced by polyene drugs and decreased content of f-1,3-glucan that
stabilizes the fungal cell wall, influencing access of macromolecules, such
as amphotericin B the plasma membrane [87,97]. Different molecular
mechanisms of resistance to azoles are possible [87,91]. The secondary
resistance to these drugs is best described in yeasts [98]. In Candida
spp. resistance may result from overexpression of pumps that enables
elimination, regulating the transport and / or intracellular accumulation
of azoles. ABC transporters and carriers MSF are the two major efflux
pumps found in these fungi. Overexpression of ABC transporters in C.
albicans genes coding for CDR1 and CDR2, and mdr1 gene encoding
the MSF carriers determine decreased susceptibility to most clinical use
and the fluconazole and azole respectively [85,99]. Different molecular
mechanisms of resistance to azoles are possible [86,87]. A resistance
mechanism is directly related to the structural change of the enzyme
lanosterol 14-demethylase (ERG11p) which is the cell site and the
azole derivatives key enzyme in the synthesis of ergosterol. Increased
expression of the ERG11 gene also appears to contribute to resistance
to azole derivatives [100]. The change in the ergosterol biosynthetic
pathway is another mechanism associated with resistance. This toxic
methylated sterol is formed by blocking ERG11p, being a consequence
of the activity of azole drugs on the fungal cell. Erg3 gene mutation
removes the toxic effect and is considered a mechanism of resistance
[92,99].

Chang et al. [60] studied the susceptibility of 52 isolates of C.
guilliermondii antifungal caspofungin, anidulafungin and micafungin
and the results showed that these antifungals used exhibited good
activity (98%) in vitro against this species of Candida. Studies
performed in Korea for Jang et al. [99,101] to determine the fluconazole
and voriconazole susceptibility of Candida bloodstream isolates (BSIs)
using both the CLSI and EUCAST methods, demonstrated of the
341 BSIs of 3 common Candida species (i.e., C. albicans, C. tropicalis,
and C. parapsilosis), presented 0.3% to 1.5% of isolates categorized
as fluconazole and voriconazole resistant according to the CLSI and
EUCAST.

Antifungal resistance of Candida species is a clinical problem
in the management of diseases caused by these pathogens. Studies
performed for Eddouzi et al. [100,102] identified from a collection of
423 clinical samples taken from Tunisian hospitals two clinical Candida
species (Candida albicans JEY355 and Candida tropicalis JEY162)
with decreased susceptibility to azoles and polyenes. For JEY355, the
fluconazole (FLC) MIC was 8 pug/ml. Azole resistances in C. albicans
JEY355 was mainly caused by overexpression of a multidrug efflux
pump of the major facilitator superfamily, Mdrl. The regulator of
Mdrl, MRR1, contained a yet-unknown gain-of-function mutation
(V877F) causing MDRI1 overexpression. C. tropicalis JEY162 isolate
demonstrated cross-resistance between FLC (MIC>128 pg/ml),
voriconazole (MIC>16 pg/ml), and amphotericin B (MIC>32 pg/ml).
Sterol analysis using gas chromatography-mass spectrometry revealed
that ergosterol was undetectable in JEY162 and that it accumulated
14a-methyl fecosterol, thus indicating a perturbation in the function
of at least two main ergosterol biosynthesis proteins (Ergll and Erg3).
Sequence analyses of C. tropicalis ERG11 (CtERG11) and CtERG3 from
JEY162 revealed a deletion of 132 nucleotides and a single amino acid
substitution (S258F), respectively. The authors conclusion, in addition
to identify to identifying a novel MRRI mutation in C. albicans,
constitutes the first report on a clinical C. tropicalis with defective
activity of sterol 14a-demethylase and sterol a-(5,6)-desaturase leading
to azole-polyene cross-resistance. Table 2 shows the mechanisms of
resistance of clinical isolates of Candida albicans from HIV-positive
patients to fluconazole and itraconazole. In this work, Cataldo and
Petrosillo [103], which describe a review of antifungal susceptibility
testing of Candida and their clinical break points.

Prophylaxis in Nosocomial Infection

Health professionals can act as vectors of disease, disseminating
new infections among patients if professionals do not use preventive
strategies to reduce rates of disease transmission [103]. It is important
to underscore that, beyond prophylaxis with antifungal agents, standard
measures to prevent nosocomial infections should always be applied
both for their efficacy and for their low cost. Because transmission of
Candida could occur via the hands of health care workers, especially
during the care of catheters, all hospitals need to improve their
adherence to hand hygiene. Also, extremely important is adherence

N° isolates (Candida albicans) Molecular change

1 None (WT)
3 Increase in MDR1 mRNA
4 Mutation ERG11 gene, loss of hetezygosity in

ERG11, increase in ERG11 mRNA
2 Increase in CDR mRNA
Adapted from Pfaller and Diekema [103]

Table 2: Azoles resistance mechanisms in isolates of Candida albicans from an
HIV-infected patient with recurrent oropharyngeal candidiasis.
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to current recommendations for placement and care of central venous
catheters. Finally, the correct use of antibiotics is another important
component of candidemia prevention that would lead to a decrease in
economic and ecological costs.

Conclusion

Several studies have shown increased resistance of isolates of

species Candida, as well as increased morbidity and mortality caused by
this pathogen in hospitalized individuals, thus it is necessary to prevent
infection with this pathogen.
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ABSTRACT

A wide variety of fungi have demonstrated the ability to colonize surfaces and form biofilms. Most studies
on fungal biofilms have focused on Candida albicans and more recently, several authors have reported the
involvement of other genera of yeasts and Candida species, as well as of filamentous fungi in the forma-
tion of biofilms, including: Cryptococcus neoformans, Cryptococcus gattii, Rhodotorula species, Aspergillus
fumigatus, Malassezia pachydermatis, Histoplasma capsulatum, Paracoccidioides brasiliensis, Pneumocystis
species, Coccidioides immitis, Fusarium species, Saccharomyces cerevisiae, Trichosporon asahii, Mucorales
and Blastoschizomyces. There is a current interest in describing the particular characteristics of the biofilm
formation by of these fungi. A major concern is the control of biofilms, requiring knowledge of the
biofilm mechanisms. However, our knowledge of these microbial communities is limited, due to the com-
plexity of these systems and metabolic interactions that remain unknown. This mini-review aims to high-
light recently discovered fungal biofilms and to compare them with the current knowledge on biofilms.
This manuscript is part of the series of works presented at the “V International Workshop: Molecular

genetic approaches to the study of human pathogenic fungi” (Oaxaca, Mexico, 2012).
© 2013 Revista Iberoamericana de Micologia. Published by Elsevier Espafia, S.L. All rights reserved.

Aspectos sobresalientes en la formacion de biopeliculas por hongos patégenos

RESUMEN

Una amplia variedad de hongos poseen la capacidad para colonizar superficies y formar biopeliculas
(biofilms). La mayoria de los estudios efectuados sobre biopeliculas de hongos han prestado atencién
a Candida albicans y, mas recientemente, varios autores han descrito la implicacién de otros géneros
de levaduras y especies de Candida, al igual que de hongos filamentosos, en la formacién de biopelicu-
las, incluidos Cryptococcus neoformans, Cryptococcus gattii, especies de Rhodotorula, Aspergillus fumigatus,
Malassezia pachydermatis, Histoplasma capsulatum, Paracoccidioides brasiliensis, especies de Pneumocys-
tis, Coccidioides immitis, especies de Fusarium, Saccharomyces cerevisiae, Trichosporon asahii, mucorales
y Blastoschizomyces. En la actualidad suscita interés la descripcion de las caracteristicas particulares
de la formacién de biopeliculas de estos hongos. Una preocupacién importante es el control de las
biopeliculas, que requiere una comprensién de los mecanismos de su formacién. Sin embargo, nuestros
conocimientos sobre estas comunidades microbianas son limitados debido a la complejidad de estos sis-
temas y a las interacciones metabdlicas que atin no conocemos. Esta revisién tiene como objetivo poner
de relieve las biopeliculas flingicas descubiertas recientemente y compararlas con los conocimientos
actuales disponibles sobre ellas.

Este articulo forma parte de una serie de estudios presentados en el «V International Workshop:

Molecular genetic approaches to the study of human pathogenic fungi» (Oaxaca, México, 2012).
© 2013 Revista Iberoamericana de Micologia. Publicado por Elsevier Espaiia, S.L. Todos los derechos
reservados.
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It is estimated that 95% of the microorganisms found in nature
are attached in biofilms. According to Costerton et al.,! a biofilm
can be defined as a complex structured community of microor-
ganisms, surrounded by an extracellular matrix of polysaccharides,
adhered to each other at a surface or interface. This three-
dimensional structure may become integrated naturally into any
solid surface in contact with non-sterile water.!3° Hence, these
structures started to have great importance in diverse human
activities. McCoy et al.8® were the first to describe the forma-
tion of biofilms in pipes. From this study, greater attention was
given by researchers to this topic, after all the negative aspects
of biofilm formation, and led the scientific community to seek
alternatives to eliminate harmful biofilms that would cause damage
to equipments through biocorrosion, product contamination,’® and
represent significant losses to industries globally. If on one hand the
biofilms can cause serious damage, on the other side they can be
used in numerous bioprocesses. Examples include production of
vinegar,'? citric acid,!’ pharmaceutical applications through the
production of secondary metabolites,’® and biological processes for
extracting metals from ores.'% Recognition of biofilms, from the
1980s on, contributed to recognize numerous persistent infectious
diseases persistent as being caused by biofilms.22 Some infections
caused by the use of medical devices in hospital environments
such as catheters, are also related to biofilms.?? The extracellu-
lar polymers (EPS) matrix, which holds the biofilm cohesive, is
also responsible for the persistence of biofilm-related infections,2°
and protects microorganisms from disinfectants. Besides, resis-
tance to UV radiation and dehydration (EPS matrix hydrated) has
been demonstrated.'#13° This report aims to review the advances
in fungal biofilms and in adhesins genes involved in biofilm forma-
tion, quorum sensing (QS), as well as to cover some new therapeutic
strategies against fungal biofilms.

Fungal biofilms

Infections associated with the formation of biofilms are rec-
ognized as a significant and growing clinical problem; therefore,
research in mycology has been increasingly focused on in biofilm
phenotyping.>” Recent advances in molecular techniques and con-
focal microscopy have shown that the formation of biofilms is the
natural and preferred form of fungal growth and a major cause
of persistent human infections. Microorganisms in biofilms grow
in multicellular communities and produce an extracellular matrix
that provides protection against from host defense mechanisms
and antifungal drugs.??

A wide variety of fungi have demonstrated the ability to
colonize surfaces and form biofilms. Most studies on fungal
biofilms have focused on Candida albicans and more recently, sev-
eral authors have reported the involvement of other genera of
yeasts and Candida species as well as of filamentous fungi in the
formation of biofilms, including: Cryptococcus neoformans, Crypto-
coccus gattii, Rhodotorula species, Aspergillus fumigatus, Malassezia
pachydermatis, Histoplasma capsulatum, Paracoccidioides brasilien-
sis (unpublished data), Pneumocystis species, Coccidioides immitis,
Fusarium species, Saccharomyces cerevisiae, Trichosporon asahii,
Mucorales, and Blastoschizomyces.!3-2526:28.31,75,88,99,104,110,122,137

There is growing interest in uncovering the true participation of
fungal biofilms in human disease. These formations play an impor-
tant role in the development of infections, since microorganisms
that grow in biofilms exhibit unique phenotypic characteristics
when compared to their planktonic counterparts.!%* These charac-
teristics include increased resistance to host defense mechanisms
and antibiotic therapy.’®

The adherence of a biofilm to the host may trigger an acute
fungemia and/or disseminated infection. This occurs when cell

clusters are dispersed from the initial biofilm and occupy a niche
not previously colonized.'% A recent study developed by Uppu-
luri et al.’*3 demonstrated that cells that detach from a biofilm
have a greater association with mortality as compared to plank-
tonic microorganisms. In fact, over 65% of human infections
involve the formation of biofilms, which is related to the increas-
ing use of biomaterials in medical practice and the increasing
number of immunocompromised patients.'®1%7 In addition, more
than 500,000 deaths per year are caused by biofilm-associated
infections.??

As a result, biofilms have important and, often, deleterious
effects on human health. Fungal biofilm formation on catheters
and prostheses contributes to the development of nosocomial
infections.’>> According to Kojic et al.%® the persistence of
fungal infections occurs due to the ability of a fungus to form
biofilms on a wide variety of medical devices and because of per-
sisting cells representing an important mechanism of resistance.' !>
Once infected, the in vivo eradication of a biofilm usually requires
the administration of toxic concentrations of antimicrobials, and
the recommended treatment includes removal of the contami-
nated device; however, this is a difficult and costly procedure that
can result in medical complications.*> Therefore, fungal biofilms
have become a major clinical and economic problem.

Multidrug tolerance is caused by a small subpopulation of
microbial cells termed persisters that become a reservoir from
which recurrence of infection may be developed. These cells
are responsible for an important mechanism of resistance in
chronic infections extensively studied in bacteria,” 16115 which
have attracted some attention recently in the context of fungal
biofilms.” In C. albicans biofilms, a small subset of yeast cells have
been described that is highly resistant to amphotericin B, fol-
lowing adhesion, and this is independent of the upregulation of
efflux pumps and cell membrane composition. C. albicans persis-
ters were detected only in biofilms and not in diverse planktonic
populations.®> When a biofilm was killed with amphotericin B and
reinoculated with cells that survived, a new biofilm was produced
with a new subpopulation of persisters; this suggests that these
cells were not mutants but phenotypic variants of the wild type.
The basis of this drug resistance is not clear and involves different
mechanisms, including the presence of a small number of persis-
ters, which are cells that survive high doses of an antimicrobial
agent. Unlike bacterial persisters, C. albicans persisters have so far
been observed only in biofilms and not in planktonic populations.
Identification of important cellular components that are responsi-
ble for the occurrence of persisters in fungal biofilms could open
the way to the rational design of antibiofilm agents.58.11>

Recent findings have reported the involvement of new
fungal genera and species in the formation of pathogenic biofilms
and it is important to look for the role they can play in infections.
There is a current interest in describing the particular characteris-
tics of biofilm formation of the species Rhodotorula, A. fumigatus, M.
pachydermatis and the dimorphic fungi H. capsulatum, Coccidioides
spp., and Paracoccidioides spp.37:89:99:105.106

It was also recently demonstrated that Rhodotorula species are
able to form biofilms. The increase in invasive infections caused
by emerging pathogens such as Rhodotorula is related to the
increased occurrence of degenerative and malignant diseases in dif-
ferent populations, the growing number of patients who undergo
organ transplantation therapies that include immunosuppression,
broad-spectrum antibiotics and invasive medical procedures!3';
and the use of implantable medical devices, such as central venous
catheters, which facilitate the formation of biofilms by these
pathogens, causing fungemia followed by eye infections, peri-
tonitis, and meningitis.>?116.131.132 Nunes et al.?* studied various
isolates of Rhodotorula species and noted that this genus is able
to form biofilms, which could play a role in the pathogenesis
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of infections caused by these species. Canabarro et al.'? isolated
Rhodotorula sp. in association with C. albicans subgingival biofilms
from patients with severe chronic periodontitis.

Recent reports describe the growth of biofilm structures for the
filamentous fungus A. fumigatus.5%.1%6 This species is responsible for
approximately 90% of cases of invasive aspergillosis, a severe infec-
tious disease characterized by high mortality rates.”"10> Aspergillus
colonization and biofilm formation predominantly occurs in
patients with genetic functional lung abnormalities, such as cystic
fibrosis or chronic obstructive pulmonary disease.’26 Biofilms of
Aspergillus can affect diverse biomaterials, such as catheters, pros-
theses, cardiac pacemakers, heart valves and breast implants.3>6!
In addition, a spherical mass of hyphae, called aspergilloma, can
form in the respiratory tract!%® or the urinary tract.5”.79 All clinical
antifungal drugs are significantly less effective under the biofilm or
spherical hyphae conditions, suggesting that there is need for high
dosages or antifungal combination therapy for better penetration
of drugs in biofilms.8”

Another pathogen that has received growing attention is the
fungus M. pachydermatis, capable of forming in vitro biofilms
on devices commonly used in the medical practice, including
polystyrene microplates and polyurethane catheters.'> M. pachy-
dermatis is a commensal yeast found on the skin and mucosa of
healthy dogs and cats,'! but has become an important pathogen
of human fungemia in intensive care units® and has been isolated
from preterm neonates, children and adults. These infections are
directly associated with the formation of biofilms on catheters in
patients receiving parenteral nutrition with lipid formulations.!824

Recently, an in vitro study demonstrated the efficiency of H.
capsulatum to form biofilms on abiotic surfaces.”® H. capsulatum
is the causative agent of histoplasmosis, a systemic fungal dis-
ease that has become a major health problem in Latin America
and worldwide.”® High concentrations of this fungus are found in
areas with bird and bat droppings, such as caves, chicken coops,
or even urban buildings.'*%123 A study by Pitangui et al.”? deter-
mined the pattern of infection of H. capsulatum in epithelial cells,
characterized as a compact mass of yeast cells, which possibly leads
to the formation of a complex three-dimensional architecture of
biofilms and promotes the internalization of yeast into host cells.
A previous study by Suarez-Alvarez et al.'?* described the pro-
file of H. capsulatum yeast adhesion on different bat organs. That
study also noted that the yeasts are found in clusters in the lung
parenchyma, spleen, liver, and intestine. Recent advances in high-
throughput methods for the investigation of biofilms opened the
possibility of starting an “omics” approach to study these com-
plex structures in the next decade. Additionally, in vivo studies are
needed to define the true role and growth regulation of H. capsula-
tum biofilms.

Paracoccidioidomycosis is a systemic mycosis of great relevance
in Latin America, especially in Brazil, which has the highest con-
centration of endemic areas, as more than 80% of the reported
cases occurred in this country. The causative agents are the dimor-
phic fungi P. brasiliensis and P. lutzii.*’? These fungi have several
virulence factors that can cause harm to the host. The adhesion,
colonization and characteristics of these fungi enable them to with-
stand the hostile environments of the host and are correlated
with the development of disease.??84 Adhesion is a widely dis-
tributed phenomenon that is shared by many microorganisms,
enabling them to colonize in their habitats. Many fungi, especially
pathogenic fungi, are able to adhere to host tissues, which is the
first step in the process of biofilm formation. The present authors
were able to demonstrate biofilm formation by P. brasiliensis. Those
experiments were performed in vitro, with the fungus forming
biofilms at low oxygen tensions (unpublished data).

Davis et al.28 described recurrent coccidioidal meningitis and
C. immitis biofilm was found on the tip of the ventricle-peritoneal

shunt tubing despite the patient’s taking an adequate dosage of
fluconazole.

Quorum sensing in fungal biofilms

The regulation of the expression of virulence genes is a cru-
cial step in pathogenesis and in microorganism adaptation to
host tissues.? QS is a mechanism of microbial communication
dependent on cell density that can regulate several behaviors in
bacteria such as secretion of virulence factors, biofilm formation,
competence and bioluminescence.? It is a major mechanism of
microbial communication and QS occurs by the continuous release
and monitoring of hormone-like molecules called auto-inducers or
QS molecules.'33 QS has been observed in many bacterial species
regulating the most diverse processes, including secretion of viru-
lence factors, biofilm formation, and antibiotic production; now,
it is believed that the same occurs in fungi.>#68> In pathogenic
microbes, the coordinated expression of virulence factors dur-
ing infection of a host probably constitutes a significant survival
advantage by enhancing the chances of establishing infection
and escaping the immune response.!?® Several molecules have
been described as belonging to QS. Lipids, such as sphingolipids,
farnesol and oxylipins are signaling molecules in pathogenic
fungi.'2! Recently, aromatic alcohols phenylethanol and tryptophol
molecules were identified as quorum-sensing in S. cerevisiae. These
compounds, which are also produced by C. albicans, showed growth
on S. cerevisiae pseudohyphae at relatively low concentrations.'®

Farnesol and tyrosol are QS molecules in C. albicans. The primary
mechanism of regulation of QS is the production of auto-inducers
that are released into the external environment, where they
accumulate and concomitant measurement of their concentration
is achieved through its interaction with its receptor, which may be
as much as being in intracellular cell surface.*® In bacteria, these
inducers have been widely studied and they are related to various
cellular processes, such as antibiotic production, sporulation abil-
ity, and expression of virulence genes, DNA transfer and formation
of biofilms.”? Shirtliff et al.’2? have shown that 40 mM or 100 mM
farnesol concentrations are able to induce high regulation of C.
albicans protein involved in protection against oxidative stress.
Sharma et al.'’® demonstrated that farnesol can modulate the
action of drugs on planktonic cells of C. albicans. Ramage et al.'%8
evaluated the effects of farnesol on biofilm development and
observed that farnesol inhibits the formation of hyphae when
added in the initial phase of biofilm formation and, hence, can
compromise the structure. Other studies have shown detrimental
effects of farnesol on many microorganisms, including fungi and
bacteria, such as Staphylococcus aureus, S. cerevisiae, Aspergillus
species, P. brasiliensis and Mycobacterium smegmatis.”®117 The
high density of microorganisms in biofilms led to speculate that
detection of QS plays a specific and important role in the physi-
ology of biofilms. In other bacteria, QS detection can function in
the dispersion of individual organisms from biofilm.?8.193 It seems,
therefore, that the morphogenesis in C. albicans is under control
of antagonistic tyrosol and farnesol.'” Both farnesol and tyrosol in
biofilms have been studied to emphasize the morphological aspect.
The same can happen with other fungi, potentially increasing the
efficacy of drugs, leading to new strategies for the treatment of
fungal infections.??

Genes involved in the formation of fungal biofilms

It is clear that the current knowledge on fungal biofilms
has increased significantly and much of that knowledge has
been gained through in vitro and in vivo studies of Can-
dida biofilms.56 Through research focused on the biofilm of C.
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albicans, the molecular characteristics of fungal biofilm develop-
ment were elucidated.**1%7 The increased amount of studies on
Candida biofilms is partly because this pathogen is associated with
infections of several medical devices, leading to high mortality
(approaching 40%).4! Recently, the transcriptional network that
governs the development of biofilms for C. albicans was identi-
fied. This network consists of six master transcription regulators
(EFG1, TEC1, BCR1, NDT80, ROB1, and BRG1) and approximately
1000 target genes, whose expression is controlled by these reg-
ulators. The six master regulators were identified by screening a
library of approximately 165 mutant transcripts during in vitro
biofilm formation and observing that the mutants had changed
during the event. Six deletion mutants that produced defects in
biofilm formation were identified, three are new (ROB1, BRG1 and
NDT80) and three were previously known to play a role in the
development of biofilms (BCR1, TEC1 and EFG1). All six identified
genes were associated with defects in both in vitro and in vivo
biofilm formation.*! Banerjee et al.’ studied the role of UME6
and found it to be a regulator of hyphae in C. albicans biofilms.
Another study, performed by Taff et al.,'?® demonstrated that three
enzymes were related to the production of extracellular polysac-
charides, encoded by genes BGL2, PHR1, and XOG1. It has been
shown that these enzymes are essential for the delivery of 3-1,3-
glucan for the matrix of the biofilm biomass and accumulation of a
mature, extracellular matrix. Through the construction of mutants,
researchers have demonstrated an increased biofilm susceptibility
to commonly used antifungals, such as fluconazole. These inves-
tigators have proposed that the discovery of inhibitors of these
enzymes provide promising anti-biofilm effects. The use of molec-
ular biology tools has helped to unravel the “mystery” of microbial
biofilms. Much has been discovered; however, despite advances in
technology and arrays to evaluate enzymes and proteins, a way to
completely eliminate biofilms has yet to be discovered.

Adhesins in fungal biofilm

Adherence is a precondition for colonization and an essential
step in the establishment of infection. Adherence is mediated
through a large number of differentially regulated cell wall-bound
adhesins. Studies with Candida spp. and P. brasiliensis have shown
that these fungi have great potential for adherence to epithelial
cells.383

Among several groups of genes involved in biofilm formation, it
was found that the family ALS (agglutinin-like sequence), present
in C. albicans, Candida tropicalis and Candida glabrata, plays a key
role in this process and encodes proteins having the characteristics
of adhesin glycoproteins on the cell surface.>® It has been shown
that ALS genes exhibit increased expression during the formation of
biofilm.> The family present in C. albicans ALS includes eight genes
(ALS1-ALS7 and ALS9) encoding many surface glycoproteins.?>°3
Molecular studies on the expression of ALS genes showed that
they are differentially expressed and regulated as a function of
cell physiological processes, such as the growth stage and cell
morphology, i.e., yeast or predominantly in the form of hypha
and pseudo-hypha.>*°> ALS1, encoding cell surface glycoproteins,
exhibits high expression in C. albicans biofilm cells.?> Gene ALS3
also showed high expression, however, it is apparently associated
with the production of C. albicans hyphae.??>>> Nailis et al.’° com-
pared gene expression of ALS1 and ALS3 among cells of C. albicans
biofilm formed on the surface of silicone and on suspended cells
(planktonic) and found a significant increase in the expression
of ALS1 biofilm cells, and decreased expression of ALS3. More-
over, Nobile et al.?2 concluded, after several tests with mutants
als1/als1 als3/als3 that ALS3 and ALS1 are essential for biofilm
formation in vivo and reduced expression of these proteins entails

the formation of a fragile biofilm, whereas their functions are
compatible with biofilm structure and biochemical property. Zhao
etal.’#0 demonstrated that the decrease in ALS2 protein expression
resulted in the reduction of biofilm biomass, suggesting that ALS2
contributes to the later stages of biofilm development and not to the
adhesion stage. In an experimental model of catheter infection in
vivo, ALS1 and AlIS3 also had redundant functions, and other highly
expressed genes of the family — ALS5, ALS6, ALS7, and ALS9 - were
able to partially or completely replace the absence of ALS1 and/or
ALS3, facilitating the development of biofilm in such an experimen-
tal model, whereas ALS2 and ALS4 were unable to do so, and all ALS
genes could be replaced by ALS3 or ALS1 models in vivo and in vitro.

