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RESUMO

HOMEOSTASIA DO FERRO EM Rhodococcus equi: NOVAS PERSPECTIVAS A
PARTIR DO PERFIL DE EXPRESSAO GENICA DE GAPDH E RHEQUICHELIN

AUTORA: Bibiana Petri da Silveira
ORIENTADORA: Prof®. Dr*. Agueda Castagna de Vargas
COORIENTADORA: Prof®. Dr*. Leticia Trevisan Gressler

A rodococose equina manifesta-se principalmente através da ocorréncia de pneumonia em
potros, representando um grande desafio para a criacdo de equinos no Brasil e no mundo. Seu
agente etioldgico é uma bactéria intracelular facultativa, denominada Rhodococcus equi, cuja
patogenicidade estd associada a capacidade de replicar no interior de macréfagos. Os genes
vapA e rhbC sdo necessarios para sobrevivéncia intracelular de R. equi, uma vez que codifi-
cam a proteina associada a viruléncia A (VapA) e o sideréforo rhequichelin, respectivamente.
A homeostasia do ferro (Fe) € regulada com precisao pelos micro-organismos, pois sua restri-
cdo limita a replicacdo destes, enquanto o excesso pode ser toxico. R. equi é capaz de adquirir
Fe através da transferrina (Tf), porém o mecanismo responsdvel por esta interacdo ainda ndo
estd elucidado.A aquisicdo de Fe ligado a Tf através da proteina Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) foi recentemente descrita em Mycobacterium tuberculosis, um pa-
tégeno intracelular similar ao R. equi. Em células eucaridticas, a GAPDH atua tanto na aqui-
sicdo quando no efluxo de Fe. Nesse contexto, torna-se importante entender os mecanismos
envolvidos na homeostasia do Fe por R. equi e buscar por alternativas terap€uticas e profilati-
cas com potencial para modular a imunidade nutricional. A presente dissertagdo descreve as
alteracdes no crescimento bacteriano e na expressao dos genes GAPDH, rhbC e vapA em R.
equi cultivado em diferentes concentracdes de Fe, bem como na presenca de apo-Tf (Tf insa-
turada) e holo-Tf (Tf saturada). Os cultivos bacterianos foram realizados em meio minimo
com lactato (controle) e suas variagdes (excesso de Fe, restricdo de Fe e suplementacdo com
apo-Tf e holo-Tf). O crescimento bacteriano foi avaliado através da contagem de unidades
formadoras de colonias apds 24 e 48 horas de incubacdo. Apds o crescimento bacteriano foi
realizada o isolamento do RNA e a sintese do cDNA, que posteriormente foi quantificado
através da reacdo da cadeia polimerase em tempo real (PCR-RT). Em restricdo de Fe obser-
vou-se a reducdo das taxas de crescimento de R. equi,onde em niveis extremos observou-se a
sua morte. A taxa de transcricdo dos genes GAPDH, vapA e rhbC elevaram-se em ambiente
de restricao de Fe, quando comparadas ao controle. Todavia, para rhbC esta elevacao é obser-
vada apenas em niveis criticos de restri¢ao. Por outro lado, rhbC e vapA também aumentaram
sua expressao em meio com excesso de Fe. Com base nestes resultados, acreditamos que além
da funcdo na aquisicao de Fe, o sider6foro rhequichelin possivelmente desempenhe um papel
antioxidante em R. equi, promovendo o sequestro deste micronutriente quando em excesso.
Os resultados obtidos indicam que GAPDH participa da homeostasia de Fe em R. equi, possi-
velmente de forma similar a sua atuagdo em Mycobacterium tuberculosis. Futuros estudos sdo
necessdrios a fim de elucidar os mecanismos pelos quais GAPDH e rhequichelin atuam na
homeostasia do Fe e na sobrevivéncia intracelular de R. equi. E importante ressaltar que esses
mecanismos podem representar potenciais alvos terapéuticos e de prevencdo da rodococose
em equinos jovens.

Palavras-chave: Aquisicdo de ferro, bactéria, estresse oxidativo, infeccao, Glyceraldehyde-3-
phosphate dehydrogenase, rhbC, pneumonia, sideréforo,vapA.



ABSTRACT

Rhodococcus equi IRON HOMEOSTASIS: NEW INSIGHTS ON GENE EXPRESSION
PROFILE OF GAPDH AND RHEQUICHELIN

AUTHOR: Bibiana Petri da Silveira
ADVISOR: Prof*. Dr*. Agueda Castagna de Vargas
CO-ADVISOR: Prof®. Dr*. Leticia Trevisan Gressler