C. albicans adheres to epithelial cells in culture, mainly through
EAP1 adhesion. EAP1 is a member of a family of up to 23 puta-
tive adhesin-encoding genes present in this yeast genome. EAP1
expression in vitro is controlled both positively and negatively; in
addition, it presents high cell-to-cell heterogeneity, which depends
on Sir-mediated silencing. EPAG6 also encode functional adhesions
in C. glabrata.5*

Some molecules of H. capsulatum have been identified as ligands
of extracellular matrix components. McMahon et al.8! reported that
a 50-kDa protein present in the fungus cell walls is able to bind to
laminin, an extracellular matrix component of host lung cells. This
protein is an essential step in the pathogenesis of the fungus, once
in the alveolar macrophages yeasts inhibit the production of proin-
flammatory cytokines, facilitating infection.'2” There are no studies
demonstrating H. capsulatum adhesins related to biofilm formation.

Pathogenic fungi such as Paracoccidioides spp., have multiple
factors that can cause damage to the host and contribute to the
virulence phenotype. Adhesion, colonization and characteris-
tics of fungi enable them to resist the hostile environments of
the host and are correlated to disease development.327.33.49.82
Further, this protein has virulence potential with high affinity for
laminin, thereby increasing the capacity of the fungi to invade and
destroy tissues.'>4 Adherence of Paracoccidiodies to epithelial cells
is also greatly reduced in the presence of anti-gp43.%7 Gp43 also
interacts with fibronectin, another component of the extracellular
matrix.32 Other adhesion molecules in P. brasiliensis have also
been described, such as a 30-kDa adhesion molecule, with the
ability to bind to laminin, and are expressed in P. brasiliensis,
isolates with high adhesion capacity. Enolase is a cytoplasmic
enzyme most abundantly expressed in many microorganisms.’’
Thus, for many years enolase was seen as a soluble glycolytic
enzyme, present exclusively in the cytoplasm. In 2009, Donofrio
et al.,’3 demonstrated that enolase from P. brasiliensis (PbEno) is a
fibronectin-binding protein and genetic and proteomic evidences
support its localization on the cell surface.?®”! Studies conducted
in the Clinical Mycology Laboratory, UNESP, Araraquara, Brazil,
have shown an increase of some adhesins of P. brasiliensis in
hypoxic conditions, precisely the condition that occurs in biofilm
formation (unpublished data).

Antibiofilm strategies

Fungal biofilm resistance mechanisms include extracellular
matrix, efflux pump activity, persisters, cell density, overexpress-
ion of drug targets, stress responses, and the general physiology
of the cell.’% Thus, to increase the efficiency of new treatment
strategies against bacterial and fungal infections, factors that lead
to biofilm growth inhibition, biofilm disruption, or biofilm eradica-
tion are being sought. These factors could include enzymes, sodium
salts, metal nanoparticles, antibiotics, acids, chitosan derivatives,
or plant extracts. Biofilm formation almost always leads to a large
increase in resistance to antimicrobial agents (up to 1000-fold
decrease in susceptibility) in comparison with planktonic cultures
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grown in conventional liquid media.”> Many studies have focused
on the search for natural or synthetic products for various fungal
biofilms, but biofilms of Candida species are the most studied.

Studies performed by Pires et al.!'°C showed the presence of
biofilms in the fluid pathways of hemodialysis machines. The
impacts of four biocides used for the disinfection of hemodialy-
sis systems were tested against Candida parapsilosis and Candida
orthopsilosis biofilms generated by isolates obtained from a
hydraulic circuit, and collected in a hemodialysis unit. Acetic acid
was shown to be the most effective agent against Candida biofilms.
Strategies for effective disinfection procedures used for hemodialy-
sis systems should also seek to kill and inhibit biofilms. On the other
hand, some natural products have been tested against C. orthop-
silosis and C. parapsilosis on planktonic and biofilm conditions and
could be natural anticandidal agents that can be effectively uti-
lized for the control of the yeasts.!?1:192 In the Clinical Mycology
Laboratory, UNESP, has been consolidating a platform for the devel-
opment of antifungal and bioreagents. This platform is based on
FAPESP programs, such as the Biota-FAPESP, the BIOPROSPECTA,
and also in SISBIOTA - CNPq. Among natural substances evaluated
that deserves highlighting lies maytenin with antifungal potential
against several fungal species.*®

Another promising strategy is the antifungal activity of silver
nanoparticles. Silver (Ag) has been well known for its antimicrobial
characteristics, and has a long history of applications in medicine
with a well-tolerated tissue response.?’-'1> In the hope of inhibi-
ting biofilm formation, thereby reducing the chance of microbial
infections and rejection, AgNP has been used for lining of med-
ical implants with titanium.*%79 Recently, Sun et al.!?> reported
the antibiofilm activity of terpinen-4-ol-loaded lipid nanoparticles
against C. albicans biofilms and this compound (10 p.g/ml) eradi-
cated formed biofilms.

Studies with antibodies have been performed by several authors
to test their effects on diverse fungal and bacterial organisms. The
latest therapeutic treatment of Cryptococcus biofilms suggests that
monoclonal antibodies (MAbs) are potentially useful in clinical
treatment.”” Martinez et al.”* demonstrated that alpha radiation,
guided by MAD, effectively impairs fungal biofilm formation. Other
authors have found that administering a prophylactic dose of anti-
bodies specific to biofilms, immediately after insertion of a medical
device, is effective in managing biofilm formation.”®

Another important therapeutically promise is photodynamic
therapy (PDT), widely used for species of Candida biofilms. Sev-
eral authors have associated light emitting diode with other
substances.’>!1! There are two major types of cellular damage:
DNA damage and the destruction of cellular membranes and
organelles. Recent studies have shown that the antimicrobial effect
can be obtained with the use of photosensitizers belonging to differ-
ent chemical groups. Junqueira et al.% assessed the PDT on biofilms
of Candida spp., Trichosporon mucoide, and Kodamaea ohmeri.

Because the biofilm matrix is composed of DNA, proteins, and
extracellular polysaccharides, recent studies have indicated that
the disruption of the biofilm structure could be achieved via degra-
dation of individual biofilm compounds by several enzymes such
as DNAse, lactonases, a-amylases, and lyase.'28

Research methodology used recently in biofilms

Infections associated with biofilm formation are resistant to
conventional antifungal therapy and due to the high morbidity and
mortality caused by these formations there is an urgent need to
use new technologies and innovative therapies for success in erad-
icating these infections.!'? In this sense, the ease of working with
new models, in vivo approaches of “omics” techniques of molec-
ular biology and nano science are innovative avenues of research

that have paved the way for new lines of study in the search for
antifungal targets.

In vitro biofilm models are needed to elucidate mechanisms of
development of biofilms. Nevertheless, results of testing in vitro
of biofilm formation by clinical isolates do not always agree with
results in vivo.!12 In this context, invertebrate models become use-
ful to visualize infection, determining the true role of biofilms
in infectious processes and how these formations directly affect
the health of the host.!!3 A recent review published by Edwards
and Kjellerup®* highlights the advances in cell-cell interactions
and the understanding how host immune system reacts to biofilm
formation in five invertebrate models: Lemna minor (duckweed),
Arabidopsis thaliana (thale cress), Dictyostelium discoideum (slime
mold), Drosophila melanogaster (common fruit fly), and Caenorhab-
ditis elegans (roundworm). These models were described and
assessed for their relevance to infections associated with polymi-
crobial biofilm formation. According to the authors, it is possible
to use each of these models to investigate the peculiar character-
istics of such biofilm, however C. elegans is presented as the most
complete model to elucidate virulence factors, host innate immune
function and to visualize the infection. Some authors have adopted
C. elegans as a model to determine the toxicity and antifungal activ-
ity of fungicidal compounds, aimed at the discovery of new targets
for the treatment of biofilms of C. albicans.?6130 Thus, the nematode
C. elegans has given rise to promising perspectives for innovative
human therapies.

Concomitantly, another important branch of research should be
stressed, “omics” approaches have been widely exploited by phar-
maceutical and biotechnology companies for the development of
safer and more effective drugs. Currently, there is great interest in
the search for effective drugs against novel targets and, in this con-
text, we highlight proteins by proteomic analysis, since the iden-
tification of a target protein essential to cell survival can provide
important information for the treatment of mycoses.**136 The pro-
teome of C. albicans in planktonic and biofilm cultures is well
documented by several authors.”3:118.129 In this sense, our group in
Brazil has noted that there is a different pattern of proteins when
comparing H. capsulatum in planktonic and biofilm cultures. Using
mass spectrometry more than 40 proteins, belonging to differ-
ent functional groups, were differentially expressed and identified
between the biofilm and dispersed cells, and the three main func-
tional groups include proteins involved in the metabolism of amino
acids, nuclear proteins, and translation protein (unpublished data).
Additionally, our group has been working on the standardization of
methodologies that aim to characterize the differential transcrip-
tional profile exhibited by fungi shaped biofilm and planktonic
conditions through transcriptomics analysis. In addition, we aim
at identifying the secreted molecules and metabolites, generated
during biofilm formation, using secretomic and metabolomics anal-
yses, respectively. These techniques should allow targeting cellular
receptors for biofilm disruption in the interaction with host cells.

Conclusions

Biofilms control is necessary and has been the subject of many
investigations in the fields of biotechnology and public health,
as biofilms are present in many situations, from human dis-
ease to industry. A major concern is the control of biofilms, for
which knowledge of biofilm mechanisms is essential. However,
information of microbial communities is scarce, due to the com-
plexity of these systems and to metabolic interactions that remain
unknown. For this reason, advances in high-throughput methods
have allowed the interaction of systems, combining genomics, tran-
scriptomics, proteomics, and metabolomics to elucidate the real
function and ecology of these complex formations.
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ABSTRACT

Candida yeasts are common in the oral cavity and can cause candidosis in the presence of
predisposing factors, especially diabetes. The manifestation of the disease is related to this set of
local factors such as the presence of dental prostheses, salivary pH, salivary flow and tobacco and
the ability to form biofilms. Biofilms are specific and organized communities of cells under the
control of signaling molecules rather than random accumulations of cells resulting from cell
division and frequently are drugs resistance. Aim: The objectives of this study were to determine
the genetic patterns of these C. albicans isolates and to evaluate the in vitro activity amphotericin
B and caspofungin against C. albicans biofilms. Methods: Microbial samples were collected from
subgingival sites and seeded in CHROMagar for subsequent identification of C. albicans by PCR.
Genotypes were defined based on the identification of the transposable introns in the 25S rDNA by
PCR. Results: In this study, 6 strains were identified as C. albicans and of these, 3 strains were
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genotype A and 3 were genotype B. The results showed that both amphotericin B and caspofungin
exhibited strong antifungal activities against C. albicans biofilm formation and inhibiting the
biofilm formation ranging from 708 - 953% and 77.7 - 88.7%, respectively.
The antifungals studied had low inhibitory effect on preformed  biofims, ranging from 39.5 -
50.8% for amphotericin B and from 23.1 - 36.9% for caspofungin at the same concentration. The
activity of the two drugs was most effective in inhibit biofilm formation.

© 2014 Pak Publishing Group. All Rights Reserved.

Keywords: C. albicans, Identification, Biofilm, Caspofungin, Amphotericin B, Resistance.

Contribution/ Originality
This study contributes in existent in literature, demonstrating that clinical isolates that deserve
special attention in connection with the difficulty of treatment.

1. INTRODUCTION

Candida yeasts inhabit various ecosystems, including the oral cavity and participate
as normal commensal microbiota without harming the host [1, 2]. However, systemic diseases
like diabetes and AIDS, physiological conditions such as pregnancy, infancy or old age, nutritional
factors, treatment with broad-spectrum antibiotics, immunosuppressive corticosteroids, in addition
to local factors such use of prosthetic devices are conditions that predispose to the development
of infections by Candida sp. [3] The mucosa is considered the main reservoir, but studies have
shown that C. albicans aggregate seems to be contributing to bacterial biofilms in the formation of
these structure and hindering the penetration of certain antimicrobial drugs. This fact may
be an important factor in the manifestations of candidiasis and the colonization process periodontal
pockets [4]. The ability to form biofilm is considered a potent virulence factor and various
models have been proposed for understanding the mechanism of formation of these structures [5].
One of the most important consequences of the biofilm mode of growth is the marked resistance to
many antifungal agents [6]. Caspofungin act as inhibitors of f-(1,3)-glucan synthesis in the fungal
cell wall and have a favorable pharmacological profile. This study evaluated if amphotericin B and
caspofungin are effective in the prevention and treatment of C. albicans biofilm isolated from
patients with periodontitis and diabetes.

2. MATERIAL AND METHODS
This research was approved by the ethical committee for research of the Piracicaba Dental
School, State University of Campinas, SP, Brazil.

2.1. Fungal Isolate

A total of 6 Candida spp. isolates were obtained from the subgingival biofilm of patients with
chronic periodontitis and controlled insulin-dependent type 2 diabetes mellitus from the Faculty
Clinic. Pooled biofilms from each site were separated in Eppendorf® microtubes containing 1mL of
reduced transport fluid (RTF). Immediately after collecting, the samples from each site were
diluted and plated onto a Sabouraud Dextrose Agar (SDA) with Chloramphenicol and chromogenic
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medium (CHROMagar Candida®, Biomerieux, Paris, France) and incubated at 37°C for 48 h in
aerobic condition. The green colonies grown on the agar plate were randomly selected and cultures
were stored in glycerol stock at -20°C for later identification by PCR.

2.2. PCR (Polymerase Chain Reaction)

DNA from the Candida isolates was extracted using a protocol described by Nascimento, et al.
[7] and quantified in a spectrophotometer at 260 nm (Genesys 10UV, Rochester, NY, USA) to
obtain a standard concentration of 100 ng/mL and was stored at — 20°C for subsequent PCR
reactions. DNA samples were identified by PCR using specific primers for the portion
corresponding to the gene AAT1a (ID 3643468) (F: 5°’ACT GCT CAA ACC ATC TCT GG -3’ and
R: 5> CAC AAG GCA AAT GAA GGA AT — 3’ with fragment size of 472bp) of C. albicans.
Sardi, et al. [8]. Purified DNA from C. albicans (ATCC 90028) was used as a positive control. This
primer was designed specifically for C. albicans. The molecular mass ladder (100 bp DNA ladder,
Gibco, Grand Island, NY, USA) was included for running in the agarose gel. PCR amplification
was performed with a GeneAmp PCR system 2400 (Perkin-Elmer-Applied Biosystems) under the
following thermal conditions: 72° C for 5 min, 38 cycles of 95° C for 30 s, 55°C for 45s and 72° C
for 30 s and extension at 72°C for 5 min. The PCR products were separated by electrophoresis in
2% agarose gels and Tris-borate-EDTA running buffer (pH.8.0). The DNA was stained with 0.5ug
ethidium bromide/mL and visualized under UV illumination (Pharmacia LKB-MacroVue, San
Gabriel, CA, USA).

2.3. Genotyping

Ribosomal sequences are extensively used for genotyping of many fungal pathogens. The
method developed by McCullough, et al. [9] uses a pair of primers designed to span the region that
includes the site of the 1 intron transposable group of the 25S rRNA gene (rDNA), to classify C.
albicans strains into three genotypes, according to the size of the PCR products: genotype A
(approximately 450 bp), genotype B (approximately 840 bp), and genotype C (two products:
approximately 450 and 840 bp). DNA of the yeasts previously extracted and
spectrophotometrically quantified (100 ng/mL) was submitted to PCR reactions. PCR was
performed using the primers CA-INT-L (5> ATA AAG GGA AGT CGG CAA ATA GAT CCG
TAA-3")and CA—INT-R (5’ CCT TGG CTG TGG TTT CGC TAG ATA GTA GAT -3’). The
products were analyzed by electrophoresis through 3% (wt/vol) agarose gel. Bands were visualized
by UV transllumination after ethidium bromide staining.

2.4. Biofilm Tests and Determination of Antifungal Activity on the Inhibition of Biofilms and
On Pre-Formed Biofilms

The biofilm assays were performed according to Pierce, et al. [10] with some modifications.
Yeasts were incubated in 20 ml of YPD medium at 30°C for 18 hours. Then we proceeded to wash
the cells in phosphate buffered saline - (PBS). Subsequently, the cells were adjusted at a
concentration of 1 x 10/mL in RPMI. They were then dispensed 100 pL of this suspension in the
wells of 96 microtiter wells. The plates were incubated in a bacteriological incubator, shaking at
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37°C for 24 hours. Subsequently, the medium was aspirated and the supernatant plate was gently
washed with PBS. The quantification of the biofilm assay was performed using the colorimetric
method 2, 3-bis (2-methoxy-4-nitro-5-sulfo-phenyl)-2H-tetrazolium-5-carboxanilide (XTT) to see
if there was the formation of biofilm. To determine the antifungal activity of caspofungin and
amphotericin B, after the formation of biofilms were placed antifungal solutions (100 pL solution
of antifungal agent) in serial dilution incubated at 37°C for 24 hours. The tests were performed in
duplicate. After the incubation time, aspired to the drug and each well was washed three times with
sterile PBS. Subsequently, placed in each well 100 pL of the dye XTT cell viability and the plates
were incubated for 4 hours at 37 ° C. The reading was performed and quantified by ELISA
(Enzyme-linked immunosorbent assay) to 490nm. The concentration of caspofungin ranged from
64 pg/mL to 0.0625 pg/mL and amphotericin B 16 pug/mL to 0.0312 pg/mL. For the inhibition of
biofilm, the drug was placed with the inoculum and after 24 hours, the reading was performed. The
diluition of the drugs was carried out in accordance with the microdilution method described
according to the M27-S3 of the CLSI 2008, with modifications.

3. RESULTS
3.1. Identification of C. albicans by PCR

In this current study, 6 Candida spp. strains were obtained from the subgingival biofilm of
patients with chronic periodontitis and controlled insulin-dependent type 2 diabetes mellitus, and
isolated in CHROMagar. All were identified as Candida albicans by PCR.

3.2. Genotyping

A total of 6 strains isolated from patients with chronic periodontitis diabetics were submitted to
molecular typing by the method described above. 50% were genotype A and 50% were genotype B.
Genotype C was not found in this present study.

3.3. Biofilm Tests and Determination of Antifungal Activity on the Inhibition of Biofilms and
On Pre-Formed Biofilms

All isolates were able to form biofilm. The results showed that both amphotericin B and
caspofungin exhibited strong antifungal activities against C. albicans biofilm formation and
inhibiting the biofilm formation ranging from 70.8 — 95.3% and 77.7 — 88.7%, respectively at
concentration of 2ug/mL, as showed in Figure 2A and B. The antifungals studied
had low inhibitory effect on preformed biofilms, ranging from 39.5 - 50.8% for amphotericin B
and from 23.1 - 36.9% for caspofungin at the same concentration, as showed in Figure 2C and D.

4. DISCUSSION

In this current study, 6 Candida spp. strains were obtained from the subgingival biofilm of
patients with chronic periodontitis and controlled insulin-dependent type 2 diabetes mellitus, and
isolated in CHROMagar and were identified as Candida albicans by PCR. This isolates were
submitted to molecular typing by the method described above. 50% were genotype A and 50%
were genotype B. Genotype C was not found in this present study. The ability of C. albicans to
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form biofilm is well established in literature [10, 11]. In our study, all isolates were able to form
biofilm. In relation the action of the antifungal agents in biofilms, many studies have shown that
biofilm formation impairs the action of conventional antifungals [5]. Our results showed that both
amphotericin B and caspofungin exhibited strong antifungal activities against C. albicans biofilm
formation and inhibiting the biofilm formation ranging from 70.8 — 95.3% and 77.7 — 88.7%
respectively at concentration of 2ug/mL (Figure 2 A and B). The antifungals studied had low
inhibitory effect on preformed biofilms, ranging from 39.5 to 50.8% for amphotericin B and from
23.1 to 36.9% for caspofungin at the same concentration (Figure 2C and D). There was no
difference between the MICs of genotypes A and B. Tobudic, et al. [12] studied amphotericin B,
and caspofungin in biofilms obtained MIC (minimum inhibitory concentration) of 4 pg/ml for both
antifungals. The ability of Candida spp. to form drug-resistant biofilms is an important factor in its
contribution to human disease. Like the vast majority of microbial biofilms [13], sessile cells
within a C. albicans biofilm are less susceptible to antimicrobial agents than are planktonic cells
[14, 15]. The formation of biofilms causes clinical problems of concern because they increase
resistance to antifungal therapies; the mechanism of biofilm resistance to antimicrobial agents is
not fully known. One hypothesis that can explain this resistance is the presence of the matrix,
which restricts the penetration of drugs through the formation of a diffusion barrier [16] and only
the most superficial layers are in contact with lethal doses of antibiotics. Cateau, et al. [17] found
that micafungin has activity inhibitory excellent adhesion of C. albicans to catheters silicone
prevents the development of biofilms on this substrate and eradicates the biofilm developed on 12
h, keeping this effect for 48 h, allowing the utility to consider potential for sealing intravascular
catheters. Antibiofilm activity of echinocandins has also been check in various animal models or
cellular [18], without found significant advantages in this activity with the combination
caspofungin with other antifungals such as voriconazole [19, 20].

Jain, et al. [21] who found that biofilms of isolates obtained from urinary catheters showed a
resistance to caspofungin and fluconazole, although they were inhibited by MIC50 < 1 ug/ml
amphotericin B.

In this study, the activity of the two drugs was most effective in inhibited biofilm formation
because it shows that the selected isolates have different contents of lipids and glucans in biofilm
formation, probably showing that caspofungin in the case of the glucan synthase may be a key to
the structure of biofilms.

5. CONCLUSION
In conclusion, our results showed that both antifungal agents can inhibit biofilm formation
however in preformed biofilms of the same action is lower.
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Figure-1. C. albicans biofilms observed in optical microscope 40x.

Figure-2. Activity of antifungal against clinical isolates C. albicans biofilms. Activity of
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Activity of amphotericin B (C) and caspofungin (D) in preformed biofilm quantified by XTT.
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Dermatophytosis and superficial mycosis are a major global public health problem that affects 20-25% of the world’s population. The
increase in fungal resistance to the commercially available antifungal agents, in conjunction with the limited spectrum of action of
such drugs, emphasises the need to develop new antifungal agents. Natural products are attractive prototypes for antifungal agents
due to their broad spectrum of biological activities. This study aimed to verify the antifungal activity of protocatechuic acid, 3,4-
diacetoxybenzoic, and fourteen alkyl protocatechuates (3,4-dihydroxybenzoates) against Trichophyton rubrum and Trichophyton
mentagrophytes and to further assess their activities when combined with fluconazole. Susceptibility and synergism assays were
conducted as described in M38-A2 (CLSI), with modifications. Three strains of Trichophyton rubrum and three strains of
Trichophyton mentagrophytes were used in this work. The pentyl, hexyl, heptyl, octyl, nonyl, and decyl protocatechuates showed
great fungicidal effects, with minimum inhibitory concentration (MIC) values ranging from 0.97 to 7.8 mg/L. Heptyl showed a
synergistic activity (FIC index = 0.49), reducing the MIC of fluconazole by fourfold. All substances tested were safe, especially
the hexyl, heptyl, octyl, and nonyl compounds, all of which showed a high selectivity index, particularly in combination with
fluconazole. These ester associations with fluconazole may represent a promising source of prototypes in the search for anti-
Trichophyton therapeutic agents.

1. Introduction

Superficial fungal infections are a major global public health
problem that affects 20-25% of the population worldwide [1].
Among these diseases, dermatophytosis, or tinea, is one of
the most frequent fungal infections. This infection is caused
by dermatophyte species that belong to the Trichophyton,
Microsporum, or Epidermophyton genera [2]. These dermato-
phytes commonly invade different keratinophilic regions of
the body, causing tinea corporis, tinea cruris, tinea pedis,

tinea manus, tinea capitis, tinea barbae, and tinea unguium
[3]. Dermatophyte infections can lead to either mild or
severe symptoms, depending on the immunological response
of the host [4]. Several patient groups also seem to be
especially at risk of infection, including individuals with
uncontrolled diabetes, AIDS, renal diseases, psoriasis, and
types of immunosuppression, such as transplant recipients
and patients on long-term corticosteroid therapy [5].

There is an urgent need to find new sources of substances
with antidermatophytic activity because the treatment of



dermatophytosis is long and expensive, particularly in the
case of onychomycosis. Furthermore, the spectrum of the
available drugs is limited, such drugs may induce adverse
effects, and several reports of antifungal resistance have been
published [6-9]. For this reason, various antifungal agents
have been introduced into clinical practice, among them,
amorolfine, ciclopirox, griseofulvin, terbinafine, itraconazole,
fluconazole, and more recently, voriconazole [10, 11]. How-
ever, efforts should be concentrated on the discovery and
development of novel, safer, and effective antidermatophytic
agents.

Protocatechuic acid (3,4-dihydroxybenzoic) is a phenolic
compound produced by the secondary metabolism of plants.
It is naturally present in almost all plant materials, including
food, fruits, and vegetables [12-14]. Together with its natural
and synthetic derivatives, it has been associated with a
broad spectrum of biological actions and is known to have
antioxidant, proapoptotic [15], anti-inflammatory, antiglyca-
tive [16], and antimelanogenic [17] functions. However, the
major interest in protocatechuic acid and its derivatives is
due to its antimicrobial properties. It has been reported
that protocatechuic acids have activity against susceptible
and antibiotic-resistant Campylobacter spp. and Helicobacter
pylori [18, 19]. Furthermore, it has been shown that n-
octyl 3,4-dihydroxybenzoate has fungicidal activity against
Saccharomyces cerevisiae [20].

Thus, considering the broad spectrum of protocatechu-
ates and the need for the discovery of new antifungal agents,
this study aimed to investigate the antifungal activity of a syn-
thetic homologous series of n-alkyl protocatechuates against
Trichophyton rubrum and Trichophyton mentagrophytes. This
study also aimed to investigate the chemical characteristics
of the compounds responsible for the biological activity of
dermatophytes, including the importance of free hydroxyl
radicals and the size of the carbon side chain.

2. Methods

2.1. Compounds Synthesis. Synthetic compounds of protocat-
echuic acid were prepared as described by de Faria et al. [21],
with minor modifications. Briefly, a 3 mL solution of N, N-
dicyclohexylcarbodiimide (DCC, 1mmol) in p-dioxane was
added to a cooled (5°C) solution of 0.2 mmol protocatechuic
acid (1) (Sigma-Aldrich, St. Louis, MO, USA) and 20 mmol
of n-alkyl alcohols in 6 mL of p-dioxane. The solution was
stirred for 48 h and the solvent was removed under reduced
pressure. The residue was partitioned 3 times with EtOAc and
filtered. The filtrate was washed successively with a saturated
aqueous citric acid solution (3 times) and saturated aqueous
NaHCO; (3 times), dried over anhydrous MgSO,, and
evaporated under reduced pressure. The crude products were
purified over a silica gel column (0.06-0.20 mm, ACROS
Organics, USA) and eluted isocratically with CHCl;/MeOH
(98:2) to produce esters 2—15. Their structures were then
established by 'H and ?C NMR spectral analysis. For the
synthesis of compound 16, protocatechuic acid (20 mmol)
was dissolved in dried pyridine (5.0 mL) and anhydride acetic
(5.0 mL) under a hydrogen atmosphere. The mixture was then
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stirred for 48 h at room temperature, dried under reduced
pressure, and purified by column chromatography with a
mixture of CHCl;/MeOH (85:15) to produce product 16. The
NMR spectroscopic data for compound 16 were compatible
with it being 3,4-diacetoxybenzoic acid.

2.2. Microorganisms. To evaluate its antifungal activity, six
species of dermatophytes were tested: two clinical strains of
Trichophyton rubrum (Trl and Tr2), Trichophyton rubrum
ATCC MYA 3108, two clinical strains of Trichophyton menta-
grophytes (Tml and Tm?2), and Trichophyton mentagrophytes
ATCC 40131 (Tm3). The microorganisms were obtained
from the collection of the Clinical Mycology Laboratory
of the Department of Clinical Analyses at the School of
Pharmaceutical Sciences of Universidade Estadual Paulista
(UNESP). The strains were cultivated on Sabouraud dextrose
agar (Difco, BD Biosciences) and incubated at 28°C for 7-
15 days. For all experiments, the strains were cultivated on
Potato Dextrose Agar (Difco, BD Biosciences) and incubated
at 28°C as described above or until sporulation.

2.3. Dilution of Test Substances. The dilution of the synthetic
compounds was performed with DMSO (Synth, Diadema,
Sao Paulo, Brazil) as described by Scorzoni et al. [22].
The concentrations of the compounds on 96-well plates
(TPP, Trasadigen, Switzerland) ranged from 500 mg/L to
0.97 mg/L. The antifungal drugs were diluted according to
the CLSI M38-A2 document [23]. Stock solutions of Flucona-
zole (Sigma-Aldrich, St. Louis, MO, USA) were prepared,
considering its power. Serial twofold dilutions were prepared
according to the recommendations of Zhang and collabora-
tors [24], with some modifications.

2.4. Minimum Inhibitory Concentration (MIC). The antifun-
gal activity tests were performed using the broth microdilu-
tion method as described in M38-A2, a document produced
by the Clinical and Laboratory Standards Institute (CLSI,
2008) [23], with modifications. The medium used was RPMI
1640 with L-glutamine (Sigma-Aldrich, St. Louis, MO, USA)
buffered to pH 7.0 with 0.165 M morpholinepropanesulfonic
acid (MOPS) (Sigma-Aldrich, St. Louis, MO, USA), supple-
mented with 2% glucose. The cell suspension was prepared in
a 0.85% saline solution. The suspension of conidia was then
transferred to small sterile test tubes where they remained for
40 minutes to separate the microconidia, which were lighter
and therefore present in the supernatant. The separated
microconidia were then counted with a hematocytometer,
and their concentration was adjusted to obtain a final con-
centration ranging from 2.5 x 10° to 5 x 10° CFU/mL. These
suspensions were diluted in RPMI 1640 (Sigma-Aldrich, St.
Louis, MO, USA) and inoculated on 96-well plates (TPP,
Trasadigen, Switzerland) that had been previously prepared
with the compounds diluted at concentrations from 250 to
0.48 mg/L. Positive (100 uL of RPMI medium with 100 uL
of inoculum) and negative (200 uL of RPMI) controls were
included in all experiments. The plates were incubated with
agitation at 35°C for 7 days. The MIC reading was performed
by spectrophotometry at 490 nm. For fluconazole, the MIC
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was defined as the concentration that produced a 50%
inhibition of fungal growth.

2.5. Minimum Fungicide Concentration (MFC). A qualitative
analysis of the fungal viability was performed by transferring
a portion of the wells to a plate with Sabouraud (Difco, BD
Biosciences) medium and incubating it at 35°C for the time
determined for each fungal agent. The MFC was defined
as the lowest extract concentration that did not allow the
growth of any fungal colonies on the solid medium after
the incubation period [25]. A visual reading was performed
to confirm the death or growth inhibition provided by
fluconazole and the sixteen semisynthetic substances derived
from protocatechuic acid.

2.6. Synergistic Activity. The drug activity was assessed using
a checkerboard method derived from a standardised pro-
cedure established by the National Committee for Clinical
Laboratory Standards (M38-A2) [23]. Briefly, the test was
performed on the same medium used for susceptibility
testing. Volumes of 50 uL of each drug in a concentration four
times the final concentration were dispensed in 96-well plates
(TPP, Trasadigen, Switzerland). To each well, 100 4L of the
fungal suspension was added to produce a final concentration
of 5.0 x 10° CFU/mL.

As a negative control, we used 200 uL of RPMI, while
as a positive control, we used 100 uL of RPMI medium with
100 4L of inoculum. The plates were incubated at 35°C, and
the reading was completed after 168 hours. We conducted
visual and spectrophotometric readings at 490 nm. To deter-
mine the effect of combinatorial fractions, we calculated
the fractional inhibitory concentration (FIC). The FIC was
calculated by taking the MIC of the substance in combina-
tion/MIC of the substance alone. The sum of the fractional
inhibitory concentration (FIC) of each substance consists of
the fractional inhibitory concentration index: (the MIC of
drug A in combination/the MIC of drug A alone) + (the
MIC of drug B in combination/the MIC of drug B alone).
A synergistic relationship was defined as FIC index <0.5, an
additive relationship was defined as 0.5 < FIC index < 1.0, an
indifferent relationship was defined as 1.0 < FIC index < 4.0,
and an antagonistic relationship was defined as FIC index
>4.0 [26-28].

2.7. Cytotoxicity Assay. The cytotoxicity of sixteen semisyn-
thetic compounds derived from protocatechuic acid was
assessed using a sulphorhodamine B assay in NOK (oral
human keratinocyte) cell lines obtained from the American
Type Culture Collection (Manassas, VA, USA). The strains
were maintained in bottles appropriate for cell culture with
keratinocyte serum free medium (Gibco, Life Technologies)
and incubated in standard conditions of 37°C and 5% CO,.
Cell concentrations ranging from 2.5 to 5.0 x 10* cells/mL
were used for the formation of cell monolayers. The con-
centrations of pure substances were kept in contact with the
cells for 24 hours. After the incubation period, the cells were
treated with the sulphorhodamine B reagent (Sigma-Aldrich,

St. Louis, MO, USA) as previously described by Skehan et al.
[29], with some modifications.

2.8. Statistical Analysis. All experiments were performed
in triplicate. Statistical analysis was performed with a ¢-
test or one-way ANOVA with GraphPad Prism 5 software
(Version 5, USA). P values < 0.05 were considered statistically
significant.

3. Results

3.1. Antidermatophytic Activity. Protocatechuic acid, 3.4
diacetoxibenzoic acid, and fourteen-alkyl protocatechuate
(3,4-dihydroxybenzoate) derivatives were evaluated against
6 strains of Trichophyton rubrum and Trichophyton men-
tagrophytes. The minimum inhibitory concentration (MIC)
ranged from >250 to 1.95 mg/L. Pentyl, hexyl, heptyl, octyl,
nonyl, and decyl protocatechuate compounds showed the
best MIC values, ranging from 1.95 to 7.8 mg/L for both
species, with MFC values ranging from 1.95 to 15.6 mg/L
and 0.97 to 15.6 mg/L, for Trichophyton rubrum and Tri-
chophyton mentagrophytes, respectively (Table 1). In contrast,
protocatechuic acid and acid 3.4 diacetoxybenzoate showed
the highest values of MIC and MFC, from 125 to >250 mg/L,
for both species and were thus considered to have low
antidermatophytic activity. The potentiation of antifungal
activity was observed with an increase of methylation in
the structure of protocatechuic acid. However, the addition
of nine methyl groups [(CH,) 9CH;] led to a progressive
reduction in the MIC values. The addition of methyl groups
produced a reduction in the MIC and MFC values for
strains of both species. The addition of a methyl group
(CH,;) produced a range of MIC and MFC values of 31.25
to 62.50 mg/L for the isolates of Trichophyton rubrum and
Trichophyton mentagrophytes. The only exception was for Tml
because despite its MIC of 62.50 mg/L, its MFC remained at
250 mg/L. Ethyl and propyl showed MIC and MFC values
ranging from 15.62 to 62.50 mg/L for both species of der-
matophytes. The addition of four methyl groupings (pentyl
protocatechuate) produced a strong antifungal activity, as
the MIC values were low, ranging from 3.90 to 7.80 mg/L,
while the MFC ranged from 3.90 to 15.60 mg/L. Therefore,
dodecyl, tetradecyl, hexadecyl, and octadecyl showed low
activities, with their MIC and MFC values ranging from 125
to >250 mg/L for Trichophyton rubrum strains and from 31.25
and >250 mg/L for Trichophyton mentagrophytes strains.

3.2. Synergistic Activity. The activity of the combination
of fluconazole with pentyl, hexyl, heptyl, octyl, and nonyl
protocatechuates was evaluated and classified as antagonistic,
indifferent, additive, and synergistic based on the FIC index,
as shown in Table 2. The FIC index was calculated based on
the results of the checkerboard test.

The combinations were tested in clinical isolates of
Trichophyton rubrum (Trl) and Trichophyton mentagrophytes
(Tml) and in the reference strain Trichophyton mentagro-
phytes ATCC 40131 (Tm3).
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TABLE 3: Evaluation of IC,, and selectivity index of pentyl, hexyl, heptyl, octyl, and nonyl in NOK cells.
Substances Cytotoxicity ST{IC5/MFC)
1C (mg/L) Trl Tr2 Tr3 Tml Tm2 Tm3
Pentyl 57.0 7.3 7.3 73 3.7 7.3 7.3
8 Hexyl 66.5 17.0 17.0 17.0 17.0 17.0 8.5
Heptyl 78.1 40.0 40.0 40.0 20.0 80.5 20.0
10 Octyl 54.0 27.7 7.0 27.7 13.8 27.7 13.8
11 Nonyl 52.1 26.7 13.2 13.2 13.2 13.2 13.2

For the clinical isolates of Trichophyton rubrum (Trl), the
MIC value of fluconazole was 2.0 mg/L. When associated with
the protocatechuate pentyl (compound 7), a reduction in the
MIC of fluconazole of 16.66 times (0.12mg/L) (P < 0.05)
and a conservation of the MIC of compound 7 (7.8 mg/L)
were observed. The same occurred when fluconazole was
associated with protocatechuate heptyl (substance 9) (P <
0.05). Thus, both associations were classified as additive,
with an FIC index of 1.0. The other acids tested showed
a conservation of the fluconazole MIC (2.0mg/L) (P >
0.05) and a reduction in the MIC value of protocatechuates.
Compound 8 (hexyl protocatechuate) reduced the MIC value
by a factor of 8.125 (0.48 mg/L) (P < 0.05). Compound
10 (octyl protocatechuate) reduced the MIC by a factor of
31.66 (0.06mg/L) (P < 0.01), and compound 11 (nonyl
protocatechuate) reduced the MIC by 63.33 times (0.03 mg/L)
(P < 0.01). Thus, these combinations were classified as
additive, with an FIC index of 1.0. The only exception was
compound 8, which had an FIC index of 1.1 and was thus
classified as indifferent.

In the clinical isolate Tm1, the combination of fluconazole
and all protocatechuates acids tested showed a conservation
of the fluconazole MIC (1.0 mg/L) (P > 0.05) and a 130-
fold reduction in the MIC values of the protocatechuates
for substances 7, 9, and 11 (0.03mg/L) (P < 0.01) and
in 63.33 times for compound 8 and 10 (0.03mg/L) (P <
0.01). All combinations were classified as additive for Tml,
with an FIC index value of 1.0. However, for the strain
ATCC 40131 (Tm3), a conservation in the fluconazole MIC
(0.5mg/L) was observed when combined with compounds 7
and 11 (P > 0.05). The combination of the activity between
these compounds was classified as additive, with an FIC
index equal to 1.0. A reduction in the MIC values of two-,
four-, and twofold, respectively, for substances 8, 9, and 10
(P < 0.05) was observed when combined with fluconazole. A
fourfold reduction (0.12 mg/L) in the MIC value was observed
when associated with these compounds (P < 0.05). The
associations between fluconazole and compounds 8 and 10
were classified as additive and had an FIC index equal to
0.72, whereas the association with compound 9 instead had
a synergistic activity, with an FIC index equal to 0.48.

3.3. Cytotoxicity Assay. The compounds pentyl (7), hexyl (8),
heptyl (9), octyl (10), and nonyl (11) were evaluated in a
cytotoxicity assay in NOK cells. These substances showed
high values for ICs, after reaching the necessary concen-
tration to produce 50% lethality of 57 mg/L for cells treated

with compound 7, 66.5 mg/L for cells treated with compound
8, 781mg/L for cells treated with compound 9, 54 mg/L
for cells treated with compound 10, and 52.1 mg/L for cells
treated with compound 11. These results showed that these
compounds had a low toxicity in human oral keratinocytes
(Table 3). The selectivity index (SI) was calculated for all
six strains of Trichophyton rubrum and Trichophyton men-
tagrophytes. A selectivity index greater than 10 indicates a
substance with a higher selectivity for fungi. Considering all
six strains, compounds 9 and 11 had SI values greater than 10.
The SI values for compounds 9 and 11 ranged from 20.0 to
80.5 and 13.2 to 26.7, respectively.

4, Discussion

It is estimated that superficial mycoses affect approximately
25% of the world’s population [30]. Due to the high rate of
recurrence of superficial fungal infections and the increasing
problem of antifungal resistance, especially against the azole
family of drugs, new treatment alternatives with fungici-
dal activity are sorely needed [31-33]. In this context, the
anti-Trichophyton spp. activity of protocatechuic acid, 3,4-
diacetoxibenzoic acid, and fourteen alkyl protocatechuates
(3,4-dihydroxybenzoates) were evaluated on their own or
in combination with fluconazole. In the sixteen compounds
studied, significant antifungal activity was found. Remark-
able results were observed in six compounds against the
two species with pentyl, hexyl, heptyl, octyl, nonyl, and
decyl compounds. These results showed that increasing the
length of the side chain by up to 9 carbons enhanced both
the hydrophobicity and thus the antifungal activity of the
compounds. However, the addition of more than 9 carbons
leads to a reduction in the antifungal activity. The same
protocatechuic acid esters were used by de Faria et al. [21].
However, in their work, the antioxidant activity of those com-
pounds was evaluated. They also reported that the alkylation
process increased the hydrophobicity of these compounds,
resulting in an increased inhibition of the oxidative process.
Nihei and collaborators [20] evaluated the series of alkyl 3,4-
dihydroxybenzoates (protocatechuates) and their fungicidal
activity against the yeast Saccharomyces cerevisiae. Nonyl
and octyl, 3,4-dihydroxybenzoates obtained the lowest values
of MIC. In addition, the anti-Saccharomyces activity was
also correlated with the hydrophobicity of the carbon chain.
Thus, by analysing the structure-activity relationship of these
compounds, we can conclude that the carbon chain has a
key role not only in antioxidant activity, as described by de
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Faria and collaborators [21], but also in the antifungal activity
against Trichophyton spp.

Due to the lack of new classes of drugs or different
molecular targets, drug combinations can be considered a
strategy for therapy [34]. Several studies have proposed the
use of natural compounds in combination with drugs to
establish a new strategy for the treatment and prevention
of certain diseases [35-38]. Different combinations of statins
and some antifungal drugs were tested against four dermato-
phyte species (Trichophyton mentagrophytes, Trichophyton
rubrum, Microsporum canis, and Microsporum gypseum).
Most of the synergistic activity was found with the com-
bination of statins with terbinafine and the different azoles
[39]. Our results showed additive and synergistic activity of
the protocatechuic acid derivatives with fluconazole against
Trichophyton rubrum and Trichophyton mentagrophytes. We
observed a synergistic activity of fluconazole associated with
the heptyl derivative (9) when tested against Tm3, with a
reduction in the MIC value of fluconazole and heptyl by four-
and eightfold, respectively; an additive activity was observed
for Tml and Tm3 with this combination. For the isolate Trl,
we observed additive activity with the association of pentyl,
heptyl, octyl, and nonyl with fluconazole. For this isolate,
the combination of a hexyl derivative (8) with this azole was
found to not produce a change in its antifungal activity, such
that this association was considered indifferent. All other
combinations produced additive activity against the isolates
tested. The great advantage of using phenolic compounds
in combination with conventional therapies is that they can
increase the susceptibly of microorganisms compared to the
usual drugs and therefore are associated with reduced toxicity
[38].

Palafox-Carlos and collaborators [40] reported an antiox-
idative synergistic effect between phenolic acids present in
mango (Mangifera indica L.) and protocatechuic acid, gallic
acid, vanillic acid, and chlorogenic acid. The authors found
that the association showed a synergistic effect and that
the gallic and protocatechuic acids presented higher antiox-
idative capacities. Jayaraman and collaborators [38] studied
the combination of seven antibiotics and six phytochemical
compounds, including protocatechuic acid, against isolates
of Pseudomonas aeruginosa and found that the combination
of protocatechuic acid and sulfamethoxazol showed syner-
gistic activity against all bacterial isolates, with a fractional
inhibitory concentration index of 0.25 to 0.5.

The efficacy of fluconazole can be improved using combi-
nation therapy [34]. Aala and collaborators [41] found good
activity between allicin in combination with ketoconazole
or fluconazole demonstrating a synergistic or additive inter-
action against dermatophytes. Galgdczy and coauthors [42]
evaluated the in vitro antifungal activity against strains of
dermatophytes, combining the protein (PAF) of Penicillium
chrysogenum with fluconazole (FCZ). PAF and FCZ acted
synergistically and/or additively on all of the tested fungi
except Microsporum gypseum, for which no interactions were
detected [42].

When the cytotoxicity of the substances was evaluated,
high IC;, values were found. The ICs, indicates the concen-
tration of the compound that is necessary to kill 50% of the

cellline. The selective index was also calculated using the ratio
of the IC;, and MFC. For all of the isolates of the two species
tested, most IS values of the substances were higher than
10, and the best results were found for the heptyl and nonyl
derivatives. The IS values indicate that the concentrations
tested caused injury to the fungal cells but no toxicity to the
human cells [43-45].

Compounds not recognised as antifungal agents may
cause potent inhibition of growth when used in combination
with fluconazole. Our results suggest that the combination of
substances can act with synergistic or additive activity in the
treatment of dermatomycosis. More studies related to these
combinations should be performed to identify a possible
mechanism of action and to provide a verification of their in
vivo activity. The evaluation of drug combinations defines a
strategy for the discovery of new therapies, leading to a future
clinical evaluation. In addition to the potent antidermato-
phytic capabilities, the protocatechuate derivatives presented
alow toxicity to keratinocytes, demonstrating that the topical
use of these novel compounds may represent a promising new
option for the treatment of superficial mycoses.

5. Conclusion

In summary, new therapeutic trials are important to unravel
biological data and thus result in the discovery of new
combination drug. Overall, our results may contribute to a
database of information on test susceptibility and synergism
of dermatophytes in vitro, targeting the development and
optimization of antifungal drugs. In the present work the
esters of protocatechuic acid as well as their associations with
commercial drug could be a promising therapeutic approach.
More studies are needed to determine the mechanism of
action of these substances providing the molecular basis of
understanding.
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This work aims to demonstrate that the gallic acid structure modification to the decyl gallate (G14) compound contributed to
increase the antifungal activity against several species of pathogenic fungi, mainly, Candida spp., Cryptococcus spp., Paracoccidioides
spp., and Histoplasma capsulatum, according to standardized microdilution method described by Clinical Laboratory Standard
Institute (CLSI) documents. Moreover this compound has a particularly good selectivity index value, which makes it an excellent
candidate for broad-spectrum antifungal prototype and encourages the continuation of subsequent studies for the discovery of its
mechanism of action.

1. Introduction their effectiveness and resulting in significant health expen-

ditures. All of these factors are particularly problematic for

In the last two decades, there has been a rapid increase in
the incidence of invasive fungal infections (IFIs) caused by
fungal pathogens with diminished susceptibility or resistance
to many standard antifungal agents. The early treatment of
IFIs is essential for optimal clinical outcomes. The effec-
tiveness of standard antifungal drugs (polyenes, azoles, and
echinocandins) is not predictable against some emerging
fungi and may cause undesirable side effects. Furthermore,
the use of antifungals is often inappropriate, exposing patients
to adverse effects, drug interactions, and the development of
resistance to and super infections by other fungi, reducing

immunocompromised (IC) or hospitalized patients with seri-
ous underlying diseases [1-5]. Considering that the diagnosis
of these diseases remains challenging and that treatment
is suboptimal, it is difficult to identify and implement the
correct therapies.

The use of modified substances from natural compounds
as prototypes of molecules for the treatment of diseases has
increased abundantly in recent years. However, many of these
products have no proven efficacy and safety. The aim of this
study was adding new results about the antifungal activity
in vitro of 14 alkyl gallates against important pathogenic



tungi, mainly, Candida parapsilosis, C. krusei, Cryptococcus
gattii, Histoplasma capsulatum, and Paracoccidioides spp.
The literature presents several data about a wide range of
biological activities, and its chemical structures have corre-
lation with the antifungal activity and the cytotoxicity [6, 7].
Kubo et al. [8] made an important observation about the
length and hydrophobicity of alkyl groups; to a large extent,
these factors are associated with their antifungal activity.
Because of the wide range of properties and commercial
applications, alkyl gallates are compounds of great interest
to both pharmaceutical and chemical industries [9]. Besides,
we highlighted the decyl gallate role as a promising broad-
spectrum antifungal.

2. Materials and Methods

2.1. Microorganisms. C. albicans ATCC 90028 (Ca), C. krusei
ATCC 6258 (Ck), C. parapsilosis ATCC 22019 (Cp), C. neo-
formans ATCC 90012 (Cn), and C. gattii ATCC 56990 (Cg)
were selected for the study. Four filamentous species were
also used, including T. mentagrophytes ATCC 11481 (Tm), T.
rubrum ATCC 28189 (Tr), A. fumigatus ATCC 7100 (Af),
and A. niger ATCC 16404 (An). All species were obtained
from the collection of Clinical Mycology Laboratory, School
of Pharmaceutical Sciences, UNESP, Araraquara, Sio Paulo,
Brazil. This study also included the dimorphic fungi H.
capsulatum var. capsulatum EH-315 strain (Hc); P. brasiliensis
isolates 18, D03, and 339 (belonging to the S1 phylogenetic
species), isolate 02 (PS2 phylogenetic species), and isolate
Epm83 (PS3 phylogenetic species); and P lutzii strain 01
(ATCC MYA-826) and two isolates, EE and 8334MMT
(origin is described in Acknowledgments).

2.2. Susceptibility Tests. The minimum inhibitory concen-
tration (MIC; mgL™") was determined by the antifungal
susceptibility test for all species, following the reference
broth microdilution method, as outlined in the CLSI. The
M27-A3 document [10] was used for yeast and dimorphic
fungi species. For dimorphic fungi microdilution test was
performed according to de Paula e Silva et al. [11]. The
M38-A2 document [12] was used for filamentous species.
The determination of the minimum fungicidal concentration
(MFC;mg L ), which is the lowest concentration that did not
allow the growth of any fungal colony on the solid medium
after the incubation period, was performed as was done by
Regasini et al. [13] and Gullo et al. [14]. For this an aliquot
from the wells was transferred to a plate with Sabouraud
medium (Sigma-Aldrich, St. Louis, MO, USA) and incubated
at 37°C for the time determined for each species. All the
tests were performed in triplicate and in three independents
assays. The strain C. krusei ATCC 6258 was used also as a
quality control for both tests.