Pneumonia in foals is the main clinical manifestation of equine rhodococosis, and represents
an important challenge in equine production in Brazil and world-wide. The etiologic agent is
an intracellular facultative bacterium, named Rhodococcus equi. Its pathogenicity is asso-
ciated to its ability to replicate inside macrophages. The genes vapA e rhbC, which encode
virulence associated protein A (VapA) and the siderophore rhequichelin, respectively, are
required for intracellular survival of R. equi. Iron (Fe) homeostasis is precisely regulated by
microorganisms: its restriction limits cell replication, and its excess might be toxic. R. equi
acquires Fe from holo-tranferrin, however, the mechanisms involved are unknown. The ac-
quisition of Fe bound to Tf by the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
described on Mycobacterium tuberculosis, a pathogen similar to R. equi. In eukaryotic cells,
GAPDH has a role in both up-take and efflux of Fe. It is important to understand the mechan-
isms involved in R. equi Fe homeostasis in order to develop therapeutic and prophylactic al-
ternatives with potential to modulate nutritional immunity. The present dissertation describes
the changes in bacterial growth rates and in gene expression of GAPDH, rhbC and vapA in R.
equi cultures under different concentration of Fe as well as presence or absence of apo-Tf
(unsaturated-Tf) and holo-Tf (saturated-Tf). Quantitative culture of R. equi was performed in
lactate minimal media (control) e its variations (Fe excess, Fe deprivation, and apo-Tf and
holo-Tf supplementation). Bacterial growth rates were measured at 24 and 48 hours post-
incubation, by counting the number of colony-forming units. The RNA was isolated from the
bacterial culture and the cDNA synthesized for latter quantification by real-time polymerase
chain reaction (PCR-RT). Under Fe deprivation, there were a decrease in R. equi growth rates
and in the critical level bacterial death were observed. It was found that GAPDH, rAbC and
vapA transcription increase in a Fe deprived environment, however, the rhbC gene expression
increase was observed only in critical levels of Fe starvation. Conversely, rhbC and vapA
were also up regulated in media with Fe excess. Based on these results, we believe that in
addition to the role in the Fe acquisition, rhequichelin might have an antioxidant role in R.
equi by sequestration of this micronutrient in excessive concentration. The results indicate
that GAPDH participate on Fe homeostasis in R. equi, possibly with similar function as ob-
served in Mycobacterium tuberculosis in which the GAPDH expression increased in Fe-
depleted environment, indicating a possible role R. equi Fe acquisition. Further studies are
needed to elucidate the mechanisms involved in GAPDH and rhequichelin functions in Fe
homeostasis and in intracellular survival of R. equi. It is important to highlight that these me-
chanisms might be potential targets for rhodococcosis prevention and therapy in young foals.

Keywords: Bacteria, infection, iron acquisition, oxidative stress, Glyceraldehyde-3-phosphate
dehydrogenase, pneumonia, rhbC, siderophore, vapA.
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1. INTRODUCAO

O Brasil possui aproximadamente oito milhdes de equinos, muares e asininos (FAO,
2014), sendo este o maior rebanho equideo da América Latina e o quarto mundial. A produ-
cdo brasileira de equinos movimentou R$ 7,3 bilhdes em 2016 (MAPA, 2016), contribuindo
para geracao de 3,2 milhdes de empregos diretos e indiretos (ESALQ, 2016). No cenério in-
ternacional, o Brasil cresceu mais de 500% entre 1997 a 2009, nos quais foram movimentados
702 milhdes de ddlares na exportacdo de equinos vivos (MAPA, 2016). O Rio Grande do Sul
(RS) € o segundo estado Brasileiro em nimero de equinos, totalizando 535.227, as quais res-
pondem por 55% do total de equinos da regido Sul do pais (IBGE, 2015).

Na regido Sul, a criagdo de equinos com alto padrao zootécnico vem elevando as pers-
pectivas de crescimento e desenvolvimento do setor. A cidade de Bagé (RS) abriga cerca de
50% da criacdo de equinos da raca Puro Sangue Inglé€s, o que despertou a criagdo de um pro-
jeto de lei a fim de conferir a esta cidade o titulo de “Capital Nacional da Criacao de Cavalos
da Raca Puro Sangue Inglés” (HAMM, AFONSO PL 7126/2017). Da mesma forma que em
outras criacdes animais, garantir a manuten¢do da sanidade destes rebanhos é fundamental
para o sucesso da produgdo e o bem-estar dos equinos. Na equideocultura, as principais per-
das econdmicas estdo associadas aos custos com atendimento médico veterinario, medicamen-
tos, mortalidade dos animais, muitas vezes de elevado valor individual, e complicagdes se-
cunddrias que podem encerrar prematuramente a vida produtiva, especialmente quando a fina-
lidade é competir em eventos equestres (AINSWORTH et al., 1997; VENNER et al., 2012).

Atualmente, o controle e prevencao de enfermidades do trato respiratorio representam
um dos maiores desafios da producao intensificada de equinos, destacando-se a adenite e a-
nemia infecciosa em animais adultos, e rodococose em animais jovens. A rodococose gera
expressivo prejuizo econdmico, principalmente devido ao elevado custo do tratamento, muitas
vezes ineficiente e elevadas taxas de morbidade e mortalidade em locais endémicos. Diante da
inexisténcia de uma vacina disponivel comercialmente no Brasil, o controle e prevencao desta
enfermidade permanecem, ainda, dependentes de medidas especificas de manejo, quimiopro-
filaxia e tratamento dos animais doentes. Neste sentido, o presente estudo busca determinar

possiveis alvos para medidas futuras de controle e prevencdo da infeccdo por R. equi.
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2. REVISAO BIBLIOGRAFICA