The following antifungal drugs were used as controls:
amphotericin B (AMB), itraconazole (ITZ), fluconazole
(FLZ), terbinafine (TERB), and griseofulvin (GRIS; Sigma-
Aldrich, St. Louis, MO, USA). All antifungal drugs were
diluted according to the instructions of each CLSI doc-
ument. The final dilutions and inoculum were in RPMI
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TABLE 1: Molecular structure of gallic acid (GI) and alkyl gallates

(G2-G17).
(0]
HO o-R
HO
H
Gl Gallic acid H
G2 Methyl gallate CH,
G3 Ethyl gallate CH,CH,
G4 Propyl gallate (CH,),CH,
G5 Isopropyl gallate CH(CH,;),
G6 Butyl gallate (CH,);CH;
G7 Pentyl gallate (CH,),CH,
R G9 Isobutyl gallate CH,CH(CH,;),
G10 Hexyl gallate (CH,)sCH,
Gl1 Heptyl gallate (CH,)sCH,
Gl12 Octyl gallate (CH,),CH,
Gl4 Decyl gallate (CH,),CH,
Gl15 Undecyl gallate (CH,),,CH,4
Gl6 Dodecyl gallate (CH,),,CH;
G17 Tetradecyl gallate (CH,);CH,4

1640 medium with L-glutamine without bicarbonate (Gibco;
Grand Island, NT, USA) buffered to pH 7.0 with 0.165 M 3-N-
morpholinopropanesulfonic acid (Sigma-Aldrich, St. Louis,
MO, USA) with 2% glucose.

2.3. Preparation of Alkyl Gallates. Alkyl gallates (Table1)
were synthesized as previously described by Morais et al.
[15]. Five milligrams of each dried substance was diluted and
solubilized aseptically in appropriate quantities of dimethyl-
sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA). The
amount of DMSO used was previously tested and did not
affect the fungal viability (data not shown). For the exper-
iments, the concentration of each substance was calculated
for a range of concentrations from 62.5 to 0.002mgL™" by
dilutions in RPMI 1640 medium in a microdilution plate;
then the test was performed in accordance with the M27-A3
and M38-A2 documents.

2.4. Cytotoxicity Tests. The cellular cytotoxicity of the alkyl
gallates was evaluated against lung tumor cells (A549) and
normal fibroblast pulmonary cells (MRC-5), which were
obtained from the American Type Culture Collection (Man-
assas, VA, USA). The cytotoxicity test was performed by
MTT [16] using 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (Sigma-Aldrich, St. Louis, MO,
USA) at 5mg mL™". Spectrophotometric readings were taken
from microplates in an ELISA reader (Bio-Rad model 3550)
at a wavelength of 540 nm. Untreated cells constituted the
positive control (viable cells), and cells treated with hydrogen
peroxide (Sigma-Aldrich, St. Louis, MO, USA) constituted
the negative control (death cells). All the tests were performed
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FIGURE 1: Cell viability tested in MRC-5 and A549 after treatment with different concentrations of gallic acid (Gl), octyl gallate (G12), decyl
gallate (G14), and undecyl gallate (G15). * Indicates that there was no difference statistic (P > 0.05) in relation death control (red line
represents the mean percentage of viable cells in the death control (DC)).

in triplicate in three independents assays. A test was per-
formed on plates without cells to verify that the reaction
cannot occur between alkyl gallates and the reagent to avoid
false-positive results (data not shown). Statistical analysis
was performed using 2-way ANOVA with Bonferroni post-
test using GraphPAd Prism 5 software. P values > 0.05 were
considered statistically not significant in relation to the death
control.

The IC;, values of both cell lines were calculated in
relation to G1 molecule and the best antifungal activity of
alkyl gallate is the G14. This value represents the concentra-
tion required for 50% cell death (i.e., the concentration of
each alkyl gallate that results in 50% absorbance reduction
compared with untreated cells, termed the ICy;) [17]. The
selective index (SI) was calculated to both cells lines, which is
defined as the ratio of the measured ICs in the two cell lines
to the MIC of the tested alkyl gallate (i.e., SI = IC5,/MIC). The
SI was considered significant when >10 [18, 19].

3. Results

Table 2 shows the MICs of gallic acid (Gl) and the alkyl
gallates. These molecules correspond to esters with a different
number of carbon chains (G2 to Gl7, as shown in Table 1).
Depending on the fungi, the Gl MIC value varied from 4
to 62.5mgL~" and the same results were observed for G2 to
GIL. In general, from the alkyl gallates G12 to G15, there was
a decrease in the MIC, ranging from 2 to 16 mgL™", to the
majority of fungal species, except to Aspergillus sp. and C.
krusei, which presented value of 31 and >62.5mgL™". There
was an increase in the MIC value to the alkyl gallates G16 and
G17. For the genus Paracoccidioides, G12 to G15 presented the
lowest MICs for the majority of isolates (0.004 to 0.5 mg L"),
and the G16 showed low MIC values (0.015 to 0.125 mg L.
The MIC value to H. capsulatum was 2mgL™" for the GI2 to
G15 alkyl gallates.

Some of the best MICs of the alkyl gallates were similar
to or lower than the MICs found for current therapeutic
antifungal agents. C. krusei and T. rubrum are FLZ resistant
strains with MIC of 64mgL™" to these agents, and the
GI12 and Gl14 presented MICs of 4-8 mgL™". Most of the
alkyl gallates showed MFC values similar to the MIC values.
Nevertheless, G14 had the best MIC when it was evaluated
against most fungal species.

The cytotoxicity of gallic acid and the alkyl gallates were
evaluated in respiratory epithelial cells showing high cell
viability to MRC5 and A549 cells line, revealing the low
cytotoxicity of these compounds to both cell lines. Figure 1
shows the results of the cytotoxicity test when the cell lines
were treated with Gl and the alkyl gallates G12, G14, and
G15, that is, those that had the best antifungal activity against
most fungi species tested in this study, and we could observe
that these selected alkyl gallates showed low cytotoxicity
to both cell lines. In this test, the viability percentage is
considered satisfactory when it is above the mean percentage
of death control. In Supplementary Material we present the
results of the cytotoxicity test to all alkyl gallates used in
this study (see Supplementary Material available online at
http://dx.doi.org/10.1155/2014/506273).

Table 3 presents the IC;, values of A549 and MRC-5
cell lines for GI and Gl4. These alkyl gallates showed ICs,
values above the MICs and MFCs determined for the different
fungi. The SI was also demonstrated in Table 3, and we
could observe that G14 showed the greatest antifungal activity
against the majority of fungal species and had higher SI values
for both the MRC-5 and A549 cell lines.

4. Discussion

Gallic acid (GA) or 3,4,5-trihydroxybenzoic acid is a natural
plant triphenol and it can be produced by acid hydrolysis of
tannic acid. The substitution of the GA acid portion allows the
obtainment of analogues esters with distinct physicochemical
characteristics, especially lipophilicity that is evaluated by
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TABLE 3: The IC;, and SI values for both cell lines and all fungi
species against gallic acid (G1) and decyl gallate (G14).

SI
Gl Gl4
MRC-5 A549 MRC-5 A549

Ca 0 0 >10 2

Ck 0 0 2 >10
Cp 0 0 >10 >10
Cn 0 0 >10 >10
Cg 0 0 >10 >10
Tm 0 0 >10 >10
Tr 0 0 6 9

Af 0 0 2 2

An 0 0 6 9

Hc 3 2 >10 >10
EE 0 0 >10 >10
8334MMT 0 0 >10 >10
1 1 1 >10 >10
18 0 0 >10 >10
D03 0 0 >10 >10
339 0 0 >10 >10
2 1 1 >10 >10
Epm83 1 1 >10 >10
IC,, (mgL™) 73 93 50 71

the partition coeflicient, called alkyl gallates, according to
the atom carbon number in the side chain [6, 7]. GA
acts as an antiapoptotic agent and protects human cells
against oxidative damage, as it has the ability to scavenge
and reduce reactive oxygen species (ROS) formation [20].
The alkyl gallates, like methyl, propyl, octyl, and dodecyl
gallates, have a wide range of biological activities, used
in food manufacturing as antioxidants, as well as in the
pharmaceutical and cosmetic industries, as well as antifungal
[6, 21], antibacterial [22], antiviral [23], antitumoral [7], and
antihemolytic activities [24]. Because of these several inter-
esting properties and commercial applications, alkyl gallates
are compounds of great interest to both pharmaceutical and
chemical industries.

Our group showed MIC values equivalent to the values
found by Leal et al. [6], which confirm the reproducibility of
antifungal activity of the alkyl gallates, and brings new results
with other important pathogenic fungi, as C. parapsilosis,
C. krusei, C. gattii, H. capsulatum, and Paracoccidioides spp.
Current increases of antifungal drug resistance in Candida
spp. and clinical treatment failures are of concern, as invasive
candidiasis is a significant cause of mortality in intensive
care units [25]. Cryptococcosis is an important globally
infectious disease. The majority of illness is among patients
with defective cell-mediated immunity. The most common
clinical presentation is Cryptococci meningitis, with over 1
million cases and 600,000 deaths per year [26]. Between
the most commonly endemic mycoses described are para-
coccidioidomycosis and histoplasmosis; both are difficult to
diagnose, because of limiting factors as isolation conditions

and sensitivity and specificity of microscopic examination
of fluids and tissues which does not lead to immediate
diagnosis, hindering successful subsequent treatments [27].
These difficulties constitute serious problems and underscore
the need for a better understanding of the pathophysiology of
different fungal infections, which could help to identify new
targets of drug therapy and lead to the development of new
antifungal agents [2, 3].

Then, to evaluate the susceptibility to gallic acid and alkyl
gallates, 18 fungi species were assayed. G1 showed high MIC
value for most isolates and the same results were observed
for G2 to Gll, suggesting that the esterification process in
the original G1 molecule did not improve the antifungal
activity. However, the esterification process for the formation
of G12 to G15 showed MICs values significantly different; in
other words, chains with eight to eleven carbons enhanced
the antifungal activity. These findings indicate that this
modification contributed positively to improvement of the
antifungal activity of the compound. However, this pattern
was not observed in G16 and GI7 against most isolates.
Instead, higher MICs values were recorded, suggesting a
cutoff limit for the chain size.

There was not a change in the susceptibility among the
alkyl gallates that presented antifungal activity and the species
of same genus, but the MIC value found was considered
low. This pattern was observed for Candida and Cryptococcus
species, important yeasts more frequently in the last years
in critically ill patients [25, 26]. These results confirm the
hypothesis that these compounds can be better studied to
find the unique compound against the majority of clinical
importance fungi.

Histoplasma capsulatum showed constant MIC values to
GI12 to GI15, which indicate that the chains with eight to
eleven carbons have the same effect on this fungus, and the
Paracoccidioides genus is more susceptible to alkyl gallates
than the other fungal species tested. These results show
that these compounds can be effective in cases of therapies
with difficult diagnosis of specific species or genus. High
susceptibility between the species P. [utzii and P. brasiliensis
was observed suggesting the necessity of more studies about
the mechanism action involved.

We agree with the conclusion presented by Leal et al.
[6] that the activity can vary with the fungi tested, mainly
between groups of fungi, and that the antifungal activity of
alkyl gallates appears to be dependent on the presence of a
catechol moiety along with a hydrophobic alkyl chain, similar
to the activity of alkanols described by Kubo et al. [28].

Several studies suggest the mechanism of action involves
these compounds. Fujita and Kubo [29] suggested by glucose-
induced medium acidification method [30] that an alkyl gal-
late with nine carbons in the chain side causes damage in the
cellular membrane including the plasma membrane, because
this compound has three hydrophilic hydroxyl groups in the
head of gallate acids and the hydrophobic alkyl chain in
the tail, disturbing the stable structure of lipid membrane
bilayers. The probable explanation is that hydroxyl groups
would interact with hydrophilic groups thrusting on the
membrane to form hydrogen binds. The nonpolar carbon
chains are folded into the membrane bilayers, resulting in



a change of the membrane fluidity. This injury probably
resulted in the leakage of potassium ions from fungi cells.
This study also suggested that this alkyl gallate might achieve
inner membrane of mitochondria, influencing mitochondrial
functions related to ROS generation.

The development of an antifungal agent is considered
challenging because potential targets can be shared by yeast
and mammalian cells; both are eukaryotes and have some
homologous metabolic pathways. The optimal antifungal
agent should have a wide activity spectrum, have a fungicidal
action rather than fungistatic action, be available for oral
and parenteral use, be safe in the efficacious dose, have a
great cost-effectiveness, and be stable to microbial resistance.
Considering all these points, novel and selective molecular
targets for the development of new antifungal agents with the
goal of minimizing toxicity are of great importance.

In this sense, in vitro cytotoxicity assays are the first step to
assess whether a compound with potential antifungal activity
is promising to become a future antifungal agent. In this
study, two lung cell lines were used for the cytotoxicity by
MTT assay, since the majority of fungi tested are bound to
the respiratory tract. Then, the cell viability for both lines
remained greater than 50% at most of concentrations of G14
and the other two alkyl gallates, G12 and G15, considered with
good antifungal activity, by the MTT assay.

MTT assay detects the decrease of viable cells number
by the reduction of tetrazolium salt to formazan into living
cells that occurs mainly through electron transfer at the
mitochondrial level [16, 31]. There are in the literature several
reports about the cytotoxicity of alkyl gallates. Locatelli et al.
[7] described in a review that alkyl gallates are not cytotoxic
against rat liver slices and/or nontumoral cell line (mon-
key kidney fibroblasts, VERO cells), normal mouse brain
endothelial cells, human lymphocytes, or when administered
in rats or mice.

Another factor to consider is the detachable selectivity
index. The SI is an indication of the relative safety of a
compound, where higher SI values reflect greater safety, once
that this value is defined as the ratio of the IC;, for the MIC
value. In other words, the necessary concentration of the alkyl
gallate to kill 50% of the health mammalians cells is higher
than the concentration considered fungicide. Then SI will
be greater than 10 because the values are inversely related.
The ratio between the safety and potency of a compound is
a very important parameter to consider in the development
of therapeutic products [17, 32, 33]. Accordingly, the alkyl
gallate G14 had better MIC values and presented an SI above
10 against most fungi, revealing that this alkyl gallate is safe.
These data suggest the importance of more studies about
the difference of action mechanism between the fungal and
mammalian cells, searching for the explanation of the fact
that an alkyl gallate with a ten-carbon chain had better
activity than the others, with one carbon to more or less.

A point that should be emphasized in favor of this
compound is that most of MIC values were similar to or lower
than the values of standard antifungal agents, indicating
the importance of these substances as promising antifungal
agents. One of the major obstacles to antifungal therapy is
toxicity, the associated high cost, the development of intrinsic
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resistance, or a reduced susceptibility to available antifungal
agents.

Amphotericin B is considered the “gold standard” to
mainstay of antifungal therapy because of its broad-spectrum
activity and few cases of mycological resistance. However, it
is associated with frequent and potentially serious adverse
effects. The serious adverse effects led to the development of
AmB formulations, which presented lower rates of nephro-
toxicity, but the cost of these agents is substantial, and access
is limited in resource-limited settings [34, 35]. On the other
hand, the recent increases in Candida spp. resistance to
echinocandins and azoles have led to clinical failures. This is
a matter of concern because of the limited number of drug
classes targeting different fungal components and because the
number of patients at risk receiving treatment is continually
growing, thus further increasing antifungal drug pressure
[25]. In this sense, besides of the possibility of a treatment
isolate with this alkyl gallate, a combinatory therapy of the
alkyl gallate with the available antifungals agents can be an
option that can lead to reduce the dose or improving the
action of both antifungal agents.

In conclusion, in this preliminary study, among a series
of 14 alkyl gallates, our group selected the decyl gallate that
was considered to have the best antifungal activity for a wide
variety of pathogenic fungi with clinical importance. These
suggest how important the structure activity relationship is
to obtain the best antifungal performance. It is a promising
compound for further studies once the cytotoxicity tests were
compatible with those already described in the literature, and
the fungicide action mechanism is not prejudice to mammals
cells, showing a SI that guarantees the safety required in this
initial step.
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Healthcare-associated infections (HAI) are described in diverse settings. The main etiologic agents of HAI are bacteria (85%) and
fungi (13%). Some factors increase the risk for HAI, particularly the use of medical devices; patients with severe cuts, wounds, and
burns; stays in the intensive care unit, surgery, and hospital reconstruction works. Several fungal HAI are caused by Candida spp.,
usually from an endogenous source; however, cross-transmission via the hands of healthcare workers or contaminated devices can
occur. Although other medically important fungi, such as Blastomyces dermatitidis, Paracoccidioides brasiliensis, and Histoplasma
capsulatum, have never been considered nosocomial pathogens, there are some factors that point out the pros and cons for this
possibility. Among these fungi, H. capsulatum infection has been linked to different medical devices and surgery implants. The
filamentous form of H. capsulatum may be present in hospital settings, as this fungus adapts to different types of climates and
has great dispersion ability. Although conventional pathogen identification techniques have never identified H. capsulatum in the
hospital environment, molecular biology procedures could be useful in this setting. More research on H. capsulatum as a HAI
etiologic agent is needed, since it causes a severe and often fatal disease in immunocompromised patients.

1. Introduction surgical procedures related to specific therapies, in addition
to the large number of immunocompromised patients who
are hospitalized [3]. It is estimated that every day one out of
25 hospital patients has, at least, one HAIL In 2011, there were
722,000 HAI in the United States’ hospitals and about 75,000

hospital patients with HAI died during their hospitalization.

The term healthcare-associated infection (HAI) refers to
infections associated with healthcare delivery in any setting
(e.g., hospitals, long-term care facilities, ambulatory settings,
and home care). This term reflects the inability to determine

with certainty where the pathogen is acquired since patients
may be colonized or exposed to potential pathogens outside
the healthcare setting, before receiving healthcare or during
healthcare delivery [1, 2].

In recent years, there has been an overall increase in HAI,
which is likely a consequence of the advances in medical and

More than half of all HAT occurred outside the intensive care
unit [4].

HAI commonly occur by direct transmission from indi-
vidual to individual or through fomites manipulated by
healthcare workers, as well as through surfaces and devices
contaminated by biofilms (surgical instruments, catheters,



mechanical ventilation systems, and others) [5, 6]. Other
mechanisms of transmission are aerial dispersion of oppor-
tunistic or environmental microorganisms and endogenous
dissemination of commensal or opportunistic pathogens [7-
9].

Although the role of the inanimate hospital environment
in the spread of HAI has been controversial, nowadays
molecular biology methodologies are being used to identify
pathogens, measure the quality of environmental and hand
hygiene over time, and establish a link between outbreaks
and cross-transmission events, according to geographic and
temporal variables [8].

Currently, changes in morbidity and mortality patterns
due to aging of the world population, treatments with
immunosuppressive drugs, and the use of invasive devices
(particularly long-term ones) have led to a rise in the need
of healthcare facilities for patients who are more susceptible
to opportunistic infections [10]. Environmental disturbances
associated with construction activities near health insti-
tutions pose additional airborne and waterborne disease
threats for those patients who are at risk for healthcare-
associated fungal infections [2]. Particularly, hospitalized
patients could be exposed to infective fungal propagules such
as microconidia and small hyphal fragments of Histoplasma
capsulatum that thrive in bat and bird droppings, deposited
in the surrounding hospital recreational areas.

Thus, the aims of this paper were to review the reported
cases of H. capsulatum infections in healthcare settings, in
order to propose the different factors that could be related to
healthcare-associated histoplasmosis and discuss the features
that could favor the presence of this fungus in the hospital
environment.

2. Etiologic Agents of HAI

The etiologic agents of HAI are mainly bacteria (85%) and
fungi (13%), in contrast to viruses and parasites that are rarely
reported. Some environmental factors have been identified
to increase the risk for fungal HAI, particularly the use of
medical devices, like central venous and urinary catheters;
the presence of severe cuts, wounds, and burns; stays in
the intensive care unit, surgery, and hospital reconstruction
works [4].

Host factors, such as extremes of age and underlying
diseases, human immunodeficiency virus/acquired immune
deficiency syndrome (HIV/AIDS), malignancy, and trans-
plants, can increase susceptibility to infection, as well as a
variety of medications that alter the normal flora, like antimi-
crobial agents, gastric acid suppressants, steroids, antirejec-
tion drugs, antineoplastic agents, and immunosuppressive
drugs [2].

Most HAI associated with fungi are caused by Candida
spp. These infections usually come from an endogenous
source. However, cross-transmission via the hands of health-
care workers or contaminated devices can occur [11]. HAI
outbreaks by other yeasts, such as Malassezia spp., Saccha-
romyces spp., and Trichosporon spp., have also been identi-
fied in newborns, patients with hematologic malignancies,
and transplant recipients [12-18]. Mechanical ventilation,
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duration of hospital stay, prolonged use of intravascular
catheters, parenteral lipid formulations, and prior exposure
to broad spectrum antibiotics (including antifungal therapy)
are important predisposing conditions identified in these
outbreaks [13, 14, 16-18].

The occurrence of invasive fungal infections (IFIs)
depends on several factors like the time of exposure to an
infectious agent, the patient’s immune status, the pathogen’s
virulence factors, and the host-pathogen interaction [19]. IFI
associated with healthcare is mainly caused by opportunistic
fungi, from endogenous or environmental sources, which
form biofilms in fomites and abiotic surfaces [9].

Species of filamentous fungi, such as Aspergillus spp. [20,
21], Rhizopus spp. [22], Rhizomucor spp. [22, 23], Absidia
corymbifera (22, 24], Fusarium spp. [25-27], Paecilomyces
spp. [28, 29], Curvularia spp. [30], Phialemonium spp. [31-
34], and Scedosporium spp. [35-37], have been particularly
associated with HAI in patients with hematologic diseases.
The most common sources reported in the above-mentioned
filamentous fungal infections were contamination of medical
supplies, like intravenous solutions, contact lens solutions
[38, 39], bandages [24], pressure cuffs, and invasive devices
(endotracheal tubes) [11, 21-23, 40]. Besides, other species
of fungi such as Aureobasidium spp. [41], Trichosporon spp.
[42, 43], Rhodotorula spp. [44-46], and Phaeoacremonium
parasiticum [47] have been implicated in nosocomial pseu-
dooutbreaks through contamination of endoscopes.

A very important opportunistic fungus, Pneumocystis
jirovecii, has also been associated with HAI by person-
to-person airborne transmission [48-58]. Infection by P.
jirovecii presents as an interstitial pneumonia in immuno-
compromised hosts, particularly HIV patients; in this group,
pneumocystosis is considered an AIDS-definitory condition,
when CD4+ T lymphocytes are below 200 cells/uL [59]. Cur-
rently, an increase of pneumocystosis in non-HIV patients
is being observed, especially in patients with transplants,
individuals with autoimmune disorders or malignancies, and
those using immunosuppressive treatments, like steroids and
immunobiological drugs [50, 55, 60-62]. Molecular biology
techniques have detected a high prevalence of colonization
(10-55%) in immunocompromised patients and in the gen-
eral population. Individuals colonized by P jirovecii can
be considered reservoirs and therefore contribute to the
transmission of this pathogen among immunosuppressed
patients in the hospital environment [62].

Other important respiratory pathogens, such as Blas-
tomyces dermatitidis, Paracoccidioides brasiliensis, and H.
capsulatum, have never been associated with infections in
the hospital environment; however, B. dermatitidis has been
found in pseudooutbreaks associated with contaminated
bronchoscopes [63].

3. H. capsulatum Infection

H. capsulatum is a dimorphic fungus with a mycelial saprobe-
geophilic morphotype (infective M-phase), usually found in
bat and bird guano, and a yeast morphotype (parasitic and
virulent Y-phase) preferentially located within phagocytes.
Infection occurs through inhalation of aerosolized M-phase
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propagules, mainly microconidia and hyphal fragments,
accumulated in confined spaces usually inhabited by bats or
birds [64].

There are eight genetic populations of H. capsulatum
distributed worldwide [65], between the latitudes 54° North
[66] and 38" South [67], suggesting a broad geographic
dispersion of the pathogen. H. capsulatum has been found
in ecological niches with special conditions: air and soil tem-
peratures (18-28°C), humidity (>60%), and darkness (fosters
sporulation). Particularly, this fungus needs the presence of
high concentrations of nitrogen and phosphorus for the M-
phase growth, in addition to other micronutrients, which
are plentiful in bat or bird guano [64, 68-70]. Besides,
this fungus’ ubiquitous distribution in nature (soil, treetops,
yards, and public parks, among others) makes it feasible to
find the M-phase in open spaces, either in rural or urban
areas around hospitals [64, 70]. In a large outbreak that
occurred in Acapulco, Mexico, the presence of the fungus
was revealed in ornamental potted plants, containing organic
material known as compost supplemented with bat guano
that is used as fertilizer [70].

Histoplasmosis is a systemic mycosis preferentially dis-
tributed in endemic areas of the Americas. Most H. capsu-
latum infections are asymptomatic. A low number of indi-
viduals develop pneumonia, which is the main clinical form
in immunocompetent patients (primary pulmonary histo-
plasmosis) with distinctive histopathological features, like
chronic granulomatous infiltrate [69]. Epidemic outbreaks of
histoplasmosis are related to occupational exposure or recre-
ational activities and affect individuals worldwide [66, 71-
73]. However, this disease is one of the most common oppor-
tunistic infections among HIV/AIDS patients with CD4+ T
lymphocytes below 150 cells/uL (known as AIDS-definitory
condition), who may develop severe and fatal disseminated
histoplasmosis [59]; approximately 30% of these patients die
from this infection [74-76]. H. capsulatum infections have
also been described in patients with transplants [77, 78],
invasive devices, and/or surgical implants [79-81].

H. capsulatum shares some features with the etiologic
agents of HAI, bacteria or fungi, which support the noso-
comial involvement of H. capsulatum infection: worldwide
distribution (facilitated by flying reservoirs), its ubiquity,
production of aerosolized infective propagules that spread
the fungus in the environment and favor the infection by the
respiratory pathway, development of biofilm and quorum-
sensing (QS) events, and opportunistic behavior in immuno-
suppressed hosts.

4. Biofilm Formation

It is estimated that 95% of the microorganisms found in
nature are attached in biofilms [82]. Over 60-65% human
infections involve the formation of biofilms by normal com-
mensal flora or nosocomial pathogens [83-89]. A biofilm
is a complex structured community of microorganisms,
surrounded by an extracellular matrix of polysaccharides,
adhering to each other over a surface or interface [82];
sometimes protein-like adhesins of the pathogen are also
involved in biofilm formation [90]. Biofilms constitute a

potential source of chronic, recurrent infections and cross-
contamination events [7, 89]. Microorganisms in biofilms
are protected from the host’s immune system and may be
1,000-fold more resistant to antibiotics than planktonic cells
[91], due to poor penetration of drugs, low growth rate, and
development of the microorganism’s resistant phenotypes
within biofilms [84, 92].

Fungal biofilms have been found not only in wild soil and
water, but also in urban environments, like piping systems,
water reservoirs, and constructions, and in healthcare equip-
ments [8, 85, 93-96]. Among the fungal biofilms found on
these surfaces, the medically important fungi, such as Can-
dida spp., Aspergillus spp., Cryptococcus spp., Rhodotorula
spp., Penicillium spp., Sporothrix spp., Acremonium spp., and
Paecilomyces spp., must be highlighted [8, 90, 93-98].

In medical devices, Candida spp. is the most com-
mon fungi associated with biofilm formation, usually with
endovascular and urinary catheter-related infections in
intensive care units, resulting in invasive candidiasis with
high mortality [99-101]. The distribution of Candida species
is variable and in recent years non-albicans Candida species
have been frequently found in patients with hemodialysis
catheter-related candidemia [102].

The presence of biofilms has also been described in ven-
triculoperitoneal (VP) shunts in patients with Candida spp.,
Cryptococcus neoformans, and Coccidioides immitis menin-
goencephalitis. These biofilms were associated with recurrent
peritonitis and meningitis [88, 103]. Various fungi have been
able to form biofilms on abiotic surfaces in experimental
models, such as A. fumigatus [104], M. pachydermatis [105],
Blastoschizomyces capitatus [106], Candida spp. [107], Pneu-
mocystis spp. [108], Rhodotorula spp. [109, 110], C. neoformans
[111], S. cerevisiae [112], Fusarium spp. [113], T. asahii [114], and
zygomycetes [115].

Epidemiological surveillance definitions of HAI include
surgical site infections associated with surgical implants
or medical indwelling devices, when they occur within
30-90 days after the surgical procedure [4]. Clinically, H.
capsulatum infections have been identified in individuals
with invasive devices or surgical implants, and some authors
have described endovascular histoplasmosis in patients with
vascular prosthetic or synthetic implants [80, 81, 116-119].
Usually, the diagnosis is made by isolation of the fun-
gus in vegetation or over synthetic materials. In addition,
histopathological observation has revealed fibrin, large aggre-
gates of yeast cells, mild chronic inflammatory cell infiltrates
(predominantly macrophages) [80, 116, 118], and H. capsu-
latum hyphae (M-phase) in a few cases [117]. Furthermore,
H. capsulatum endocarditis has also been described in native
heart valves [118-120]. The aforementioned factors suggest
the ability of H. capsulatum Y-phase to form biofilms in vivo
(human solid organs and medical devices). Recently, it was
described that H. capsulatum is able to form biofilms on
abiotic surfaces [121]. Besides, H. capsulatum yeasts have been
found clustered in the cells of bats’ spleen, lung, and liver and
in the lamina propria of intestine villi [122].

There are some reports of H. capsulatum peritonitis
associated with infected catheters in patients with end-
stage renal disease under continuous ambulatory peritoneal
dialysis [123-128]. All of these peritoneal histoplasmosis’



cases occurred in residents from an endemic area, in a period
longer than 90 days, in contrast with the epidemiological
definition of HAL Thus, continuous exposure to the fungus’
infective M-phase propagules appears to be an important
risk factor, since no other epidemiological feature could be
associated with these cases.

Veeravagu et al. [129] reported a case of H. capsulatum
meningitis associated with a VP shunt that was diagnosed two
days after surgery. It is noteworthy that the patient did not
come from an endemic area. Furthermore, H. capsulatum was
isolated from the VP shunt tip and the surgical instruments,
so this could be considered a nosocomial histoplasmosis.

Currently, it is unknown if H. capsulatum is able to form
biofilms in its filamentous form, which could contaminate
hospital environments, medical devices, and supplies, facil-
itating the direct inoculation of the infective form through
cross-contamination. However, it is not a farfetched idea,
because biofilms have been described in filamentous fungi,
such as Aspergillus spp. [104] and zygomycetes [115].

5. Quorum Sensing (QS)

QS is a mechanism of microbial communication dependent
on cell density that can regulate several behaviors in bacteria,
such as secretion of virulence factors, biofilm formation,
survival, and bioluminescence. Fungal QS systems were
first described in the pathogenic fungus C. albicans, with
important signaling molecules, called farnesol and tyrosol
(alcohols derived from aromatic amino acids), which con-
trol fungal growth, morphogenesis, and biofilm formation,
inducing detrimental effects on host cells and other microbes.
The concentration of these alcohols increases proportionally
to the microbial population and, after reaching a critical
threshold, a regulatory response is triggered leading to the
coordinated expression or repression of QS-dependent target
genes in the entire microbial population [130].

QS activities have also been described in other fungi,
such as H. capsulatum [131], Ceratocystis ulmi [132], and Neu-
rospora crassa [133]; however, the molecules responsible for
such activities have not yet been purified. In H. capsulatum,
regulation of «-(1,3)-glucan synthesis in the Y-phase cell wall
has been shown to occur in response to cell density [134].

Albuquerque and Casadevall [130] proposed that fungal
QS molecules are not only a product of fungal catabolism, but
they should have some characteristics: to accumulate in the
extracellular environment during fungal growth at a concen-
tration proportional to the population cell density restricted
to a specific stage of growth, to induce a coordinated response
in the entire population once a threshold concentration is
reached, and to reproduce the QS phenotype when added
exogenously to the fungal culture. More research about these
molecules is needed to elucidate the QS mechanisms in
each fungus model, involving different pathogenic events,
including biofilm formation.

6. H. capsulatum Infection in Drug-Induced
Immunocompromised Individuals

IFIs related to immunosuppression caused by drugs in
patients with transplant occur because cellular immunity is
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modified, usually within the first six months posttransplant.
During this period, the IFI acquired an opportunistic nature
and emerged as HAI [135-137]. After six months posttrans-
plant, patients usually remain stable and continue receiving
immunosuppressive drugs at low doses. Thus, they are sus-
ceptible to common infections acquired in the community
[79,135-137].

H. capsulatum infections have been identified in solid
organ transplant (SOT) recipients [138, 139]. However, a low
frequency of histoplasmosis related to HAT has been observed
in the first six months posttransplant. Freifeld et al. [138]
identified nine cases of pulmonary histoplasmosis in SOT
recipients in a period of 30 months, but only four patients
developed the disease in the first six months posttransplant.
In a10-year cohort study, Cuellar-Rodriguez et al. [140] found
only three cases of histoplasmosis in SOT recipients in the
first six months posttransplant; however, eleven cases were
identified after the first year posttransplant.

Other authors evaluated the incidence of IFIs in SOT
recipients, in a 5-year cohort study [141, 142]. Of the 1,208
cases of IFI, histoplasmosis was diagnosed in 48 patients,
where 18 cases (37.5%) occurred in the first six months post-
transplant, particularly in kidney, liver, and kidney-pancreas
transplants [141]. In general, these patients were receiv-
ing immunosuppressive drugs, like tacrolimus, sirolimus,
mycophenolate mofetil, and steroids [138, 140, 142].

A more recent study about IFIs identified an increase in
the number of histoplasmosis cases in SOT recipients [142].
Among the 70 cases of IFIs reported, 52 (80%) were diagnosed
as histoplasmosis, in a 5-year period. The median time from
transplant to the diagnosis of this fungal disease was one
year. Five SOT recipients developed histoplasmosis within
30 days of transplant; two patients acquired the infection
from their donated organs, and three patients developed
pulmonary histoplasmosis irrespectively of the transplanted
organs [142]. In rare cases, histoplasmosis has also been diag-
nosed in patients treated with immunobiological molecules,
like different monoclonal antibodies [143, 144].

7. Fungal Respiratory Infections in
the Hospital Environment

Inadvertent exposure to opportunistic environmental and
airborne pathogens can result in infections with significant
morbidity and mortality [9]. Fungal infections can range
from mild to life-threatening; they vary among mild skin
rashes, fungal pneumonia, meningitis, and IFIs. In the hos-
pital, the most common fungal HAI are caused by Candida
spp. and Aspergillus spp. [19].

Airborne infections in susceptible hosts may result from
exposure to environmental microorganisms that are ubiq-
uitous in nature, growing in soil, water, dust, or organic
matter [2, 9]. Spores or hyphal fragments of fungi usually lie
scattered in the environment, especially near decomposing
organic matter. Aspergillus fumigatus is the species most
often associated with pulmonary IFIs [3]. Infection occurs
after inhalation of conidia stirred up from construction or
renovation works in the hospital. The main risk factor for
this HAI is the concentration of Aspergillus conidia in the
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air [2, 145-149], and the most susceptible individuals are
hematopoietic stem cell transplant recipients, neutropenic
patients, and those with hematologic malignancies [136, 145,
150-153].

Infections due to C. neoformans, H. capsulatum, or C.
immitis can occur in healthcare settings if the nearby ground
is disturbed and a malfunction of the facility’s air-intake
components allows these pathogens to enter the hospital
ventilation system [9]. Several outbreaks of histoplasmosis
have been associated with disruption of the environment [67,
72, 154]. H. capsulatum contaminated environments related
to bat and bird colonies living in abandoned buildings and
on treetops could disperse the fungus around the hospital.
Under this statement, the dispersion of H. capsulatum infec-
tive propagules could represent a potential risk factor for
hospital-acquired histoplasmosis, especially in individuals
hospitalized in units lacking adequate air quality control. H.
capsulatum has never been identified in air quality studies
from hospital settings [152]. This could be explained by
the difficulties in this fungus’ isolation, including prolonged
culture growth in laboratory conditions, special nutritional
needs, and culture inhibition by the presence of other fast-
growing fungi [64, 68].

8. Molecular Biology as
a Diagnostic Tool in HAI

Hospital-acquired pneumonia represents one of the most
difficult treatment challenges in infectious diseases. Many
studies suggest that the timely administration of appropriate
pathogen-directed therapy could be lifesaving. However,
results of bacterial cultures and antimicrobial susceptibility
testing can take 48 hours or longer, but some fungi may not
even be able to grow in the first week after culturing.

Nowadays, physicians rely on clinical and epidemiolog-
ical factors to choose an initial empiric therapy for HAIL
A number of rapid molecular tests have been developed to
identify pathogens and the bases for most molecular assays
are polymerase chain reaction and nucleic-acid-sequence-
based amplification. These methodologies offer the promise
of dramatically improving the ability to identify pathogens in
respiratory tract specimens with high sensitivity and speci-
ficity. Data from such applications can also be electronically
integrated into shared molecular databases, where clinicians
and epidemiologists could ascertain local, regional, national,
and international trends [155].

Molecular identification of fungi in hospitals has been
scarcely described [156-158]. Lo Passo et al. [156] reported
transmission of Trichosporon asahii by an endoscopic pro-
cedure, when isolated from an esophageal ulcer. T. asahii
isolates were genotyped by restriction fragment length poly-
morphism and random amplification of polymorphic DNA,
confirming the endoscopic device as the source of transmis-
sion.

Notwithstanding, there are some undefined issues regard-
ing the use of these molecular biology tools.

(i) Molecular assays have been used mainly for bacteria
and viruses, leaving aside the importance of other

microorganisms, such as pathogenic fungi; however,
there are specific markers for almost every fungal
pathogen, which have recently improved the molec-
ular diagnostic bundle for HAI [157].

(ii) The significance of finding a pathogen’s DNA in res-
piratory tract specimens, in the absence of a positive
culture, will show different airway ecology from what
it is known, and it exposes the inability to distinguish
between infecting and colonizing organisms [155].

(iii) The complexities of the pulmonary microbiome and
its metagenomic diversity represent a great challenge
with many unanswered questions remaining [155].

(iv) New procedures combining molecular biology tech-
niques and environmental sampling of air have
revealed some fungal pathogens living in the hospital
surroundings [158], which may be relevant for the
acquisition of respiratory HAL

9. Conclusions

H. capsulatum infection associated with healthcare has been
linked to medical devices and surgical implants. The M-
phase of H. capsulatum may be present in hospital settings,
as this fungus adapts to different types of climates and
has great dispersion ability. Although conventional pathogen
identification techniques have never identified H. capsula-
tum in the hospital environment, histoplasmosis HAI cases
have been reported in the last decades. Molecular biology
procedures could be useful in this fungus’ identification in
the air of hospitals and in the diagnosis of this mycosis.
More research is needed about H. capsulatum involvement
in HAI, since it causes a severe and often fatal disease in
immunocompromised individuals.
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Paracoccidioides species are dimorphic fungi that initially infect the lungs but can also spread throughout the body.
The spreading infection is most likely due to the formation of a biofilm that makes it difficult for the host to eliminate
the infection. Biofilm formation is crucial for the development of infections and confines the pathogen to an
extracellular matrix. Its presence is associated with antimicrobial resistance and avoidance of host defenses. This current
study provides the first description of biofilm formation by Paracoccidioides brasiliensis (Pb18) and an analysis of gene
expression, using real-time PCR, associated with 3 adhesins and 2 hydrolytic enzymes that could be associated with the
virulence profile. Biofilm formation was analyzed using fluorescence microscopy, scanning electron microscopy (SEM)
and confocal laser scanning microscopy (CLSM). Metabolic activity was determined using the XTT reduction assay. P.
brasiliensis was able to form mature biofilm in 144 h with a thickness of 100 wm. The presence of a biofilm was found to
be associated with an increase in the expression of adhesins and enzymes. GP43, enolase, GAPDH and aspartyl
proteinase genes were over-expressed, whereas phospholipase was down-regulated in biofilm. The characterization
of biofiim formed by P. brasiliensis may contribute to a better understanding of the pathogenesis of
paracoccidioidomycosis as well as the search for new therapeutic alternatives; while improving the effectiveness of

treatment.

Introduction

The incidence of systemic fungal diseases has been growing
worldwide in recent years, highlighting fungal diseases as an
important topic in the field of medicine. Paracoccidioidomycosis
(PCM) is a systemic mycosis with higher incidence in Latin
America. The majority of cases occur in Brazil, which has the
highest concentration of endemic areas, with more than 80% of
the reported cases occurring in Brazil. The etiological agent of
PCM is Paracoccidioides spp."* This genus is composed of 2 spe-
cies, Paracoccidioides lutzii and P. brasiliensis; the latter is sub-
classified into 3 different phylogenetic groups."

An occupational predisposing factor for acquiring PCM is a
work environment that exposes the population to soil, e.g., work
on plantations in rural areas.” In such an environment, propa-
gules from the mycelial form have access to the lungs.

The ability of microorganisms to adapt to environmental
changes is of fundamental importance, as this ability enables
pathogens to survive and cause disease. Tissue necrosis generates
hypoxic conditions, and both host and pathogens adapt to sur-
vive. The adaptations of fungi to hostile environments with low

oxygen levels are underexplored, especially because granulomas
appear to have a hypoxic environment.

Pathogenic fungi, such as Paracoccidioides spp, have multiple
virulence factors that can damage the host. A necessary step in
colonization and the development of disease involves the ability
of microorganisms to adhere to host surfaces. Adherence is a
widely distributed biological phenomenon, which enables micro-
organisms to colonize their particular habitats. Many fungi, espe-
cially pathogenic fungi, are able to adhere to host tissue, the first
step in the process of biofilm formation.”® One important event
during infection by Paracoccidioides spp. is adherence to pulmo-
nary epithelial cells. Several proteins of this fungus (adhesins)
have been shown to be ligands of the extracellular matrix in stud-
ies performed primarily with lung epithelial cells.”™"® Various
molecules have been described as adhesins in Paracoccidioides spp
The 43-kDa glycoprotein is involved in Paracoccidioides adhe-
" as are the 30-, 32- and 54-kDa forms.*'* The glycopro-
tein gp43 and the 30-kDa protein are able to bind laminin.'""?
Enolase is a fibronectin-binding protein in Paracoccidioides spp.
that is also present in the cytoplasm and the cell wall, but at a
higher levels in the cell wall, suggesting that it performs

L1
sion,

*Correspondence to: Maria José Soares Mendes Giannini; Email: giannini@fcfar.unesp.br; gianninimj@gmail.com

Submitted: 05/12/2014; Revised: 03/02/2015; Accepted: 03/15/2015
http://dx.doi.org/10.1080/21505594.2015.1031437

642

Virulence

Volume 6 Issue 6



additional functions related to the glycolytic pathway.>'? In vitro
studies have shown that the glyceraldehyde-3-phosphate-dehy-
drogenase (GAPDH) adhesin may be involved in the pathogene-
sis of the fungus because this molecule is capable of mediating
the ability of the fungus to enter the cell.'*"®

Additionally, certain hydrolytic enzymes, such as phospholi-
pase, are used by various microorganisms to invade host tissues.'®
These molecules have been described in P. brasiliensis and may
play an important role in invasion by this fungus.'®™'® P. brasi-
liensis is also known to produce a variety of proteinases.'”*° The
aspartyl proteinases, also known as acid proteases, constitute one
of the 4 superfamilies of proteolytic enzymes. They are generally
similar to pepsin and show specificity for preferential cleavage at
peptide bonds between hydrophobic amino acid residues.'”

Biofilms are a form of natural microbial growth that is impor-
tant in the development of infections. They serve as niches for
pathogens and are associated with high levels of resistance to anti-
microbial agents.”’ The growth and antibiotic resistance of
microorganisms differ based on whether they are located in bio-
films or in planktonic form.

Fungi of many types have demonstrated the ability to colonize
surfaces and form biofilms (Cryptococcus neoformans, Rhodo-
torula espécies, Aspergillus fumigatus, Malassezia pachydermatis,
Histoplasma capsulatum, Pneumocystis species, Coccidioides
immitis, Fusarium species, Saccharomyces cerevisiae, Tricho-
sporon asahii, Zygomycetes, Blastoschizomyces and more
recently Trichophyton rubrum and Trichophyton mentagro-
phytes). Most of the previous studies have focused on biofilms of
Candida albicans, but other species of Candida, other yeasts and
filamentous fungi are known to form biofilms.**>*> Most impor-
tantly, fungal biofilms are of clinical importance, particularly in
the context of chronic diseases.”® For biofilms to successfully
form in a host, microorganisms must first adhere to target tissues
and concurrently obtain essential nutrients for growth and devel-
opment. Recently, an in vitro study demonstrated the efficiency
with which Histoplasma capsulatum var. capsulatum forms bio-
films on abiotic surfaces.”* Biofilm formation has been associated
with the expression of various adhesins.”” Therefore, the current
study aimed to verify the ability of P. brasiliensis to form a bio-
film and to investigate the gene expression of several adhesins
that could be associated with the biofilm formation of this
pathogen.

Results

Infection of pneumocytes and alveolar macrophages
by P. brasiliensis

The notion that P. brasiliensis can form biofilms is based on
experiments showing that the fungus can appear in clumps that
strongly resemble the formation of a fungal mass, which is highly
characteristic of biofilms. Infections of P. brasiliensis (Pb18) yeast
cells in pneumocytes and macrophages were evaluated by confo-
cal laser microscopy and In Cell Analyzer 2000. Pb18 was able to
adhere to pneumocytes, as fungal masses were attached to several
areas of these cells (Fig. 1B). The same pattern of interaction
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occurred with phagocytic cells, in which an agglomeration of fun-
gal cells was observed around the alveolar macrophage (Fig. 1D).
Figure 1A and C show uninfected macrophages and A549 cells,

respectively.

Kinetics of biofilm formation by P. brasiliensis

All biofilm standardization was performed with P. brasiliensis
(Pb18), the strain used in virulence studies. The kinetics of bio-
film formation by P. brasiliensis was measured on polystyrene
microtiter plates using the XTT reduction assay to determine
the amount of metabolic activity. The formation of a biofilm
was consistent after 144 h of incubation at 37°C in a CO,
incubator. The initial formation of a biofilm was observed after
7 h. This initial period included pre-adhesion, during which P.
brasiliensis (Pb18) became attached to the plastic surface in a
monolayer arrangement. Over a period of 48 — 120 h, an
increase in the biofilm was observed, and the metabolic activity
of the biofilm, measured using the XTT reduction assay,
increased over time as the cellular mass increased. During the
maturation stage (48 — 144 h), the architecture of the P. brasi-
liensis biofilm became more complex (Fig. 2).

Biofilm morphology of P. brasiliensis

The morphology of the P. brasiliensis biofilm was evaluated
using calcofluor white fluorescence microscopy, SEM and
CLMS. The P. brasiliensis biofilm showed an intense blue colora-
tion, derived from the binding of fluorochrome to the fungal cell
wall (Fig. 3). SEM revealed a highly organized network of fungal
cells in the form of a biofilm and an extracellular matrix (Fig. 4).
The Pb18 biofilm consisted of a dense network of yeast; an
orthogonal image was analyzed to determine the thickness and
architecture of the biofilm. The sections of the 3-dimensional
image (Fig. 5B and D) showed that the P. brasiliensis biofilm had
a thickness of approximately 100 pm, as observed by CLMS.

Gene expression analysis using real-time PCR (QRT-PCR)

The gene expression of certain adhesins and enzymes of
P. brasiliensis was compared between the biofilm and planktonic
conditions. The expression of GP43, GAPDH and aspartyl pro-
teinase was significantly higher in the biofilm when compared to
the planktonic condition (Fig. 6). The expressions of aspartyl
proteinase, GAPDH, GP43 and enolase were 10, 9, 2.5 and
1.5 times greater in the biofilm, respectively, than in the plank-
tonic form. The expression of phospholipase was less in the bio-
film when compared to the planktonic form.

Discussion

Biofilm formation has been described for various fungi,
including Candida species, C. neoformans, C. immitis, A. fumiga-
) . 21,23225

tus, Fusarium solani and, more recently, H. capsulatum.
Adhesion is a biological process that allows various organisms to
colonize their habitats. The organisms that form biofilms may
grow differently in the planktonic and biofilm forms. The aim of
the present research was to investigate the ability of P. brasiliensis
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Figure 1. Double Immunofluorescence for epithelial cell line A549 and alveolar macrophages murine AMJ2-C11. (A) Uninfected A549 cells. (B) A549 cells
infected with P. brasiliensis. A549 cells were labeled with FITC-phalloidin (green), P. brasiliensis stained with anti-cell free antibody and Alexa Fluor® 594
conjugate and nucleus was labeled with DAPI (blue). (C) Uninfected macrophages. (D) Macrophages infected with P. brasiliensis. Macrophages were
immunolabeled with the primary antibodies anti- cytoplasmic protein and secondary conjugated Alexa Fluor R 488 (green), and P. brasiliensis immunola-
beled with anti-cell-free antibody (red) and secondary conjugated Alexa Fluor ® 594, and nucleus was labeled with DAPI (blue) (Zeiss LSM 510 Meta Con-

focal Microscope).

to form a biofilm and to analyze the expression of genes encoding
adhesins and hydrolytic enzymes that could be associated with
biofilm formation.

In our study, P. brasiliensis was able to form a biofilm 77 vitro
under hypoxic conditions. Studies by Bonhomme et al.** and
Stichternoth & Ernst,”! have indicated that hypoxia is required
for C. albicans to form biofilms.

The kinetics of biofilm formation by the Pb18 strain showed
that the biofilm initially formed before 7 h had elapsed, which
included the adhesion period. Mature biofilms were produced
from 120 to 144 h. P. brasiliensis is a slowly growing fungus. In
terms of the time required for formation, Pb18 shows a longer
delay and slower growth when compared with other fungi. In
contrast, growth is more rapid in the dimorphic fungus, H. cap-
sulatum (72 h), and in C. albicans (24 h).>>*? The thickness of
the mature biofilm was approximately 100 wm, which is greater
than that found for other fungi, such as C. neoformans, which
exhibited a biofilm thickness of 76 pwm, as demonstrated by
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Martinez et al.* The metabolic activity of the biofilm increased
over time as the cellular mass increased.

The Pb18 fungal cells may also form an agglomeration resem-
bling a biofilm. However, this structure occurs in ex vivo cells,
shown in Figure 1B and D. Pb18 formed fungal masses in epi-
thelial cells (Fig. 1B) and in phagocytic cells (Fig. 1D). It was
thought that this fungus has the ability to form biofilm, since his-
topathological findings found fungal mass granulomas. This
aspect may be similar to that observed in histopathological obser-
vations of organized granulomas, with compact aggregates of
macrophages, epithelial cells and masses of yeasts.** The same
pattern was observed for H. capsulatum, which formed a ring of
fungal cells in phagocytic cells. This structure may result from a
particular type of interaction of this fungus with the tissue. Bio-
film formation may contribute to a chronic state of this disease.>

The up-regulation of selected genes was demonstrated using
gRT-PCR. The results allowed the identification of a potential

adhesin of P. brasiliensis. Adhesins have an important role in
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Figure 2. Kinetics of biofilm formation by P. brasiliensis in microdilution plates. (A) Measurements determined by the XTT reduction assay. Each point rep-
resents the mean of 3 measurements of absorbance at 490nm on a microtiter reader (iMarkTM Microplate Reader; BIO-RAD). (B) Kinetics monitored by
Microphotograph taken using a camera attached to an inverted microscope. Bars = 30 nm for all panels.
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Figure 3. Images of mature biofilms of P. brasiliensis (Pb 18), formed after
incubation for 144 h at 37°C 40x magnification. Images were acquired
by Fluorescence microscopy and the fungi biofilms were stained by Cal-
cofluor White Stain reagent (Fluka ®). All scale bars are 125 um.

biofilm formation, as demonstrated by C. albicans, in which ALS
genes exhibited increased expression during the formation of bio-
films.” The real-time PCR performed in the current study
detected the expression of GP43, GAPDH, aspartyl proteinase
and phospholipase in both planktonic form and biofilm growth,
but at different levels. The GP43, GAPDH and aspartyl protein-
ase genes were significantly (2 < 0.05) overexpressed in the bio-
film, whereas phospholipase was downregulated. These results
are consistent with data demonstrating an increased expression of
adhesins in Candida biofilms,*® the most studied fungal biofilm,
as well as in bacterial studies.”