2.1  RODOCOCOSE EQUINA

A ocorréncia de pneumonia em potros causada por Rhodococcus equi representa um
grande desafio para a criagdo de equinos no mundo e no Brasil. A rodococose equina € consi-
derada a principal causa de mortalidade em equinos com até seis meses de idade (RIBEIRO et
al., 2005; GIGUERE et al., 2011), os quais sdo particularmente susceptiveis 2 infec¢io e de-
senvolvem broncopneumonia cronica, com formac¢ao de piogranulomas (PRESCOTT, 1991).
Outras manifestagdes clinicas podem ser observadas, como enterocolite ulcerativa, linfadenite
mesentérica, artrite purulenta, uveite e linfangite (PRESCOTT et al., 2010). Tanto as manifes-
tagdes associadas ao trato respiratério quanto as extra pulmonares atuam como importante
causa de doenca e morte em potros (COHEN, 2014). Além disso, R. equi é capaz de infectar
outros mamiferos, sendo considerado um patégeno oportunista em humanos e, portanto, um
agente zoonotico (PRESCOTT, 1991). Sua principal manifestacio clinica em humanos asse-
melha-se a tuberculose, afetando principalmente pessoas imunocomprometidas como pacien-
tes portadores do virus da imunodeficiéncia humana, transplantados e individuos em trata-
mento contra o cancer (PRESCOTT, 1991; VAZQUEZ—BOLAND et al., 2013; VECHI et al.,
2018).Embora raros, tém sido observados casos de infec¢ao por R. equi em humanos imuno-
competentes, onde lesdes localizadas representam 50% dos casos (CUI et al., 2018; HARVEY
& SUNSTRUM, 1991; KEDLAYA, ING & WONG, 2001; TOOTSI, TAMM & LAISAAR,
2018).

Fatores ambientais, elevada densidade animal e concentra¢do de R. equi virulento no
ar, estdo relacionados com a maior ocorréncia da doenca (COHEN, 2014), que pode ser clas-
sificada como endémica, esporddica ou ausente (PRESCOTT, 1991). Em fazendas endémicas
para rodococose equina recomenda-se avaliac@o clinica e realiza¢ao de ultrassonografia tora-
cica de potros até duas vezes por semana, visando a identificacdo precoce da enfermidade. A

apresentacdo subclinica da rodococose tem sido observada na maioria dos animais cuja tria-
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gem periodica a partir de ultrassonografia toracica € realizada, no entanto sua importancia
ainda nao foi esclarecida (HUBER et al., 2018b; SLOVIS et al., 2005; VENNER et al. 2007).

O tratamento no estagio inicial, logo que surgem os primeiros sinais clinicos, é fun-
damental para o sucesso da terapia. O protocolo terapéutico preconizado baseia-se na combi-
nacdo de antimicrobianos da classe dos macrolideos e rifampicina, sendo este utilizado desde
a década de 1980 (GIGUERE et al., 2011). O custo do tratamento € elevado, com duracao
média de 3 a 12 semanas, dependendo da lesdo inicial e da resposta do animal a terapia
(VAZQUEZ-BOLAND et al., 2013). A combinac¢do de antimicrobianos atua de forma sinér-
gica e visa minimizar a ocorréncia de cepas de R. equi resistentes aos antimicrobianos admi-
nistrados (GIGUERE et al., 2012). Normalmente, cepas de R. equi isoladas de potros apresen-
tam um perfil de sensibilidade aos macrolideos e a rifampicina, no entanto, cepas de suscepti-
bilidade intermedidria e resistentes aos antimicrobianos de ambas as classes t€ém sido reporta-
das (GIGUERE, BERGHAUS, WILLINGHAM-LANE, 2017;GRESSLER et al., 2015; HU-
BER et al., 2018a). Estes achados contribuem para a crescente preocupagdo devido a auséncia
de alternativas terap€uticas e preventivas eficazes contra a infec¢do por R. equi (ANASTASI
et al., 2015; COHEN, 2014).

Nao existe uma vacina disponivel comercialmente no Brasil para prevenir casos de
pneumonia por R. equi. Os modelos vacinais reportados, de vacinas vivas, inativadas e atenu-
adas, bem como vacinas produzidas a partir de métodos moleculares modernos (vacinas de
DNA plasmidial, atenuadas geneticamente e de subunidades) nao promoveram protecdo ade-
quada a rodococose equina (GILES et al., 2015). Os mecanismos de resisténcia do hospedeiro
frente a infecc¢do por R. equi sdo complexos e envolvem tanto mecanismos da imunidade inata
quanto adquirida.Embora a imunidade celular seja tradicionalmente considerada mais impor-
tante para protecao contra patégenos intracelulares, em R. equi a imunidade celular demons-
trou ndo ser suficiente para protecdo, onde a imunidade humoral também desempenha um
papel importante. Recentemente, Cywes-Bentley e colaboradores (2018) produziram uma
vacina, com o polissacarideo de superficie PNAG (poli-N-acetil glucosamina), administrada
em éguas durante o periodo pré-parto promovendo a prote¢do dos potros através da transfe-
réncia de anticorpos pelo colostro. Outra alternativa utilizada para prevenc¢ao da rodococose é

a administragdo endovenosa de plasma hiperimune que promove a reducio na incidéncia e a
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reducdo da severidade da doenca, porém pode apresentar riscos aos animais, como reacoes
transfusionais, hepatite associada a transfusdo e lesdes devido ao manejo dos animais (CO-

HEN, 2014; CYWES-BENTLEY et al., 2018; SANZ et al., 2016).