Various studies have indicated that the 43-kDa glycoprotein is
involved in Paracoccidioides adhesion.'"*” In the present study,
GP43 was up-regulated in biofilm formation, demonstrating that
this glycoprotein could be involved in adhesion and biofilm for-
mation (P < 0.05).

A remarkable level of expression of the GAPDH adhesin was
observed; almost 10-fold greater in the biofilm form when com-
pared to the planktonic form (P < 0.05). Studies performed by
Bailao and collaborators,'* demonstrated that this adhesin was
also upregulated in the yeast form based on recovery of the com-
pound from infected mice.

Verstrepen and Klis, *® also emphasized the remarkable ability
of fungi to express adhesins and form biofilms. This characteristic
is of great medical importance, because the presence of a mature
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biofilm hinders the action of antifungal agents, and biofilms can
become a reservoir of cells that show resistance to certain drugs.
Therefore, there is a considerable interest in the persistence of
infection due to biofilms in infectious diseases.

Aspartyl proteinase and phospholipase were up-regulated
and down-regulated, respectively, in the P. brasiliensis biofilm
when compared with the planktonic form. The results of the
present study are consistent with previous research by Ramage
et al.?” and Nailis et al.,*® in which an increased expression
of aspartyl proteinase and a decreased expression of phospho-
lipase were demonstrated in a C. albicans biofilm. Ramage
et al.”” reported that the production of proteinase by C. albi-
cans aided and established adhesion, invasion and tissue
destruction and may be related to the severity of disease
because the expression of this enzyme was significantly higher
in mature biofilms.

Proteinases produced by P. brasiliensis, A. fumigatus,
T. rubrum, and C. neoformans have been described in previ-
ous studies and are of great importance because they may
split the major components of the basement membrane i
vitro and are, therefore, potentially relevant for the spread of
this fungus.'”*>° Additionally, these proteins are hydrolytic
enzymes capable of either hydrolyzing large substrates into
small units for transportation into the cell to serve as a nutri-
ent or for degrading tissue and facilitating colonization or
invasion, serving as a virulence factor for the pathogen.

The current paper is the first study of P. brasiliensis biofilms.
Additional studies are required to determine the role of these bio-
films 77 vivo in association with pathogenesis.

Materials and Methods

Microorganism

Experiments were performed using a clinical isolate of
P. brasiliensis (Pb18). The strain was cultivated in Fava-Netto
at 37°C for 5 d in an atmosphere with a reduced level of oxy-
gen (5% CO,). This strain was isolated from a case of para-
coccidioidomycosis (PMC) and then maintained at the
Faculty of Medicine, University of Sao Paulo, Brazil. This
strain is considered a highly virulent isolate (Pb18 isolate), as
described in the intraperitoneal infection of susceptible, genet-
ically homogeneous B10A mice.”® Pb18 also presents a high
level of adhesion.”’

Preparation of inoculum

A suspension of P. brasiliensis (Pb18) was prepared in PBS
and was adjusted to 10° cells/ml for the infection assay based on
observations performed with a Neubauer counting chamber.

Antisera and reagents

A cell-free antigen was obtained using Pb18 and was prepared
as described elsewhere.® Approximately 300 mg of the fungus
was added to 1 ml of sterile PBS. This mixture was vortexed for
30 seconds and centrifuged at 400 g for 1 minute. The superna-
tant (cell-free antigen) was collected, aliquoted and stored at
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Infection assay

Macrophages and continuous
epithelial cell line A549 cells were
cultured at 36.5°C in 24-well
plates with the well bottoms cov-
ered with coverslips. The cultures
were adjusted to 1 x 10° cells per
well. A total of 1 x 10° Pb18
yeast-phase cells/ml were added to
the cells to obtain a yeast/macro-
phage ratio of 1:1. After infection,
these cover slips were fixed with

4% paraformaldehyde and sub-
mitted to
The coverslips were permeabilized
with a solution of Triton X-100,
0.5% in PBS, for 20 minutes. The
coverslips were then washed, the

immunofluorescence.

"cell-free" antiserum was added,
and the samples were incubated at
room temperature for 1 hour,
washed again, and conjugated
anti-rabbit labeled with Alexa 594
(INVITROGEN) at a ratio of

1:300 was added. Phalloidin-

Figure 4. SEM images of mature biofilms of P. brasiliensis (Pb 18), in different dimensions, formed after incu-
bation for 144 h at 37°C (A-D). In the arrows in Figure 4D showing the presence of extracellular matrix.

FITC conjugate (SIGMA) at a
ratio of 1:100 at 4°C was added

—20°C. The Bradford method (BioRad, Sao Paulo,SP, Brazil)
was used to quantify the protein concentration and the samples
were analyzed using the SDS-PAGE method. A polyclonal anti-
body produced against P. brasiliensis cell-free antigen was pre-
pared as described in Mendes-Giannini et al.” Rabbits were
inoculated with injections of 1.0 ml of antigen mixed with
1.0 ml of complete Freund’s adjuvant. After 3 months of injec-
tions of antigen, the rabbits were bled, and the fractions of anti-
sera were separated by precipitation with ammonium sulfate and
stored at — 70°C.

The following antibodies were used in this current study:
Alexa Fluor 488 goat anti-rabbit IgG (Molecular Probes, USA),
Alexa Fluor® 594 goat anti-rabbit IgG (Molecular Probes, Invi-
trogen, USA) and Alexa Fluor® 488 goat anti-mouse IgG
(Molecular Probes, USA). Fluorescein isothiocyanate (FITC)-
labeled phalloidin and all other reagents were purchased from

Sigma-Aldrich, USA.

Macrophages and epithelial cell line A549 culture

Macrophages, alveolar line AMJ2-C11 (ATCC CRL-2456),
were cultivated overnight in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma-Aldrich, Brazil), supplemented with
10% fetal calf serum (Cultilab, Brazil). Cultures of a human lung
adenocarcinoma, cell line A549, were obtained from the Ameri-
can Type Culture Collection (ATCC-Rockville, MD). These
cells were seeded in Ham’s F-12 medium supplemented with
10% fetal calf serum.

www.tandfonline.com

and the specimens sat overnight.

The specimens were again washed,
100 pl DAPI (4 - 6 — diamidino — 2 — phenylindole) was added
for 10 minutes to mark the cores, washed with PBS, mounted on
slides with buffered glycerol, and examined using a confocal
microscope (Zeiss LSM 510 Meta Confocal Microscope).

The cultures were then incubated for 7 h at 36.5°C to observe
adhesion. The assay was analyzed using conventional fluorescence
microscopy and scanning confocal laser microscopy (CLMS)
(Zeiss LSM 510 Meta Confocal Microscope, Carl Zeiss, Jena,
Gottingen).

Biofilm assay

The assay was performed as described by Silva et al.’" with
slight modifications. Initially, 500 ul of a culture of 1 x 10°
cells/ml in saline was added to the wells of a 24-well plate (TPP,
Trasadingen, Switzerland) and covered with coverslips. The
plates were incubated at 37°C for 7 h in 5% CO, for biofilm
pre-adhesion. After pre-adhesion for 7 h, the supernatant was
removed from each well. Subsequently, 1000 pL of mFUM
(Modified Fluid Universal Medium — Guggenheim et al.>?) was
added to each well and the plates were further incubated for
144 h. The culture medium was renewed every 48 hours. After
biofilm formation for 144 h, the supernatant was again removed,
and the wells were rinsed using 400 pl of PBS. Six wells were
filled with a sterile medium as a control. All assays were repeated
at least 3 times.. To characterize the biofilm, measurements of
biofilm metabolic activity were made using XTT. At the struc-
tural level, P. brasiliensis biofilm formation was characterized
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Figure 5. CLSM images of mature biofilms of P. brasiliensis (144 h). Fluorescence labeling of P. brasiliensis biofilms. (A and C) Biofilm was immunolabeled
with primary antibodies anti-cell-free and secondary conjugated Alexa Fluor ® 488. (B) Scale depth image A showing the thickness of the biofilm. (D) Pro-
jection of biofilm formation of P. brasiliensis 2.5D (Zeiss LSM 510 Meta Confocal Microscope).

using Calcofluor White Stain (Fluka®, Sio Paulo, SP., Brazil)
and scanning electron microscopy (SEM), and biofilm measure-
ments were performed using confocal laser scanning microscopy

(CLSM).

Measurement of biofilm metabolic activity

A quantitative measurement of P. brasiliensis biofilm forma-
tion was obtained from the XTT reduction assay. For this mea-
surement, 50 L of XTT salt solution (I mg ml™" in PBS) and
4 ul of menadione solution (1 mM in ethanol; Sigma-Aldrich,
Sao Paulo, SP., Brazil) were added to each well of the microtiter
plates and incubated at 37°C for 3 h, resulting in a colorimetric
reaction that is correlated with cell viability. This reaction was
measured using a microtiter reader (iMarkTM Microplate
Reader; BIORAD, Brazil) at 490 nm. In all assays, culture media

. . 31-33
were included as negative controls. 3

Fluorescence microscopy

For fluorescence microscopy, coverslips with biofilm were
stained with Calcofluor White Stain reagent (1g/L — Fluka®). To
prepare the coverslips, 50 pl of dye were added. The coverslips
were carefully removed from each well and transferred to a slide
for observation under a fluorescence microscope. Calcofluor is a

648 Virulence

non-specific fluorochrome that binds to cellulose and chitin in
the fungal cell wall. This staining procedure provides a rapid
method for the detection of yeasts and pathogenic fungi.34 A
range of wavelengths, from 300 to 440 nm, can be used for exci-
tation. Emission occurred at a wavelength of 355 nm.

Scanning electron microscopy

Biofilms formed on coverslips were processed as described by
Morris et al.>> and modified by Ells and Truelstrup Hansen.*®
Briefly, the specimens were washed 3 times with PBS to remove
planktonic cells and then fixed with 1% glutaraldehyde in 0.2 M
sodium cacodylate buffer for 18 h at 4°C. After three PBS washes
of 10 min each, the biofilms that still adhered to the coverslips
were fixed with 1% osmium tetroxide for 2 h. The specimens
were washed with PBS and dehydrated with an increasing gradi-
ent of ethanol, from 50% to 100% ethanol, at room temperature.
The samples were dried using the critical point method in a Sam-
dri 780A desiccator (Rockville, MD, USA) using CO,. Topo-
graphic features of the biofilms were analyzed with a Zeiss-Leica/
440 SEM at the Institute of Chemistry of Sao Carlos, University
of Sao Paulo, using a voltage of 25 kV and a 10 mm working
distance.
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Figure 6. Relative expression of adhesins/ enzymes of P. brasiliensis dur-
ing growth in biofilm and planktonic conditons, both in low oxygen ten-
sion using real-time PCR (gRT-PCR). Statistical analyzes were performed
by Student’s t-test, P < 0.05.

Indirect immunofluorescence

After biofilm formation, the biofilm was fixed with 4% para-
formaldehyde, washed in PBS, and permeabilized in 0.5% Triton
X-100 for 30 minutes. After permeabilization, anti-P. brasiliensis
(cell-free) serum was added for 1 h, unbound antibodies were
removed by washing with PBS, and Alexa Fluor®488 goat anti-
rabbit IgG was then added for 1 h. The biofilm was then washed
3 times with PBS and analyzed under confocal laser scanning
microscopy (LSM 510 — META, Zeiss). For the adhesion assay,
the same procedure was used, but the secondary antibody was
Alexa Fluor®594 goat anti-rabbit IgG, added for 1 h. FITC-
labeled phalloidin was then added for 1 h and observed using

confocal microscopy.

RNA isolation and cDNA synthesis

RNA extraction was performed from mature biofilms (144h)
and planktonic cells (144h). Planktonic cells were cultured in
mFUM in bottles. Every 48 hours, the cells in suspension were
withdrawn and centrifuged, then placed in fresh medium in a
new flask for a period of 144 hours. After 144 hours, the biofilm
and planktonic cells were washed and centrifuged. The resulting
pellet was stored in Ultra freezer for subsequent RNA extraction.
Total RNA was obtained by the addition of TRIZOL® (Invitro-
gen, Carlsbad, CA, USA) after growing the Pb18 strain in both
the biofilm and planktonic forms under 5% CO, conditions.
Total RNA was treated with DNase I (Invitrogen, Carlsbad, CA,
USA). RNA quality (i.e., the presence of discrete 18S and 28S
rRNA peaks) was determined in 1.5% agarose gels in 1x TBE
buffer for 2 h at 100 V. The gels were stained with GelRed and

www.tandfonline.com

Table 1 Primers utilized in this study

Gene Primers

GP43 Sense 5'-CTTGTCTGGGCCAAAAACTC-3’
Antisense 5-GCCAGGGTTTGTTTGACTGT-3’

Enolase Sense 5'-TAGGCACCCTCACTGAATCC-3’

Antisense 5'-GCTCTCAATCCCACAACGAT-3'
Sense 5'-TGTTGGTGCGATCAAAAGAC-3

Antisense 5'-GGATACGACGTCGCCACTAT-3
Sense 5-AAAGGAAACACGGAAACACG-3

Antisense 5'-CGTTCCTGAGACGGTGGTAT-3

Phospholipase

Aspartyl Proteinase

GAPDH Sense 5'-AAATGCTGTTGAGCACGATG-3’
Antisense 5'-CTGTGCTGGATATCGCCTTT-3’
B-tubulin Sense 5'-TGGCCACTTTCTCTGTCGTTC3’

(Housekeeping gene) Antisense 5-CAGGGTGGCATTGTATGGCT3/

observed under UV light. Two independent RNA samples were
prepared for use in the experiments. First-strand cDNA synthesis
was performed using 1 pg/pl RNA and the enzyme Superscript
II reverse transcriptase (Invitrogen, Carlsbad, CA, USA 57

Gene expression analysis for real-time PCR (QRT-PCR)

The expression levels of 5 genes involved in various cellular
functions of P. brasiliensis were measured and described during
growth in biofilm and planktonic forms, both under low oxygen
tension. Quantitative real-time PCR (qQRT-PCR) was performed
for genes using the primer constants shown in Table 1. The con-
centrations of primers used were adjusted to 0.5 pM for
improved amplification efficiency. The quantity of cDNA used
was 1 pl, and 12.5 pl of Maxima®SYBR Green (Fermentas, Sao
Paulo, SP., Brazil) was added. The final volume was adjusted to
25 pl. PCR was performed with a starting temperature of 50°C
for 2 minutes, followed by 10 minutes at 95°C, then 40 cycles at
95°C for 15 seconds, followed by annealing and synthesis at
60°C for 1 minute. The reactions were performed in triplicate
using an Applied Biosystems 7500 thermal cycler. Variations in
mRNA expression were calculated using the 272" formula,
where ACT is the difference between the targets and the house-
keeping gene B-tubulin in accordance with previous studies per-
formed by several authors. The data were analyzed using the
274%C 1 method.®® The specific primers for qRT-PCR were
designed using the Primer 3 software.””

Statistical analysis

The data were analyzed using the Origin 6.0 software (Origin
Lab Corporation, Northampton, MA). A P value <0.05 was con-
sidered statistically significant.
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Histoplasma capsulatum is responsible for a human systemic mycosis that primarily
affects lung tissue. Macrophages are the major effector cells in humans that respond
to the fungus, and the development of respiratory disease depends on the ability of
Histoplasma yeast cells to survive and replicate within alveolar macrophages. Therefore,
the interaction between macrophages and H. capsulatum is a decisive step in the yeast
dissemination into host tissues. Although the role played by components of cell-mediated
immunity in the host’s defense system and the mechanisms used by the pathogen to
evade the host immune response are well understood, knowledge regarding the effects
induced by H. capsulatum in host cells at the nuclear level is limited. According to the
present findings, H. capsulatum yeast cells display a unique architectural arrangement
during the intracellular infection of cultured murine alveolar macrophages, characterized
as a formation of aggregates that seem to surround the host cell nucleus, resembling a
“crown.” This extranuclear organization of yeast-aggregates generates damage on the
nucleus of the host cell, producing DNA fragmentation and inducing apoptosis, even
though the yeast cells are not located inside the nucleus and do not trigger changes
in nuclear proteins. The current study highlights a singular intracellular arrangement of
H. capsulatum yeast near to the nucleus of infected murine alveolar macrophages that
may contribute to the yeast’s persistence under intracellular conditions, since this fungal
pathogen may display different strategies to prevent elimination by the host’s phagocytic
mechanisms.

Keywords: Histoplasma capsulatum, host-pathogen interactions, intracellular arrangement, nucleus, alveolar
macrophages
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INTRODUCTION

Many studies have been performed to elucidate the interaction
between the dimorphic fungus Histoplasma capsulatum and
host macrophages, specifically to determine the role played
by the components of the hosts cell-mediated immunity
and the evasion mechanisms used by the pathogen. In
some conditions, in contrast to their usual function of
eliminating deleterious microorganisms, macrophages give rise
to a favorable environment for the survival and reproduction
of the H. capsulatum yeast phase, which is the parasitic-
virulent morphotype of this fungus (Medeiros et al, 2002;
Tagliari et al., 2012). H. capsulatum has been described as a
facultative intracellular pathogen, and it is almost exclusively
found within host-parasitized cells (Wu-Hsieh et al., 1998; Hilty
et al., 2008). Once the pathogen has been phagocytosed, several
immunological factors can modulate the course of the infection
(Allen and Deepe, 2005).

According to Newman et al. (2011), the destruction of alveolar
macrophages and their subsequent ingestion by other immune
cells are events that promote the propagation of the infection to
different organs during the acute stage of primary histoplasmosis.
Thus, it is clear that the interaction between the macrophage
and H. capsulatum is a decisive step in the occurrence of yeast
dissemination into host tissues.

Apoptosis of phagocytes in the initial stage of infection
by H. capsulatum activates CD4+ and CD8+ T cells, both
of which partially act as a defense mechanism for the host.
Hsieh et al. (2011), described that apoptosis induced by the
infection is an important immune function recognized by
the antimicrobial host response mainly in the defense against
phagosome-enclosed pathogens. Hence, inhibition of apoptosis
modulates the inflammatory response and also interferes in
the outcome of the infection process. According to Allen
and Deepe (2005), IL-4 and IL-10 production are enhanced
when apoptosis is inhibited, with the release of these cytokines
exacerbating the fungal infection. This result occurs because
the apoptosis of macrophages, which is induced early in a
pulmonary infection by H. capsulatum, releases IL-10, which
inhibits apoptosis of neighboring macrophages, enabling and
delimiting the intracellular residence of H. capsulatum yeast
(Deepe and Buesing, 2012).

Nuclear fragmentation is a morphological cellular alteration
associated with apoptosis (Deepe and Buesing, 2012); thus,
nuclear damage in host cells can be characterized as a cellular
effect that contributes to the pathogenesis of histoplasmosis.
Glukhov et al. (2008) reported that bacterial endotoxins induce
nuclear DNA damage in human mononuclear cells, which is
associated with the infectious process and disease manifestation.
However, knowledge of the DNA fragmentation induced by
microorganisms is limited. Hence, it is necessary to investigate
the behavior of nuclear envelope proteins during infection.

Nuclear envelope proteins promote a functional link
between support structures, cytoplasmic compartments, and
nucleoplasmic compartments. These proteins have been
identified as components of the LINC complex (nucleoskeleton
and cytoskeleton linker), which are specific to the outer and

inner nuclear membranes. The LINC complex is composed
primarily of SUN nuclear proteins and by Nesprin, although
other envelope proteins, such as Emerin, can also be identified.
An illustration of the LINC complex organization can be found
in Haque et al. (2010). These proteins play important roles in the
positioning, migration and maintenance of nuclear architecture
(Ostlund et al., 2009; Taranum et al., 2012). In addition, this
complex is critically important because the blade and associated
proteins play a role in modulating gene expression (Martins
etal, 2012).

In general, Nesprin binds to actin and several other motor
proteins of the microtubule network. In the inner nuclear
membrane, SUN-domain proteins (SUN1, SUN2, and SUN3)
bind to the blade in the nucleoplasm. Moreover, the Emerin
protein characterized as a transmembrane protein may be
associated with microtubules in the outer nuclear membrane,
and can bind to the nuclear lamina when it is located in
the inner nuclear membrane. Thus, the LINC complex passes
through the perinuclear space and connects the components of
the cytoskeleton with the nuclear lamina (Crisp et al., 2006;
Martins et al., 2012). The labeling of nuclear envelope proteins
in host cells could contribute to the characterization of the
behavior of these proteins during the course of an in vitro
infection.

The mechanisms by which H. capsulatum interacts with
macrophages and evades host immune defenses have been well
documented. However, this is the first report that attempts to
characterize the interaction pattern and the nuclear damage of
parasitized host cells after the internalization of H. capsulatum
yeast in order to verify the correlation of these yeast cells with
host cell integrity. Apoptosis assays were performed as well as the
staining of nuclear envelope proteins in host cells infected with
the fungus. Our study highlights the intracellular behavior and
the effects induced by H. capsulatum at a nuclear level in cultured
infected alveolar macrophages.

MATERIALS AND METHODS

Fungal Growth Conditions

H. capsulatum strains EH-315 and 601 were used. The EH-
315 strain was isolated from a naturally infected bat and
was deposited in the H. capsulatum Culture Collection of
the Fungal Immunology Laboratory of the Department
of Microbiology and Parasitology, from the School of
Medicine, National Autonomous University of Mexico
(UNAM) (www.histoplas-mex.unam.mx). This collection
is registered in the database of the World Federation for
Culture Collections under the number LIH-UNAM WDCM817
(www.wfcc.info/ccinfo/index.php/collection/by_id/817/).  The
601 strain was isolated from a human clinical case and was
deposited in the collection of the Clinical Mycology Laboratory
of the Faculty of Pharmaceutical Sciences, UNESP, Brazil.
Yeasts were grown in brain-heart infusion (BHI-broth)
(Difco Laboratories, Detroit, MI, USA) and supplemented
with 0.1% L-cysteine and 1% glucose, at 37°C, for 24h, and
with rotary agitation (100rpm). Dispersed H. capsulatum
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yeast cells were washed three times with phosphate-buffered
saline (PBS), followed by low-speed centrifugation for 1min
at 600 x g to remove large yeast clumps. Suspensions
of single yeast cells were separated for counting with a
hematocytometer.

Macrophage Cultures

Murine alveolar macrophages, AMJ2-C11 cell-line, were cultured
overnight at 37°C on coverslips placed in the well-bottom
of 24-well plates (TPP®, Trasadingen, Switzerland) using
Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich,
St Louis, MO, USA) supplemented with 10% heat-inactivated
fetal calf serum (Cultilab, Campinas, SP, Brazil).

Ethics Statement

Rabbits were used for antibody production. They were processed
exactly as outlined in the experimental protocol recommended
by the Ethics Committee on Animal Experiments of the Faculty
of Pharmaceutical Sciences of Araraquara—UNESP (reference
number: 10/2011/CEUA/ECF), which was approved for this
study. All efforts were made to minimize suffering in all animal
procedures.

Immunoglobulin to Cell-Free Antigen of H.

capsulatum

H. capsulatum cell-free antigen, a rich solution of cell wall
associated antigens, was prepared as described previously by Sa-
Nunes et al. (2005). Protein concentration was quantified using
the Bradford method (BioRad Laboratories Inc., Hercules, CA,
USA). To prepare a polyclonal antibody raised against cell-free
antigen of H. capsulatum, rabbits were inoculated by intradermal
injection of 1.0mL of the cell-free antigen mixed with 1.0 mL
of complete Freund’s adjuvant. Subsequent injections of this
antigen with incomplete Freund’s adjuvant were given weekly for
a period of 4 weeks, and thereafter monthly, for a period of 3
months. The rabbits were bled at the 7th day after the last dose.
The immunoglobulin fraction of each rabbit anti-serum was
separated by precipitation with ammonium sulfate and stored
at —70°C.

Infection Rate of H. capsulatum in Alveolar
Macrophages Detected by Colony Forming
Units (CFU)

For this assay, a reference strain from the American Type
Culture Collection (ATCC), G-217B, was compared with
strains EH-315 and 60I. The infection rate of each strain
was estimated using the AMJ2-Cl11 alveolar macrophage cell-
line (ATCC, CRL-2456). The assay was performed in 24-
well plates (TPP®) containing 10° AMJ2-Cl11 macrophages
per well, as described by Sardi et al. (2012). Each cultured
macrophage monolayer was infected with 500 uL of yeast
inoculum (1 x 10° yeasts/mL) and plates were incubated at
37°C for 0, 7, 15, 30, 60, 120, 180, and 300 min (5h). After
each incubation time, a macrophage monolayer was washed
three times with sterile PBS to remove released yeast cells.
Then, the AMJ2-C11 cells were detached at 37°C for 2min

using trypsin-EDTA (Gibco Life Technologies, Carlsbad, CA,
USA) diluted in PBS. Subsequently, 100 L of each infected
macrophage suspension was plated on supplemented BHI-agar
(Difco) and incubated at 37°C, for 24-72h. After incubation,
fungal colonies were counted and the CFU/mL was estimated
for each strain tested, corresponding to the number of H.
capsulatum yeast cells that was able to infect the alveolar
macrophage monolayer at each incubation time. For each
assay, a control for yeast cell viability was performed in
which yeast cells were maintained with trypsin-EDTA for
2min and Trypan blue solution was added afterward to detect
viability. H. capsulatum infection rate curves were constructed
based on the data of each strain incubated at the different
times. Tests were set up in triplicate in two independent
assays.

The interaction between alveolar macrophages and H.
capsulatum yeast were also monitored by conventional Giemsa
staining and indirect fluorescence.

Indirect Imnmunofluorescence

Samples of infected macrophages were maintained under the
optimal culture conditions for a 5h incubation. The infected
monolayers were fixed with 4% paraformaldehyde, washed in
PBS, and permeabilized in 0.5% Triton X-100 for 30 min.
Polyclonal anti-H. capsulatum antibody was added for a 1h
incubation at room temperature, and unbound antibodies were
removed by washing with PBS. Alexa Fluor®594-conjugate
goat anti-rabbit IgG (Invitrogen-Molecular Probes, Eugene, OR,
USA) was added and incubated for 1h at room temperature
and, subsequently, fluorescein isothiocyanate (FITC)-labeled
phalloidin (Sigma-Aldrich, St Louis, MO, USA) was added
with 1h of incubation at 37°C. All nuclei were stained using
4/,6-Diamino-2-phenylindole (DAPI) (Sigma-Aldrich, St Louis,
MO, USA). The infected and non-infected macrophages were
washed three times with PBS and analyzed under fluorescence
microscopy. All the images were acquired by the IN Cell Analyzer
2000 System (GE Healthcare Bio-Sciences Corp., Piscataway, NJ,
USA). Additionally, the percentage of the infected macrophage
population and the number of yeast cells per macrophage
were determined using Investigator IN Cell 1000 Workstation
software (GE Healthcare Bio-Sciences Corp.). This software
includes an accurate analysis module that allows reaching reliable
results to measure the morphology and the fluorescence intensity
of user-defined nuclear and cytoplasmic compartments. Thus,
cells can be classified into subpopulations by applying one or
more filters, according to one or two user-selectable fluorescence
or morphological events. For the analysis, the AMJ2-C11 alveolar
macrophages were counted as cells based on some parameters,
such as cells fluorescence intensity, nuclei fluorescence intensity,
cells area, and nuclei area. To measure yeast cells they were
assumed as being “organelles,” and the following parameters were
considered, organelles mean area, organelles total area, organelles
number per macrophages, organelles fluorescence intensity. The
final results were automatically obtained in a worksheet detailing
the measures by well, by field, and by cell, regarding the indicated
parameters as numerical values. The assay was performed in
duplicate.
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Infection Rate of Histoplasma capsulatum
in Alveolar Macrophages Detected by Flow
Cytometry

For this assay, AMJ2-C11 macrophage monolayers containing
10° macrophages per well were formed in 24-well plates (TPP®).
After, 500l (1 x 10° yeasts/mL) of each inoculum of H.
capsulatum was stained with 10 pM carboxyfluorescein diacetate
succinimidyl ester (CFSE) (Invitrogen, Carlsbad, CA, USA) at
37°C for 30 min. Stained H. capsulatum strains were added to
their respective macrophage monolayer, and the plates were
incubated at 37°C, 5 h. After the incubation time, the monolayers
were washed three times with sterile PBS, and macrophages
were detached at 37°C for 2min using trypsin-EDTA (Gibco
Life Technologies) diluted in PBS. Macrophage suspensions
were harvested in Eppendorf tubes and centrifuged at 600 x
g 4°C. Supernatants were removed and PBS was added to
each Eppendorf tube before cell counting by flow cytometry
(BD FACSCanto Becton Dickinson, San Diego, CA, USA). For
the analyses, we considered parameters related to the size (size
forward scatter—FSC), granularity (granularity side scatter—
SSC) and fluorescence of 10,000 cells per tube. The results
were determined through the fluorescence intensity (FI) of yeast
cells labeled with CFSE as estimated by BD FACSDiva software.
Gates of specific population were viewed and analyzed by dot-
plot. These data allowed one to determine the percentage of
infected alveolar macrophages and discriminate the infectivity
of different strains of H. capsulatum. Non-infected AM]J2-C11
alveolar macrophages, fluorescein-labeled yeast, and unlabeled
yeast were used as negative controls in the assay. Assays
were performed in three biological replicates and two technical
replicates.

Comet Assay

AM]J2-C11 macrophages, in 24-well plates, were infected with
H. capsulatum strains EH-315 or 60I using a standardized
suspension of 1 x 10° yeasts/mL and incubated at 37°C
for 5h. Non-infected macrophages were used as a negative
control. The alkaline version of the comet assay (single cell
gel electrophoresis) was performed as described by Singh et al.
(1988). Duplicate slides were prepared and stained with ethidium
bromide. We screened 50 AMJ2-C11 macrophages per sample
with a fluorescence microscope (Carl Zeiss GmbH, Oberkochen,
Germany) equipped with a 515-560 nm excitation filter, a 590 nm
barrier filter, and a 40x objective. The level of DNA damage
was assessed by an image analysis system (TriTek CometScore,
version 1.5; TriTek Corp., Sumerduck, VA, USA), and the
DNA percentage in comet tail was obtained for each treatment.
Additionally, the percentage of the macrophage population that
showed DNA damage was determined.

TUNEL Assay

DNA fragmentation in infected macrophages was evaluated
using TUNEL (terminal deoxynucleotidyl transferase dUTP
nick-end labeling) staining following the protocol recommended
by the manufacturer (Roche Diagnostics, Penzberg, Germany),
which has the feature of specific labeling of fragmented DNA

sequences that occur during the process of apoptosis. Infection
was performed with H. capsulatum strains EH-315 and 601
in AMJ2-C11 macrophages cultured in 96-well plates. The
macrophages were incubated with a standardized suspension
(1 x 10° yeasts/mL) of H. capsulatum EH-315 or 60I and
infection was allowed for 30min, 2h, and 5h. Non-infected
macrophages were used as a negative control. After each
incubation time, macrophages were PBS washed and fixed in
4% paraformaldehyde for 1h at room temperature. Samples
were washed three times with cold PBS and incubated with
200 pL permeabilization solution (0.05M Tris, 0.02M CaCl2,
and 2.5 mg/mL proteinase K) for 15min at room temperature.
After further washing with cold PBS, free reactive sites of the
macrophage monolayer on the coverslips were blocked with
200 L of a solution containing 3% bovine serum albumin
and 20% fetal bovine serum in PBS at 37°C for 1h. Then,
the monolayers were washed three times with cold PBS and
incubated with the components of the “TUNEL’ mixture (dUTP
solution containing the enzyme FITC-conjugated and “terminal
deoxynucleotidyl transferase”) at 37°C, for 1h, in a moist
chamber under darkness. During the incubation period, the
3’ ends of the apoptotic DNA fragments were incorporated
into the FITC-labeled nucleotides. This reaction was catalyzed
by terminal transferase. After incubation, three washes were
performed with cold PBS, and 100 uL of 1% paraformaldehyde
was added per well. Analysis of DNA fragmentation in
macrophages was conducted to compare the EH-315 and 601
strains, using non-infected macrophages as a negative control.
Images were captured using the IN Cell Analyzer 2000 System
for light microscopy and were analyzed by Investigator IN
Cell 1000 Workstation software (GE Healthcare Bio-Sciences
Corp.). The results were evaluated using as parameter the
fluorescence intensity emitted by the nucleus in each condition
tested.

Labeling of the Nuclear Envelope Proteins

SUN2, Nesprin2, and Emerin

AM]J2-C11 macrophages, cultured in 24-well plates (TPP®),
were infected with a standardized suspension of 1x 10° yeasts/mL
of H. capsulatum strains EH-315 or 60I at 37°C for 5 h. Nuclear
envelope proteins were marked in either infected or non-infected
AM]J2-C11 macrophages (negative control).

Initially, infected and non-infected macrophage samples
were fixed with 4% paraformaldehyde, washed with PBS and
permeabilized with 0.5% Triton X-100 for 30min. Then,
blocking was performed with 2.5% bovine serum albumin,
1% non-fat milk, and 8% fetal bovine serum. Primary anti-H.
capsulatum antibody was added for 1h. Unbound antibodies
were removed by washing in PBS, then, Alexa Fluor®594-
conjugate goat anti-rabbit IgG (secondary antibody) was added
for 1 h. Afterward, in another staining series, anti-SUN2 antibody
(Santa Cruz Biotechnology Inc., Heidelberg, Germany), anti-
Nesprin2 antibody (Abcam, Cambridge, UK), or anti-Emerin
antibody (Abcam) obtained in mice was added as a primary
antibody, and macrophage samples were incubated overnight.
Unbound antibodies were removed by PBS washing and a
secondary Alexa Fluor®488-conjugate goat anti-mouse IgG
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antibody was added for 1h. All nuclei were DAPI stained. The
infected and non-infected macrophages were then washed three
times with PBS and analyzed under confocal laser scanning
microscopy (Leica TCS SP5 Confocal Microscopy System). The
assay was performed in duplicate.

Statistical Analyses

Data were analyzed using Origin 7.0 (Origin Lab. Corporation,
Northampton, MA, USA). ANOVA was used to compare groups
in CFU and TUNEL assays with the Bonferroni post-test. P was
calculated by Student’s t-test and P < 0.001 were considered
statistically significant. For the comet assay, the infected and
non-infected macrophages (control) were compared using the
Kruskal-Wallis test and the associated Dunn post-test with P <
0.05 were considered as statistically significant.

RESULTS

Infection Rate of Histoplasma capsulatum
in AMJ2-C11 Alveolar Macrophage
Cell-Line Detected by CFU

The infection rate of H. capsulatum yeasts was assessed with
the H. capsulatum reference strain G-217B and strains EH-
315 and 60I. As seen in Figurel, strains EH-315 and 601
developed higher infection rates than the G-217B reference
strain. Additionally, the EH-315 strain always exhibited the
highest AMJ2-C11 macrophage infection rate at all times studied.
Figure 1 shows the number of yeast cells that infected the alveolar
macrophages through the CFU/mL counting with these three
fungal strains. The results suggested that at 120 min of contact,
between alveolar macrophages and strain EH-315, the number
of yeast cells in the macrophages increased. At 180 min, the
infection rate declined, and it increased again at 300 min. With
regard to the strain 601, the number of yeast cells was increased at
60 min and at 120-180 min, the infection rate declined. Similarly
to strain EH-315, the infection rate of strain 601 increased again
at 300 min.

*
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E . EH-315 Strain
B
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FIGURE 1 | Infection rate assays of AMJ2-C11 alveolar macrophage
with H. capsulatumstrains G-217B, EH-315, and 60l. Rates of H.
capsulatum yeasts were considered using CFU/mL. Scores given are the
mean + S.D. and statistics were performed by Two-way ANOVA with the
Bonferroni post-test. *P < 0.001 for EH-315 vs. 60l strain and #P < 0.001 for
EH-315 vs. G-217B strain.

Observation of Histoplasma capsulatum in
AMJ2-C11 Macrophages

Infection of macrophages by H. capsulatum yeast (strains EH-
315 and 60I) was also evaluated using Giemsa staining. This
methodology was very useful for analyzing how yeasts interact
with host macrophages (Figure 2). However, this staining did not
provide accurate localization of yeast cells within phagocytes.
Indirect fluorescence microscopy, using images of the IN
Cell Analyzer, revealed several intracellular yeasts in infected
macrophages. An interesting finding was detected with this
methodology, where intracellular H. capsulatum yeast cells
aggregated in an architectural shape apparently surrounding
the macrophage nucleus, resembling a “crown” (Figure 3).
Moreover, additional analyses with Investigator IN Cell 1000
Workstation software showed that strain EH-315 infected 95%
of the macrophage population with an infection multiplicity up
to 30 cells per macrophage, whereas strain 601 infected 86% of
macrophages with up to 24 yeast cells per macrophage.

Flow Cytometry Assay

Results were expressed as FI of yeast labeled with CFSE and
correspond to the fluorescence data of 10,000 cells per tube.
To quantify the percentage of yeast cells bound to or within
AM]J2-C11 macrophages, combination of two gates were applied
to yeast cells and AMJ2-Cl11 cell-line (Figure4). After using
these combined gates, immediately the percentage of yeast
cells interacting with AM]J2-Cl11 alveolar macrophages was

125 pm

FIGURE 2 | Giemsa staining of AMJ2-C11 macrophages after 5h of H.
capsulatum infection. (A,B) Control of non-infected macrophages
incubated with PBS. (C,D) Macrophages infected with H. capsulatum strain
EH-315. (E,F) Macrophages infected with H. capsulatum strain 60I. The
results are representative of two assays.
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phagocytic cells.

FIGURE 3 | Effect of H. capsulatum yeast cells on the infection of AMJ2-C11 macrophages. Macrophages infected with H. capsulatum yeast cells were
incubated at 37°C for 5 h (see details in Section Materials and Methods). (A,B) AMJ2-C11 macrophages infected with the EH-315; (C) AMJ2-C11 macrophages
infected with 60I; and (D) non-infected AMJ2-C11 macrophages. Indirect immunofluorescence: FITC-phalloidin in green showing the macrophage cytoplasm; Alexa
Fluor®594 in red to yellow staining H. capsulatum yeast cells; DAPI in blue staining macrophages nucleus. Images were obtained using IN Cell Analyzer light
microscopy. The results are representative of two assays. Arrows indicate the architectural arrangement of yeast-aggregates apparently surrounding the nuclei of the

determined. Regarding the profile of H. capsulatum infection
in alveolar macrophages, strains EH-315 and 601 showed high
infection rates in AMJ2-Cl11 macrophages. Moreover, both
strains have a similar potential for infection because they are
able to infect murine alveolar macrophages at rates of 98.34 and
96.52%, respectively, after 5h of infection. The results represent
the average of three independent assays set up in triplicate.

Comet Assay

A similar pattern of DNA fragmentation was observed in
infected AM]J2-C11 macrophages by comet assay, when H.
capsulatum strains EH-315 and 601 were tested. Typical images
of the comet assay showing DNA fragmentation in the tail are
presented in Figure 5A. In the analysis of macrophage nuclear
fragmentation by H. capsulatum, DNA damage corresponded
to the percentage of DNA in the tail of the comet, and
the results demonstrated that, for strains EH-315 and 60],
macrophage DNA damage was 10.67 + 0.91% and 10.78 =+
1.31%, respectively; whereas 1.75 & 0.18% of DNA damage
was associated with the non-infected macrophages used as
a negative control. Significant differences (P < 0.05) were
found when macrophages infected with each strain were
statistically compared with their respective negative controls
(Figure 5B).

In addition, the comet assay data also revealed that 86.71%
of the macrophage population infected with strain EH-315
showed DNA damage. Similarly, strain 601 induced DNA damage
in 81.98% of infected alveolar macrophages. There was no
statistically significant difference between the percentages of
macrophages undergoing DNA damage induced by the EH-315
or 601 H. capsulatum strains. However, significant differences
(P < 0.05) were found between each macrophage population
infected with a fungal strain compared with its respective

non-infected control, which revealed 34.41% of DNA damage
(Figure 5C).

TUNEL

Figure 6A shows images obtained by the IN Cell Analyzer
for the TUNEL assay that was used to quantify macrophage
apoptosis. The measurement of apoptotic nuclei was performed
by the release of nuclear fluorescence intensity detected with
the TUNEL method; thus, as the fluorescent labeling increases
more damage is detected. DNA fragmentation was detected in
AM]J2-C11 macrophages infected with H. capsulatum strain EH-
315 or 601 at 30 min, 2h and 5h post-infection. The infection
of macrophages with H. capsulatum, after 2 and 5h, resulted
in more apoptotic cells than the non-infected controls, and the
number of apoptotic nuclei obtained from macrophages infected
with each fungal strain was similar, as shown in Figure 6B.

Labeling of the Nuclear Envelope Proteins
SUNZ2, Nesprin2, and Emerin

Confocal microscopy was used to generate 3D images of infected
macrophages labeled with anti-SUN2, anti-Nesprin2 and anti-
Emerin antibodies. A diffuse distribution of these proteins was
found outside on the nuclear envelope, with a similar pattern for
non-infected macrophages, as shown in Figure 7. In addition,
data from confocal microscopy also indicate that the nuclear
fragmentation induced after infection, which was demonstrated
by the comet and TUNEL assays, may occur as the result of
the architectural conformation displayed by H. capsulatum, in
which yeast cells appear to surround the macrophage nucleus
after 5h of infection (Figure7 and Videos S1-S6). Moreover,
during infection the formation of large phagosomes within H.
capsulatum-infected macrophages was noted (Figure 7B). These
events were not found in non-infected macrophages.
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FIGURE 4 | Dot-plot and histogram profiles of AMJ2-C11 alveolar macrophages and CFSE-labeled H. capsulatum yeast cells, at 5h post-infection.
(A,B) Population of labeled yeast cells (EH-315 and 60l strain, respectively); (C) specific gate for AMJ2-C11 alveolar macrophages; and (D,E) Infected alveolar
macrophages by EH-315 and 60l strain, respectively. The cells were analyzed by flow cytometer BD FACSCanto.
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FIGURE 5 | Comet assay data of AMJ2-C11 macrophages infected with H. capsulatum yeasts. (A) Images were acquired using a fluorescence microscope
equipped with a 515-560 nm excitation filter and a 590 nm barrier filter. (B) Evaluation of nuclear fragmentation in AMJ2-C11 macrophages infected with H.
capsulatum. Control (non-infected macrophages). Values are representative of the percentage of fragmented DNA present in the comet’s tail. (C) Percentage of
macrophage population showing DNA damage in infected and non-infected (control) cells. Scores given are the mean + SD. Data were analyzed by Kruskal-Wallis

test with Dunn’s post-test. “P < 0.05 when control vs. strain EH-315 was compared; #P < 0.05 when control vs. strain 601 was compared.

DISCUSSION

Interactions of pathogenic fungi with host tissues are essential
factors in the pathogenesis of mycoses (Tronchin et al., 2008).
H. capsulatum infects different host cells, such as neutrophils,
macrophages, dendritic cells, and epithelial cells.

The present study demonstrated particular characteristics of
the interaction between H. capsulatum yeast cells and cultured
murine alveolar macrophages. We compared two virulent H.
capsulatum strains isolated from different sources, EH-315 and
601, based on their behavior and potential infection for AMJ2-
C11 alveolar macrophages. The EH-315 strain developed higher
virulence (LD50 3 x 10° yeasts/mL) when compared to the 601
strain (LD50 3 x 108 yeasts/mL) under experimental conditions
using an LD50 assay in male BALB/c mice (ML Taylor, personal
communication).

We evaluated the ability of the EH-315 and 601 strains to
infect alveolar macrophages when compared with the ATCC
strain G-217B using CFU analysis of H. capsulatum yeast at
7-300min (5 h) post-infection. The results demonstrated that
the three strains of H. capsulatum have distinct efficiency for
infecting alveolar macrophages. Strain EH-315 developed a
better ability to infect macrophages than strains 60I and G-
217B. However, regarding the efficacy of the CFU assay, other
researchers have described the inconvenience and limitations
of this method. According to Berkes et al. (2012), several
factors contribute to non-optimize microorganisms plating that
routinely reaches only 30% effectiveness for H. capsulatum, as the
CFU number is generally lower than the number of viable yeasts
plated.

Few studies have associated pathogen virulence with the
ability to infect host cells or to adhere to abiotic surfaces.
Thewes et al. (2008) performed phenotypic screening to compare
the SC5314 strain of Candida albicans, which is invasive
and highly virulent, with the strain ATCC 10231, which is
non-invasive and less virulent. Their findings highlight that
strain ATCC 10231 caused less damage to fibroblasts and
epithelial cells when compared to SC5314. According to those
authors, biological properties that influence adherence and
invasion to host cells are critical attributes of C. albicans in
colonization and disease progression, and the results of this
study demonstrated that virulence had a direct influence on
the ability of this fungus to colonize, damage, and invade
host tissues. Furthermore, Sepulveda et al. (2014) compared
H. capsulatum strains with distinct genotype and virulence
and noted that strain G-217B exhibited delayed response to
the virulence effect, as in macrophage damage and cytokine
production when compared to other strains. Likewise, Sahaza
et al. (2015) highlighted that lung inflammatory responses, in
regard to cytokine profile and lung-granuloma formation, varied
in intensity and time when two different virulent H. capsulatum
strains from distinct phylogenetic species, EH-46 (LAm A) and
G-217B (NAm 2), were used. Our data corroborated those
reported by Sepulveda et al. (2014) and Sahaza et al. (2015), as
strain G-217B showed delayed infection potential against host
cells.

In the current study, the infection profile of H. capsulatum
strains on alveolar macrophages over a period of 5h was
characterized by a variable behavior (increases and decreases) in
the yeast infection rate of alveolar macrophages. We hypothesize
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FIGURE 6 | TUNEL staining of alveolar macrophages after H. capsulatum infection. (A) DNA fragmentation in the nucleus of AMJ2-C11 macrophages
infected with H. capsulatum yeasts. Images were obtained after 0.5, 2, and 5 h after infection of alveolar macrophages with H. capsulatum strains EH-315 or 60I.
Infected alveolar macrophages were compared with non-infected macrophages incubated with PBS (control). Each photomicrograph was processed by IN Cell
Analyzer light microscopy using a 20X power field. The results are representative of two assays. (B) Detection of nuclear fluorescence intensity derived from DNA
fragmentation in AMJ2-C11 macrophages infected with H. capsulatum strain EH-315 or 60l and non-infected macrophages (control). TUNEL-positive macrophages
are represented by the nuclear fluorescence intensity with values derived from analysis of images using Investigator IN Cell 1000 Workstation software. Scores given
are the mean + S.D and statistics were performed by Two-way ANOVA with the Bonferroni post-test. *P < 0.05 and **P < 0.001, control vs. strain EH-315,
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that this profile occurs as a result of the dynamic interactions
between yeast and macrophage membrane receptors.

According to our results, macrophage infections were also
monitored at 5h by Giemsa staining and indirect fluorescence.
As we mentioned before, Giemsa staining did not provide
well-defined yeast localization within phagocytes, whereas
quantification of the macrophage population that was effectively
infected with H. capsulatum yeasts was successfully achieved
by flow cytometric methodology. For these infection assays,
the 5h post-infection time was selected based on a previous
kinetic study that showed the largest number of yeast cells
interacting with alveolar macrophages at this time-point of
infection. Once the CFSE-labeled yeasts had interacted with
alveolar macrophages, the percentage of infected cells containing
yeast cells was accurately quantified. It is important to note that
flow cytometry has been employed to quantify several fungal
infections (Chang et al., 1998; Berkes et al., 2012).

H. capsulatum is a pathogen that commonly survives
within macrophages by developing several intracellular evasion
mechanisms (Strasser et al, 1999; Sebghati et al, 2000).
Microscopic images obtained by indirect immunofluorescence
assays showed a singular pattern of H. capsulatum in the infected
macrophages under in vitro conditions, which was similar for
the two fungal strains tested. Interestingly, the yeast cells of both
strains were able to form aggregates in the cytoplasm of the
infected macrophages with an apparent distribution surrounding
the macrophage nucleus after 5h of infection. These findings
could be related to a new strategy for fungal intracellular survival.

Based on the potential for infection displayed by both strains
of H. capsulatum in alveolar macrophages, it became necessary

to evaluate the genotoxic potential of this fungus in AMJ2-C11
macrophages to identify the ability of H. capsulatum to induce
damage to DNA in host cells. According to Yang et al. (2011),
genotoxic agents chemically interact with the genetic material
and cause oxidative changes or disruptions in the DNA molecule.

The results of comet and TUNEL assays showed that the two
strains of H. capsulatum (EH-315 and 60I) caused significant
damage to the nuclear DNA of the AMJ2-C11 macrophages after
5h of infection when compared to non-infected macrophages.
Nuclear fragmentation is characterized as a cellular alteration
associated with apoptosis (Deepe and Buesing, 2012). In this
context, several studies have shown that H. capsulatum yeast
cells induce apoptosis in different host cell-lines, including
macrophages (Allen and Deepe, 2005; Lin et al., 2005; Deepe
and Buesing, 2012). According to Das et al. (1999), apoptosis
allows the host to develop an effective response against infectious
diseases such as tuberculosis.