2.2 Rhodococcus equi: PATOGENO INTRACELULAR COM VIRULENCIA ASSOCI-
ADA A CAPTACAO DE FERRO

Rhodococcus equi pertence a ordem Actinomycetales e apresenta duas formas de vida:
a forma saproéfita, como ubiquo no solo e ambiente; e a forma patogénica, onde preferencial-
mente parasita macréfagos (PRESCOTT, 1991). A habilidade de R. equi replicar intracelu-
larmente e resistir a morte por fagdcitos estd associada a presenca de um grande plasmideo, o
qual abriga uma ilha de patogenicidade (VapACDEFGHI) composta por uma familia de pro-
teinas de superficie e secretadas, associadas a viruléncia (TAKAI el al., 2000; COULSON,
AGARWAL & HONDALUS, 2010). A presenca deste plasmideo permite a sobrevivéncia e
replicacdo intracelular de R. equi através da prevenc¢do da fusdo entre fagossomo e lisossomo
(JAIN, BLOOM & HONDALUS, 2003; TOYOOKA, TAKAI & KIRIKAE, 2005; VON
BARGEN et al., 2009, 2018). Dentre estas proteinas estd a VapA (Virulence Associated Pro-
tein A), a qual foi encontrada em todos os isolados oriundos de infec¢des em potros e € consi-
derada determinante, mas ndo suficiente para a infec¢cdo em potros (COULSON, AGARWAL
& HONDALUS, 2010; GIGUERE et al., 1999; TAKAI et al., 1991). Recentemente, a princi-
pal funcdo de VapA foi elucidada, sendo demonstrada a atuagdo da proteina na exclusdo da
bomba de prétons do complexo vacuolar do fagossomo, promovendo a permeabilizacdo da
membrana a fim de manter o pH neutro, resultando em um ambiente compativel com a manu-
tencdo da multiplicacdo intracelular de R. equi (VON BARGEN et al., 2018). Adicionalmen-
te, vapA tem sua expressao génica aumentada em ambiente com reduzida disponibilidade de
ferro (Fe), como encontrado no interior de macréfagos (BENOIT et al., 2002; REN & PRES-
COTT, 2003).

Para sobrevivéncia e multiplicacdo bacteriana no interior de macréfagos sao necessa-
rios mecanismos de aquisicao de Fe, pois as concentragdes desse micronutriente essencial, em

sua forma livre, sdo praticamente indetectdveis e, portanto, insuficientes para a replicacao
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bacteriana (PASSALACQUA et al., 2016). Portanto, além da capacidade de manter o pH neu-
tro promovida pela VapA, a aquisicao de Fe pelo sideréforo rhequichelin durante a infec¢ao
de macrofagos € necessaria para a multiplicacdo intracelular e patogenicidade de R. equi. Esse
sider6foro, considerado um fator associado a viruléncia em R. equi,é codificado pelo
cluster rhbABCDE, onde o gene rhbC tem sua expressao gé€nica aumentada em resposta a
deplecao de Fe, tanto in vivo quanto in vitro MIRANDA-CASOLUENGO et al., 2012).
Embora diversos fatores estejam relacionados ao sucesso de R. equi como agente etio-
l6gico da rodococose equina em potros, a homeostasia de Fe é descrita como fundamental
para sobrevivéncia e patogenicidade de R. equi. Tanto vapA quanto rhbC sdo genes de viru-
Iéncia necessdrios para a replicacdo de R. equi in vivo e apresentam expressao génica aumen-
tada em resposta a privacao de ferro em diferentes situacdes. Por outro lado, os mecanismos
de homeostasia de ferro, utilizados por R. equi durante a infeccao, permanecem pouco com-

preendidos.

2.3 SIDEROFOROS IDENTIFICADOS EM R. equi

Alguns micro-organismos produzem sideréforos, sistemas que agem com quelantes e
possuem alta especificidade e afinidade por Fe’* (BRAUM, 2001). Os sideréforos sdo classi-
ficados de acordo com sua natureza quimica em:hidroxamatos, catecolatos ecarboxilatos
(JOHNSTONE & NOLAN, 2015). Diversas fungdes, além da aquisicao de Fe, tém sido atri-
buidas aos sideréforos,tais como: aquisicdo de outros metais (zinco, manganés, molibdénio,
vanédio, entre outros), moléculas sinalizadoras (quorum sensing), protecao ao estresse oxida-
tivo, antibidticos e seqiiestro de metais (JOHNSTONE & NOLAN, 2015).