A study conducted by Del Vecchio et al. (2009) demonstrated
the ability of a dimorphic fungus, Paracoccidioides brasiliensis,
to induce apoptosis in A549 epithelial cells after 24 and 48 h of
infection using the TUNEL assay to assess DNA fragmentation.
Previous studies have reported that strains of C. albicans also
induce apoptosis of macrophages after 30 min of infection under
in vitro conditions. According to the authors, the ability of C.
albicans to induce apoptosis may modulate a standard anti-
inflammatory immune response in the host (Gasparoto et al.,
2004). Moreover, polysaccharides of Cryptococcus neoformans
also induce apoptosis in macrophages under in vitro andin vivo
conditions, compromising the host immune response (Villena
et al., 2008).
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FIGURE 7 | Labeling of nuclear envelope proteins SUN2, Nesprin2, and Emerin in H. capsulatum infected alveolar macrophages. In Panels (A-C) show
confocal scanning microscopy images of representative AMJ2-C11 macrophages infected with H. capsulatum strains EH-315 and 60l at 37°C for 5 h. Non-infected
macrophages were processed as a control. (A) AMJ2-C11 stained for SUN2, (B) Nesprin2, and (C) Emerin as indicated in the figure. The arrows show phagosome
formation where several yeast cells are present. DAPI was used for nuclear staining (blue). Alexa Fluor®488 and Alexa Fluor®594 conjugates were used as secondary
antibodies to reveal nuclear proteins (green) and yeast cells (red), respectively. Bright field images were merged with Alexa Fluor®594 and DAPI stain with orthogonal z
stack sections after 5 h of macrophage-yeast infection. The assay was performed twice.
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According to our findings, the apoptosis of infected in non-infected macrophages. Meinke et al. (2011) reported that
macrophages could be related to the formation of H. capsulatum  disruption of SUN2 or Nesprin2 prevents nuclear movement. In
aggregates that extend throughout the cytoplasm and display a  the present study, it was possible to observe diffuse distribution
conformational architecture that arrange themselves near to the  of these proteins outside on the nuclear envelope in both infected
macrophage nucleus. This conformational aggregation of yeast  and non-infected macrophages.
cells could form in the intracellular environment and remain To date, a few studies have described Nesprin isoforms (Zhang
within the macrophages, causing damage to the nucleus of et al, 2007; Morris and Randles, 2010; Randles et al., 2010) as a
the host cell and producing DNA fragmentation. This can be  product generated by the alternative splicing of genes encoding
explained by the high percentage of infected macrophages with ~ Nesprinl and Nesprin2. These isoforms vary in size, but they
yeast-aggregates after 5h of infection, which was similar to the  contain a common C-terminal region (Randles et al., 2010)
percentage of macrophage suffering DNA damage induced by  and play important roles in cellular organization, especially in
both strains. This new structural arrangement could be associated ~ positioning the nucleus and other organelles. Nesprin isoforms
with the ability of H. capsulatum yeasts to prevent elimination  appear in different subcellular fractions, including outer and
by the immune system (Pitangui et al., 2012). The preference of  inner nuclear membranes associated with organelles such as
H. capsulatum yeast cells to form intracellular aggregates became ~ mitochondria, Golgi complex, sarcoplasmic reticulum and in
understandable when a high number of yeasts appeared as linked ~ the plasmatic membrane, where the isoforms form a network
to each other, during infection of murine alveolar macrophages  connecting these structures to the actin cytoskeleton (Zhang
(Figure 7 and Videos S1-S6). et al., 2007; Morris and Randles, 2010). Therefore, Nesprin can

Confocal microscopy images were used to determine if the  be found away from the nucleus (Gough et al., 2003), which
effects on host cell nuclei induced by H. capsulatum aggregates  is consistent with the results obtained in this study, where we
could change the behavior of the nuclear membrane proteins  observed diffuse presence of this protein in the cytoplasm of
SUN2, Nesprin2, and Emerin. The analyses revealed that infected  infected and non-infected macrophages. However, according to
macrophages with yeast-aggregates surrounding the macrophage ~ Randles et al. (2010), it is difficult to determine whether other
nuclei did not show disruption in the organization of the nuclear  isoforms are also present due to the absence of specific antibodies.
lamina that underlies the nuclear envelope, given that the staining Emerin was also found to be diffuse throughout the cytoplasm
of nuclear proteins showed a very similar distribution to thatseen ~ of non-infected and H. capsulatum infected macrophages.
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Conversely, a study using host cells infected with herpes simplex
virus 1 found an irregular distribution of Emerin, as opposed to
a uniform alignment on the nuclear membrane, which appeared
like bubbles on the surface of the outer nuclear membrane (Leach
et al., 2007). Recently, Ho et al. (2013) reported that Emerin
regulates gene expression by modulating actin polymerization in
the cytoplasm.

According to our results, it is necessary to emphasize that H.
capsulatum yeast-aggregates were able to cause damage in the
nuclear DNA and induce apoptosis in alveolar macrophages after
5h of infection. This damage to the DNA of macrophages while
the yeast cells are not located inside the core could be a fungus
strategy for the facilitation of its persistence throughout the
host infection. This finding has never been previously described.
Hence, the intracellular arrangement and the occurrence of
effects induced by H. capsulatum yeast-aggregates during the
infection could promote the survival of the pathogen in the
hostile conditions of the intracellular environment while also
contributing to host tissue damage.
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Abstract

We tested the antifungal potential of caffeic acid and eight of its derivative esters against C.
albicans ATCC 90028 and nine clinical isolates, and carried out a synergism assay with
fluconazole and nystatin. Propyl caffeate (C3) showed the best antifungal activity against
the tested strains. When in combination, C3 markedly reduced the MIC of fluconazole and
nystatin with synergistic effect up to 64-fold. Finally, C3 showed a high ICs, value and
Selective Index (SI) against oral keratinocytes, demonstrating low toxicity against this cell
type and selectivity for yeast cells. Further research should confirm its antifungal potential
for development of combined therapy to treat C. albicans infections.

Introduction

Oral candidiasis is one of the most common opportunistic infections afflicting
humans, with Candida albicans as the major causative agent of this disease (Garcia-Cuesta
et al., 2014). The complexity of interactions between Candida and other microorganisms in
the host, mainly bacteria, suggest that several mechanisms are involved in yeast fitness to
the oral cavity. Some studies have shown that Candida spp. can co-aggregate with bacteria
in dental plaque. This feature may be an important factor for the onset of oral candidiasis as
well as fungal colonization of carious cavities and periodontal pockets (Sardi et al., 2012;
Thurnheer et al., 2015). The presence of yeasts in subgingival regions may contribute to the
pathogenesis of periodontal disease or increase the chance of candidemia, especially in
cases of immunosuppression (Hannula et al., 2001; Reynaud et al., 2001; Al Mubarak et
al., 2013). In addition, it has been well documented that systemic diseases such as diabetes
and AIDS; physiological conditions such as pregnancy, infancy or old age; nutritional
factors; treatment with broad-spectrum antibiotics; use of immunosuppressive drugs and
corticosteroids; xerostomia, and use of dentures, may predispose the individual to develop
candidiasis (Soll, 2002; Tekeli et al., 2004; Manfredi et al., 2006).

The current therapy with antifungals has serious drawbacks, in particular due to
toxic effects to human cells and adverse effects (Epstein et al., 2002; Gabler et al., 2008).
As the drugs used to treat candidiasis are not always specific and properly prescribed
(targeting the causative agent of infection), there has been a significant increase in
resistance of Candida spp. to traditional antifungal drugs. The increasing microbial

resistance rates may also be a result of long-term drug exposure or selection of strains with
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intrinsic resistance mechanisms (Ying et al., 2013; Fernandez-Ruiz et al., 2015; Liao et al.,
2015; Seifi et al., 2015; Freitas et al., 2015). Therefore, the development of novel strategies
to minimize the toxic effects of current antifungals and improve their effectiveness, has
been strongly encouraged.

Natural products have continued to be a rich source of new drugs with clinically
significant biological targets. Over the past 34 vyears, 49% of FDA-approved
chemotherapeutic drugs were either natural products or directly derived therefrom
(Newman & Cragg, 2016). There is a great interest of the pharmaceutical industry in the
discovery of new molecules of natural origin or even their combination with existing drugs,
in order to improve efficacy, potency, safety, tolerability, and decrease production costs,
side effects and selection of resistant strains (Svetaz et al., 2016). A number of studies in
the literature have established the value of combined antifungal therapy against resistant
strains, in particular standard drugs with naturally-occurring agents (Pippi et al., 2015; Han
et al., 2016).

Caffeic acid (3,4-dihydroxycinnamic acid) is an important phenolic compound
commonly found in plants, foods and propolis samples, particularly in the form of caffeic
acid phenethyl ester (CAPE) (Paracatu et al., 2014; Rzepecka-Stojko et al., 2015). It is
better known for its pharmacological properties, including antimicrobial, antioxidant, anti-
inflammatory and anticancer (Balachandran et al., 2012; Kuo et al., 2015). Nevertheless,
modifications of the caffeic acid structure into esters or amides, for instance, may generate
novel analog molecules with enhanced and desired biological activity (Touaibia et al.,
2011), particularly as antimicrobials (Fu et al., 2010).

Herein, we investigated the antifungal potential of caffeic acid and eight of its
derivative esters against C. albicans ATCC 90028 and nine oral clinical isolates. The most
active molecule, propyl caffeate (C3), was selected for a synergism assay with fluconazole
and nystatin against the C. albicans strains, and tested for its toxicity on oral keratinocytes
(NOK cells).

Material and Methods

Synthesis of Esters. Caffeic acid (0.2 mM) solution and corresponding alcohols (20 mM)
were prepared at 5 C with a solution of N, N’-dicyclohexylcarbodiimide (DCC, 1.0 mM) in
p-dioxane (3.0 mL). After the solution was stirred for 48 h, the solvent was removed under

reduced pressure. The residue was partitioned three-times with EtOAc and filtered. The
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filtrate was serially washed with saturated aqueous citric acid solution (three times),
saturated aqueous NaHCOj; (three-times), water (two-times), dried over MgSO,, and
evaporated under reduced pressure. The crude products were purified over a silica gel
column using an isocratic system of CHCIl;—MeOH (98:2). The modifications made in

caffeic acid molecule are shown in Table 1.

Microorganisms. Candida albicans ATCC 90028 strain and nine highly virulent clinical
isolates of C. albicans obtained from the oral cavity of patients with diabetics and
periodontitis (Sardi et al., 2012), were used in this study. This study was approved by the
research ethics committee at Piracicaba Dental School, University of Campinas, Piracicaba,
SP, Brazil (protocol no. 062/2008).

Determination of Antifungal Activity. The Minimum Inhibitory Concentration (MIC) of
caffeic acid and its eight derivatives against C. albicans ATCC 90028 was determined
using 96-well microplates based on the protocol M27-A3 of the CLSI (2008), with
modifications. The esters that showed the lowest MIC values against C. albicans ATCC
90028 (C3, C4 and C6) were then tested against nine clinical isolates of C. albicans. The
synthetic compounds of caffeic acid were diluted in DMSO and tested in concentrations
ranging from 250 pg/mL to 0.48 pg/mL (Scorzoni et al.,, 2007). The inoculum was
prepared (L 530 nm, Abs 0.08-0.1) and diluted to 2.5 x 10° CFU/mL. The plates were
incubated at 35°C for 24 h. The MIC;qo was determined as the lowest concentration of the
compound inhibiting visible fungal growth as indicated by 0.1% resazurin (Sigma-Aldrich,
St. Louis, MO, USA). Aliquots from the wells corresponding to the MIC and higher
concentrations were sub-cultured on Sabouraud Dextrose Agar (Difco®, Detroit, M1, USA)
for determination of the Minimum Fungicidal Concentration (MFC). The MFC was defined

as the lowest concentration of the compound causing no visible growth on the agar plate.

Combinatorial Antifungal Activity (Synergism Assay). The ester which showed the best
activity against C. albicans strains (C3) was combined with conventional antifungals
commonly used for the treatment of candidiasis, fluconazole and nystatin. Their
combinatorial antifungal activity was determined through the checkerboard method using
96-well microplates (Dai et al., 2015). A mathematical calculation was used to generate the
fractional inhibitory concentration index (FICI), as follows: FICI = (MIC compound 1 in
combination / MIC compound 1 alone) + (MIC compound 2 in combination / MIC

compound 2 alone). The combinations were classified as synergistic (FICI < 0.5), additive
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(0.5 < FICI <£1.0), indifferent (1.0 < FICI < 4.0) and antagonistic (FICI > 4.0) (Soares et al.,
2014).

Cytotoxic Effects on Oral Keratinocytes. The most active ester derivative (C3) as well as
fluconazole and nystatin were tested for their cytotoxicity against keratinocytes from the
oral mucosa of humans (NOK cells) provided by the Department of Medicine at Harvard
Medical School (Dr. Karl Munger). NOK cells were maintained in culture medium for
keratinocytes without fetal bovine serum (Gibco, Life Technologies) at 36.5°C and 5% CO..
Cells were seeded onto a 96-well plate at a density of 5 x 10* cells/well for 24 h. Then the
cells were exposed to the treatments (C3, Fluconazole, Nystatin, and their combinations)
for 24 h. Cell viability was determined by adding aliquots of 10uL of MTT solution (5
mg/mL) (Sigma-Aldrich, St. Louis, MO) to each well. The plates were incubated at 37°C
for 4 h to allow for visualization of precipitated formazan crystals. Aliquots of 100 pL of
isopropyl alcohol were added per well and absorbance was read using a spectrophotometer
at 560 nm (Mosmann et al., 1983). Hydrogen peroxide (10%) was used as a positive
control for cytotoxicity and untreated cells were considered as the negative control. Based
on this cell viability assay, we next determined the half maximal inhibitory concentration
(ICsp) for the esters, standard-drugs and their combinations. The 1C50 was defined as the
effective concentration of the compound able to inhibit 50% of the NOK cells. The
establishment of this concentration was essential to calculate the selectivity index (SI)
(IC50/MIC ratio), which was used as an indicator of potential toxicity against normal cells
lines at the effective therapeutic concentration for each strain. Hence, the selectivity index
(SI) indicated the relationship between drug toxicity against C. albicans and the host cells
(Gullo et al., 2012; Mora-Navarro et al., 2016).

Statistical Analysis. All assays were performed in triplicate of independent experiments.
The data were analyzed on Graphpad Prism 5.0 (San Diego, CA, USA) by one-way
analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison test, with a

significance level of 5%.

Results

Structure-Activity Relationship of Caffeic Acid Derivatives. A screening for antifungal

activity of caffeic acid and eight derivative esters against C. albicans was carried out.

5



These esters differ by the number of constituent carbons in the molecule, as shown in Table
1. Caffeic acid and all of its synthesized derivatives showed a fungicidal activity against C.
albicans ATCC 90028 and presented a structure-activity relationship. As seen in Table 2,
the caffeic acid molecule (CO0) without structural change and the derived C1 showed MIC
and MFC values of 125 pg/mL. The derivatives C2, C5, C7 and C8 showed MIC and MFC
values of 31.25 pug/mL. C3 and C4 showed strong fungicidal activity against C. albicans
ATCC 90028, with MIC and MFC values of 15.62 pg/mL, together with C6 which showed
MIC and MFC equal to 7.81 pg/mL. Thus, the compounds C3, C4 and C6 — which were
better than their originating caffeic acid molecule — were further tested against nine oral
clinical isolates of C. albicans. As shown in Table 3, the compound C3 demonstrated the
best activity when compared with the other caffeic acid derivatives (C4 and C6), with MIC
and MFC values ranging between 7.81 and 62.5 pg/mL. The MIC and MFC of C4 and C6
ranged between 31.25-125 pg/mL and 7.81->250 pg/mL, respectively.

Combinatorial Antifungal Activity with Standard Drugs. Given the strong antifungal
activity of C3 against C. albicans strains, we next investigated its combinatorial activity
with the standard drugs fluconazole and nystatin. A synergistic activity was observed for
the combination between C3 and fluconazole against most strains, with FICI values
ranging from 0.06 to 0.5. Indifferent activity was observed against two clinical isolates,
with FICI values close to 2.0. When comparing the MIC values of C3 and fluconazole
alone and combined, we observed a decrease in their MIC and potentiation of fluconazole
of 2 to 64-fold (Table 4). The combination of C3 with nystatin was advantageous
(synergistic) against three out of the ten strains when compared with the MIC values of the
compounds tested alone, with potentiation of nystatin by 8- to 64-fold. Additive activity
was observed against four clinical isolates and C. albicans ATCC 90028 strain, with FICI
values ranging from 0.53 to 1.0. The additive activity of the combination showed

potentiation of nystatin between 32- and 64-fold.

Toxic Effects on Oral Keratinocytes. A viability assay was carried out to evaluate the
toxicity of C3 and standard drugs alone and in combination, against NOK cells. The
antifungal compound C3 showed low toxicity at the tested concentrations, with a high 1Cs
value of 420 pg/mL. Likewise, fluconazole and nystatin showed high 1Csy values of 320



pg/mL and 400 pg/L, respectively. When combined, both C3 and the antifungals had their
Sl value increased, indicating selectivity for yeasts rather than NOK cells (Table 5).

Figure 1 shows the percentage of cell viability of NOK cells treated with the
antifungal compounds at different concentrations. The data showed that treatment with C3,
fluconazole and nystatin maintained over 80% cell viability at all tested concentrations.
Hydrogen peroxide, used as a positive control, markedly affected cell viability, with a

significant difference when compared to C3 and standard drugs (P < 0.05).

Discussion

Opportunistic infections caused by Candida spp. have still been considered a
recurrent health issue with high burden worldwide (Rodriguez-Tudela et al., 2015; Denning
& Gugnani, 2015). Thus, novel therapeutic approaches are much needed to treat Candida
infections, including the use of naturally-occurring agents. In this study, we demonstrate
the antifungal potential of caffeic acid derivatives against C. albicans and their successful
synergism with antifungals commercially available.

Caffeic acid is commonly found in fruits (Balachandran et al., 2012) and propolis
samples (Freires et al., 2016) used in daily life products and folk medicine. We showed that
caffeic acid molecule has fungicidal activity against C. albicans ATCC 90028.
Nevertheless, the structural modifications performed in this study rendered the caffeic acid
molecule much more effective in terms of fungicidal activity, showing a structure-activity
relationship. The addition of 2 to 8 carbon atoms in the caffeic acid molecule increased its
anti-Candida activity. Other studies have also demonstrated the relationship between the
number of carbons and the antifungal activity of the molecule (Nihei et al., 2003; Soares et
al., 2014). Among the synthesized compounds, C3 showed better activity when compared
with other caffeic acid derivatives (C4 and C6), showing lower minimum inhibitory and
fungicidal concentrations against most strains. Balachandran et al. (2012) isolated methyl
caffeate from Solanum torvum plant and showed antibacterial activity against Gram-
negative and Gram-positive bacteria, in addition to antifungal activity against C. albicans
and Apergillus flavus. These findings confirm the antimicrobial potential of caffeic acid
derivatives.

Of note, the clinical isolates used in this study showed lower susceptibility to

nystatin and fluconazole when compared with the reference strain of C. albicans ATCC

7



90028. This could be due to acquisition of resistance mechanisms as the isolates belonged
to diabetic patients. A recent study showed that this group of patients is prone to develop
Candida infections in cases of poor glycemic control (Zomorodian et al., 2016).

Microbial resistance has raised concern over the last decades as the investment in
antibiotic discovery is declining considerably over time when compared to high-priced
drugs such as chemotherapeutics (Bax & Green, 2015). To make it worse, failure in
prescribing the appropriate drug, misuse, and long hospital stay have led to the emergence
of azole-resistant isolates, particularly in cases of invasive infections (Liao et al., 2015;
Sanguinetti, Posteraro & Lass-Florl, 2015). This opens avenues for the development of
combined antifungal therapy, in which drugs with different mechanisms of action (or not)
are combined to enhance their antifungal potency and avoid selection of resistant strains.
Here, we demonstrated the successful combination of propyl caffeate (C3) with fluconazole
and nystatin against C. albicans strains. A study performed by Lee & Han (2005)
demonstrated the synergistic effect of the combination between amphotericin B and
berberine (alkaloid) against C. albicans. These authors also tested this combination in mice
with candidemia and observed that the combined treatment prolonged the lives of mice in
22 days compared to those treated with amphotericin B alone. Other studies have reported
the successful combination of essential oils with conventional drugs, including nystatin,
fluzonazole and micafugin (Aprotosoaie et al., 2008; Rosato et al., 2009; Rodrigues et al.,
2012; Stringaro et al., 2014).

With the purpose of future clinical use, we also investigated the effects of C3
against oral keratinocytes and compared them with those of the standard drugs. NOK cells
were chosen for this study as they constitute the main epithelial cell type lining the oral
mucosa, which would be highly exposed in case of administration of an oral suspension or
a solution for oral candidiasis. Overall, low toxicity was found for C3, fluconazole and
nystatin, with 1Cs values higher than their MIC/MFC. These agents also showed a high Sl
value, which means that if the index is greater than 10.0 the compound exhibits selectivity
for killing yeasts rather than the host’s cells. The combination between C3 and fluconazole
led to a considerable increase in their Sls, highlighting their selectivity for yeast cells.

Collectively, our findings indicate that the propyl ester modification of caffeic acid
molecule (C3) has strong fungicidal activity and potentiated the effects of fluconazole and
nystatin against C. albicans strains, with little effects against oral keratinocytes. Further



studies should focus on the effects of these combinations against Candida biofilms and
establish C3 mechanism(s) of action.

The authors declare no conflict of interest.
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Table 1. Nomenclature, molecular formulas and the chemical structures of the caffeic acid

derivative esters tested in this study.

Code Nomenclature  Molecular Formula Chemical Structure
Co Caffeic acid CgHgO4 0
X" “OH
HO
OH
Caffeic acid
C1 Methyl caffeate C10HgO4 <|3|
x> 07
HO
OH
Methyl caffeate
C2 Ethyl caffeate CuH120,4 C?
X0
HO
OH
Ethyl caffeate
C3 Propyl caffeate C12H1404 <|3|
X O/\/
HO
OH
Propyl caffeate
C4 Butyl caffeate C13H1604 o
AN O/\/\
HO
OH
Butyl caffeate
C5 Pentyl caffeate C14H1504 o
\
X O/\/\/
HO
OH
Pentyl caffeate
C6 Hexyl caffeate C15H2004

HO
OH

Hexyl caffeate
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C7 Heptyl caffeate C16H2204

i
n 07 TN
HO

OH
Heptyl caffeate

C8 Octyl caffeate C17H2404 ﬁ

X (o M NN
HO

OH
Octyl caffeate

Table 2. Antifungal activity of caffeic acid derivative esters against Candida albicans
ATCC 90028.

Caffeic Acids Candida albicans ATCC 90028
Derivates MIC (ug/mL) MFC (ug/mL)
Co 125 125
C1 125 125
Cc2 31.25 31.25
C3 15.62 15.62
C4 15.62 15.62
C5 31.25 31.25
C6 7.81 7.81
C7 31.25 31.25
Cs8 31.25 31.25
Nystatin 4.0 4.0
Fluconazole 0.5 0.5

17



Table 3. Antifungal activity of caffeic acid derivative esters (C3, C4 and C6) against nine oral clinical

isolates of Candida albicans. MIC/MFC values are expressed in pg/mL.

C. albicans C3 C4 C6 Fluconazole Nystatin
clinical isolates MIC MFC MIC MFC MIC MFC MIC MFC MIC MFC
Cat#f22 7.81 781 3125 3125 781 781 8.0 8.0 8.0 8.0
Cat#25 3125 3125 6250 6250 125 125 8.0 8.0 8.0 8.0
Cat#4s 1562 1562 31.25 3125 125 125 8.0 8.0 8.0 8.0
Ca#50 3125 3125 125 125  >250 >250 2.0 2.0 4.0 4.0
Ca#b1l 3125 3125 6250 6250 >250 >250 0.5 0.5 8.0 8.0
Ca#62 7.81 781 3125 3125 7.81 7.81 8.0 8.0 8.0 8.0
Ca#63 3125 3125 6250 6250 >250 >250 8.0 8.0 8.0 8.0
Ca#105 31.25 3125 125 125 >250 >250 8.0 8.0 8.0 8.0
Ca#l24 62.50 62.50 125 125 >250 >250 4.0 4.0 8.0 8.0
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Table 4. Antifungal effects of propyl caffeate (C3) combined with fluconazole and nystatin

against Candida albicans ATCC 90028 and nine oral clinical isolates. MIC values are

expressed in pg/mL.

FCZ +C3 NYST + C3
C. albicans strains FCZz C3 FIC Effect /Potentiation NYST C3 Effect /Potentiation
(MIC) (MIC) FCz (MIC)  (MIC) NYST
ATCC 90028 0.25 0.12 0.50 Synergistic /12X 0.125 7.81 0.53 Additive/32X

Ca#22 0.125 15.62 2.01 Indifferent/64X 0.125 15.62 2.01 Indifferent/64X
Ca#25 0.5 0.12 0.06 Synergistic/16X 4.0 31.25 1.50 Indifferent/2X
Ca#45 1.0 0.12 0.13 Synergistic/8X 0.5 15.62 1.06 Indifferent/16X
Ca#50 0.5 3.90 0.37 Synergistic/4X 0.5 3.90 0.24  Synergistic/8X
Cat#61 0.25 0.12 0.50 Synergistic/2X 0.125 31.25 1.01 Indifferent/64X
Ca#62 0.125 15.62 2.01 Indifferent/64X 0.125 15.62 2.01 Indifferent/64X
Ca#63 1.0 1.95 0.18 Synergistic/8X 0.125 15.62 0.51  Additive /64X
Ca#105 0.5 0.48 0.07 Synergistic/16X 0.25 31.25 1.03 Indifferent/32X
Ca#l24 0.5 0.12 0.12 Siyergistic/ 8X 0.25 15.62 0.28 Synergistic/32X
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Table 5. ICs, value and Selective Index (SI) of propyl caffeate (C3), fluconazole (FCZ)
and nystatin (NYST) showing the toxicity of the compounds against yeasts in relationship

to human oral keratinocytes (NOK cells).

Compound 1Cs0 (Mg/mL) Sl (alone) SI (combination)
C3 420 13.5 26.9 (FCZ) / 13.5 (NYST)
FCZ 320 40 320
NYST 400 50 100
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Highlights

e Caffeic acid and eight of its derivative esters were tested for their activity against Candida spp.

o Propyl caffeate (C3) was the most active compound against reference strain and clinical
isolates.

¢ When combined, C3 markedly reduced the MIC of fluconazole and nystatin up to 64-fold.

e (C3showed low toxicity against oral keratinocytes and high selectivity for yeast cells.

o Further research should focus on its combined therapy to treat C. albicans-related infections.
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