Até o momento foram identificados dois sider6foros em R. equi: rhequibactin e
rhequichelin. Rhequibactin é classificado como catecolato e estd associado a sobrevivéncia e
replicagdo de R. equi em vida saprofita, ndo sendo necessario para manutengdo de sua viru-
Iéncia (MIRANDA-CASOLUENGQO et al., 2008). Por outro lado, rhequichelin é classificado
como hidroxamato e sua funcao esta relacionada a replica¢do de R. equi no interior de macro-
fagos via captagao de Fe no fagossomo, acredita-se que a sua presenca € importante na manu-

tencdo da infec¢do, sendo, portanto, um fator de viruléncia (MIRANDA-CASOLUENGO et
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al.,2012). Acredita-se que rhequichelin desempenhe em R. equi um papel semelhante ao do
sider6foro mycobactin, produzido por Mycobacterium tuberculosis, o qual compete com a
transferrina do hospedeiro (Tf) pelo Fe, prevenindo sua diminui¢do no interior do fagossomo

(MIRANDA-CASOLUENGQO et al., 2012).

2.4 IMPORTANCIA DA TRANSFERRINA E DA DISPONIBILIDADE DE FERRO
DURANTE A INFECCAO POR Rhodococcus equi

O Fe é um micronutriente essencial para praticamente todos os organismos, contu-
do,pode causar morte celular quando presente em alta concentracdo. Em pH fisioldgico e am-
biente extracelular o Fe**é rapidamente oxidado para ion férrico (Fe**, insolivel), o qual é
capturado por proteinas carreadoras de Fe ou estocado em ferritinas, no ambiente intracelular
(PASSALACQUA et al., 2016). A toxicidade provocada pela alta concentragdo de Fe ocorre
devido a formacgdo de espécies reativas de oxigénio que causam danos a biomoléculas e po-
dem provocar a morte celular IMLAY, 2006).Por outro lado, os micro-organismos evoluiram
a fim de transpor os efeitos adversos tanto do excesso de Fe, como de restri¢do, permitindo
sua eficiente homeostasia sob diferentes regimes de disponibilidade (ANDREWS et al.,
2003). Desta forma, a habilidade de patégenos adquirirem Fe ligado as proteinas do hospedei-
ro, como a Tf, lactoferrina (Lf) e hemoglobina, é fundamental para sua sobrevivéncia (RA-
TLEDGE & DOVER, 2000).

Em mamiferos, o Fe permanece sequestrado por glicoproteinas carreadoras (Tf e Lf),
que transportam e armazenam esse micronutriente, reduzindo os niveis de Fe extracelular li-
vre para aproximadamente 10™'¥, impossibilitando assim o crescimento bacteriano dependente
de Fe (BULLEN, ROGERS & GRIFFITHS, 1978). Essas glicoproteinas sdao homdlogas e
compartilham 59% de identidade e estrutura, além disso, apresentam ligacao e libera¢do do Fe
similares (WALLY & BURCHANAN, 2007). A Tf esta presente predominantemente no soro,
enquanto a Lf estd presente em secrecdoes. A Lf desempenha importante funcido através do
aumento da capacidade fagocitica, inibi¢do da formacdo de biofilme e prevencao da coloniza-
cdo de tecidos do hospedeiro por micro-organismos patogénicos (SIQUEIROS-CENDON et

al., 2014). Em humanos, a quantidade de Tf como porcentagem total de proteina no liquido
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bronco-alveolar (LBA) € muito maior que a quantidade plasmética (WESSELIUS et al., 1992,
1994). A Tf possui diversas variantes/alelos em mamiferos e estudos observaram possiveis
correlagdes entre a variabilidade alélica da Tf equina e a predisposi¢do genética a pneumonia
por R. equi ou maior resisténcia a infeccado (BRANDON, GIFFARD & BELL, 1999; MOU-
SEL et al., 2003; NEWTON et al., 2007).

As bactérias possuem proteinas de armazenamento de Fe, denominadas de ferritinas,
as quais fornecem reservas de Fe intracelulares para utilizacdo quando os suprimentos exter-
nos estdo restritos (ANDREWS et al., 2003). Além disso, as ferritinas atuam na desintoxica-
cdo de Fe, empregadas para proteger o cromossomo do dano de radicais induzidos pelo Fe
livre (ANDREWS et al., 2003; ZHAO et al., 2002). Por esta razao, a homeostase do Fe é re-
gulada com precisado, resultando em praticamente nenhum Fe livre extra ou intracelularmente
(ANDREWS et al., 2003). A aquisi¢ao bacteriana de Fe pode ocorrer mediante trés principais
mecanismos: i. sequestro de Fe das proteinas do hospedeiro através de sideréforos quelantes;
ii. aquisicdo de Fe do grupo heme; iii. sequestro direto de Fe ligado as proteinas carreadoras
(Tf e Lf), sendo estas proteinas a fonte de ferro mais abundante presente no soro do hospedei-
ro (WEINBERG, 1998).

A fim de controlar a multiplicacdo de patdgenos,células de mamiferos diminuem a
concentracdo intracelular de Fe como uma medida relacionada a imunidade nutricional do
hospedeiro. Desta forma, a aquisicdo e utilizacdo de Fe é, possivelmente, o principal determi-
nante para o sucesso de um micro-organismo em manter-se no hospedeiro (RATLEDGE &
DOVER, 2000). Resultados prévios apontam que a privagao de Fe em cultivo in vitro resulta
na reducdo significativa do crescimento de R. equi, sendo este capaz de adquirir Fe a partir de
holo-transferrina bovina (bHTT; 99% Fe-saturada) (JORDAN et al, 2003). Além disso, Jordan
et al. (2003) sugere que a apo-transferrina (bATY) tem a capacidade de sequestrar Fe e, conse-
quentemente, suprimir o crescimento de R. equi. No entanto, a partir do momento que a apo-
Tf torna-se saturada de Fe, R. equi adquire Fe e sua capacidade de replicar retorna. Outro fator
que reforca a importancia da homeostasia de Fe por R. equi é o fato deste patdgeno codificar
mecanismos redundantes para dotar-se de Fe, indicando sua evolucdo genética neste sentido
(JORDAN et al., 2003; MIRANDA-CASOLUENGO et al., 2012). Até o momento, nenhum

receptor especifico de Tf foi reportado em R. equi. Além disso, o mecanismo pelo qual
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R. equi adquire Fe in vivo pode representar um importante alvo terapéutico e de prevencao da
doenca. Conforme Von Bargen et al. (2011), estratégias promissoras visando a inibi¢do da
sobrevivéncia de R. equi estao relacionadas a reducdo da disponibilidade de Fe, de modo que
mesmo a partir de sideréforos este ndo esteja em concentragdo suficiente para a manutencao
da multiplicacdo de R. equi, e buscar a inativacdo das vias que fornecem Fe do hospedeiro

diretamente para o espaco intra-fagossdmico, no qual R. equi replica.

2.5  GLYCERALDEHYDE - 3-PHOSPHATE DEHYDROGENASE (GAPDH) E SUA A-
CAO NA HOMEOSTASIA DO FERRO

A enzima glyceraldehyde-3phosphate dehydrogenase (GAPDH) € uma proteina que
estd presente em eucariotos e procariotos, nos quais desempenha diversas funcdes, dentre elas
a aquisicdo de Fe (RAJE et al.,, 2007; MODUN & WILLIAMS, 1999). Em eucariotos,
GAPDH estd presente na maioria dos fluidos corporais e atua na sinalizacdo celular, defesa
contra infec¢des por micro-organismos, atividade anti-inflamatdria, homeostase de Fe, regu-
lac@o do crescimento e diferenciacdo celular (RAWAT et al., 2012). Em macréfagos, uma das
fungdes de GAPDH ¢€ ser receptora de Lf e Tf (RAJE et al., 2007), sendo este o tnico receptor
de Lf descrito, cuja expressdo eleva-se em resposta a privagao de Fe (RAWAT et al., 2012). A
secrecdo de GAPDH foi reportada em cultivos celulares de mamiferos, sendo um componente
natural do soro que atua como receptor solivel de Tf (BORADIA, RAJE & RAIJE, 2014).
Além disso, a sua localiza¢do e concentraciao na superficie celular e sua secre¢do extracelular
sdo reguladas pela concentracdo celular de Fe (BORADIA, RAJE & RAIJE, 2014). Em euca-
riotos, a internalizacdo do complexo GAPDH-TT € realizada por endocitose mediada por cla-
trina, endocitose por lipid-raft e macropinocitose (KUMAR et al., 2012).

GAPDH de origem procaridtica é uma proteina de multisubunidades, altamente con-
servada entre as espécies, o que indica papel central no metabolismo celular, bem como na
sobrevivéncia, viruléncia microbiana e outras fun¢des relacionadas, como adesina, invasina e
proteina ligadora de EGF (Epidermal Growth Factor) (BERMUDEZ, 1996; HENDERSON &
MARTIN, 2011; BORADIA, RAJE & RAIJE, 2014). Além disso, ela é descrita como ligante
de Tf e Lf (MODUN & WILLIAMS 1999; WALLY & BUCHANAN, 2007).Em
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Staphylococcus aureus e Staphylococcus epidermidis a proteina GAPDH foi identificada co-
mo ligante de Fe, removendo-o primeiramente do Lobo-N e depois do Lobo-C da Tf (MO-
DUN & WILLIAMS, 1999). No entanto, o0 mecanismo exato de aquisi¢do de Fe por GAPDH
em procariotos ainda nao estd completamente elucidado. Na aquisi¢ao de Fe por patdégenos
extracelulares sugere-se que GAPDH possivelmente remova o Fe da Tf e este seja transferido
a outra proteina associada a membrana que o transportard para o interior da célula (BORA-
DIA, RAJE & RAIJE, 2014). Outra possibilidade seria o sequestro de Tf por outras proteinas,
enquanto sua atividade enzimaética resulte na acidificacao localizada, que induz a liberagcao de
Fe ligado a Tf (TAYLOR & HEINRICHS, 2002).

Em patégenos intracelulares existe uma via alternativa, independente de sideréforo,
em que a holo-Tf humana € capturada por GAPDH ancorado na superficie de M. tuberculosis
e subsequentemente internalizada juntamente com o ligante (Figura 1, representacdo nimero
3) (BORADIA et al., 2014). A infecc¢do por M. tuberculosis compartilha semelhancas clinicas,
microbioldgicas e patoldgicas com a infec¢do por R. equi(COHEN, 2014). O mecanismo des-
crito por Boradia et al. (2014) envolve a aquisi¢do de Fe através da internalizacdo do comple-
xo GAPDH-TT e o transporte de macromoléculas pela complexa parede celular micobacteria-
na, sendo esse fendmeno nunca reportado em outro género bacteriano (BORADIA et al. 2014,
BORADIA, RAJE & RAIJE, 2014). Além disso, Boradia et al. (2014) encontraram GAPDH
ativa no citosol, parede celular e membrana citoplasmaética, embora a interacdo com a Tf ocor-
ra principalmente na superficie. Estes autores ainda demonstraram que a expressao de
GAPDH ¢ sensivel a concentracdo de Fe e a sua superexpressdo aumenta a interagdo entre a
Tf e M. tuberculosis, bem como a aquisicao de Fe pela célula microbiana (BORADIA et al.,
2014).

E evidente que a via GAPDH-T{/Lf é um meio primitivo de aquisicdo de Fe, visto que
ocorre a conservagao funcional deste mecanismo entre procariotos € mamiferos, os quais, por
vezes, competem durante a interacdo patégeno-hospedeiro. Neste sentido, ambos utilizam
ferramentas similares para maximizar o sequestro de um recurso limitante e vital a manuten-
cdo da célula (BORADIA, RAJE & RAIJE, 2014). Além disso, em células eucaridticas subme-

tidas a uma concentracio excessiva de Fe, GAPDH promove o efluxo deste micronutriente
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através do receptor de apo-Tf (SHEOKAND et al., 2014). Entretanto, ainda nio existem estu-

dos avaliando a agdo de GAPDH em procariotos sob condi¢des similares.

Figura 1 — Representagcdo esquemadtica dos mecanismos de aquisicdo de Fe oriundo da Tf por
M. tuberculosis. 1. Carboxymycobactin adquire Fe da Tf e o sider6foro mycobactim transporta
para o interior da célula. 2. Fe oriundo da Tf € transportado para a célula diretamente de
carboxymycobactin pelo importador de alta afinidade Irt AB. 3. GAPDH interage diretamente
com a Tf e promove o transporte e a internalizacdo da holo-tranferrina através do complexo

GAPDH-TT, independente de sider6foro.

: 0
.-( Transferrin VCarboxymycobactin Irt AB
L]

® Fe?* @ mycobactin W/ GAPDH

Fonte: Boradia et al. (2014).

Muitos estudos tém sido desenvolvidos buscando alternativas para o controle de R.
equi através da privacdo de Fe (HARRINGTON, 2006; COHEN et al., 2015; GRESSLER,
2016), todavia, os mecanismos pelos quais R. equi realiza a homeostasia de Fe ainda necessi-
tam ser devidamente elucidados. Com base nos dados mencionados € no importante papel de
Fe na patogénese da rodococose equina, buscamos explorar a atuacio de GAPDH e rhequi-
chelin na homeostasia de Fe por R. equi. Acredita-se que a partir dos resultados obtidos seja
possivel identificar pontos-chave neste processo e direcionar novas pesquisas de modo a de-
terminar como estes eventos ocorrem em R. equi e, fundamentalmente, como podem ser ma-

nipulados a fim de prevenir e/ou controlar infec¢des por R. equi.
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Rhodococcus equi iron homeostasis by GAPDH and rhequichelin

Abstract

Rhodococcus equi is a facultative intracellular pathogen that causes severe pneumonia
in young foals. Its intra-macrophage survival and replication depends on vapA and rhbC
genes, which produce the virulence associated protein A and the rhequichelin siderophore,
respectively. Virulent R. equi takes Fe from transferrin (Tf) by undetermined mechanisms.
Mycobacterium spp. protein GAPDH promotes Fe acquisition from Tf. Our major goal was to
determine if GAPDH may have a similar function in R. equi, and also to bring new data about
rhbC and vapA expression under iron homeostasis. Therefore, virulent R. equi VapA™ was
cultured under excessive, physiologic and limited-iron concentration at 24 and 48 h for
growth rate recovery. The relative transcriptions of GAPDH, rhbC, and vapA at 48 h post-in
vitro incubation were analyzed by qPCR and determined after normalization of transcript le-
vels. R. equi growth rates reduced proportionally to Fe restriction, which also induced high
levels of GAPDH and vapA transcription. rhbC was significantly up-regulated under both Fe
critical starvation and also under iron excessive availability, leading us to hypothesize that
rhequichelin may play an anti-oxidant role besides its iron up-taken function previously de-
scribed. We demonstrated for the first time that GAPDH can play a crucial role in R. equi iron
homeostasis. Finally, further studies about GAPDH role during R. equi intra-macrophage in-
fection and rhequichelin under excessive Fe availability and oxidative stress are needed.
Keywords: Bacteria, gene expression, glyceraldehyde-3-phosphate dehydrogenase, infection,

iron acquisition, rhbC, siderophore, transferrin, vapA.
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1. Introduction

Rhodococcus equi is a facultative intracellular pathogen that belongs to the
Actinomycetales group along with Mycobacterium tuberculosis (Mcneil and Brown, 1994)
and causes severe foal pneumonia worldwide (Giguere et al., 2011). Rhodococcus equi also
infects a wide range of animals as well as humans (Prescott, 1991). This pathogen is well rec-
ognized by its ability to survive inside macrophages and adapt itself to a stressful environ-
ment, with low concentration of essential micronutrients, such as iron (Fe). This phenomenon
happens partially due to the presence of a large plasmid encoding virulence genes, being vapA
the most important so far (Coulson et al., 2010). The vapA specific role was recently eluci-
dated and relies on its capability to cause phagosome membrane permeabilization and avoid
the acidification of the phagosome lumen, which allows R. equi survival and replication (Von
Bargen et al., 2018).

Besides vapA, other genes are necessary to R. equi survival and pathogenicity. rhbC
gene is part of the rhbABCDE cluster that directs the biosynthesis of rhequichelin sidero-
phore, which supports R. equi survival within macrophages by acting on Fe homeostasis (Mi-
randa-CasoLuengo et al., 2012). In the host, Fe is transported thru the body by lactoferrin (Lf)
and transferrin (Tf) proteins, making it easily unavailable to microorganisms in general (Bul-
len, Rogers & Griffiths, 1978; Passalacqua et al., 2016). Consequently, the physiological con-
centration of free Fe is wide lower than pathogens need to survive, pushing them to evolve in
order to capture Fe from several sources and environments by different ways (Passalacqua et
al., 2016). Previous studies have demonstrated that bovine Tf and Lf can be used as Fe source

by virulent R. equi (Jordan et al., 2003), which also produces rhequichelin to compete for this
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micronutrient with Tf (Miranda-CasoLuengo et al., 2012), although the mechanism of iron
acquisition from Tf needs to be clarified.

The glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a
moonlighting protein that participates in energy metabolism, functional housekeeping func-
tions and several other functions, including Fe acquisition from Tf and Lf by prokaryotic and
eukaryotic organisms (Raje et al., 2007). Mycobacterium spp. GAPDH plays a role in the Fe
acquisition by the internalization of Tf-GAPDH complex (Boradia et al., 2014a). GAPDH of
eukaryotic cells also facilitates Fe efflux by the apo-transferrin under toxic levels (Sheokand
et al., 2014). Based on GAPDH role in Mycobacterium spp., our major goal was to determine
if this versatile protein may have a similar function in R. equi. Additionally, we aimed to
know how rhbC and vapA behaves under excessive, physiologic and limited-iron concentra-
tion, including the presence of Tf as Fe source, since vapA and rhbC were previously found
up-regulated in Fe-deprived environment (Jordan et al., 2003; Miranda-CasoLuengo et al.,

2012).

2. Materials and methods
2.1. Bacterium

All experiments in this study were performed using R. equi ATCC 33701P", vapA pos-
itive, lyophilized and stored at -20 °C. Previously to the growth assays, virulent R. equi was
grown in soy bean casein digest agar (tryptone soy agar) medium (Himedia, India) in aerobi-

ose at 37 °C for 24 hours.
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2.2. Media

Lactate Minimal Medium (LMM) was used as “growth control” representing the iron-
replete medium. LMM was prepared using 5 g of K;HPO4/1, 1.5 g of NaH,PO,4« H,O/1, 0.2 g
of MgSQOy * 7TH,0/1, 1 g of (NH4),SO4/1, 0.1 mM of thiamine, 20 mM lactate and 0.2 ml of
trace element solution/l adjusted to 7.0 pH by addition of NaOH (Kelly et al., 2002). Trace
elements solution consisted of 50 g of EDTA/I, 22 g of ZnSO4 * 7TH,0/1, 5.54 g of CaCly/l,
5.06 g of MnCl, * 4 H,0O/1, 4.99 g of FeSO4 * 7 HyO/1, 1.10 g of (NH4)6M07024 ¢ 4 H,0O/1,
1.57 g of CuSOy * 5 H,O/1, and 1.16 g of CoCl, » 6 H,O/1 adjusted to 6.0 pH by the addition
of KOH (Vishniac and Santer, 1957). The distilled water used to prepare the media and solu-
tions was treated with Chelex® 100 Resin (Bio-Rad, USA) to remove iron as directed by batch
method manufacturer (Jordan et al., 2003). The treated water and media were stored in sterile
50 ml polypropylene tubes at 4 °C.

The different levels of iron deprivation were obtained using LMM without iron sulfate
addiction (LMM-Fe) and LMM-Fe supplemented with 2.2’-bipyridyl (DIP; Sigma-Aldrich,
USA) at 50 upuM (LMM-Fe+DIP50), 100 pM (LMM-Fe+DIP100), 150 uM
(LMM-Fe+DIP150) and 200 uM (LMM-Fe+DIP200) concentration. 2.2’-bipyridyl is a safe
iron chelator that is capable of restricting iron to R. equi (Jordan et al., 2003). The excessive
iron concentration was attained by supplementing LMM-Fe with 75 uM of ferric chloride
(ClFes) (LMM-Fe+ClFes3) (Jordan et al., 2003). LMM and LMM-Fe media were also supple-
mented with 5 uM of bovine holotransferrin (bHTf) (Gibco® by Life Technologies, New
Zealand) and bovine apotransferrin (bATf) (Gibco® by Life Technologies, New Zealand),
and these media were named LMM+bHTf, LMM+bAT{f, LMM-Fe+bHTf and

LMM-Fe+bATT, respectively.
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2.3 R. equi growth conditions and growth rate measurement

This experiment aimed to determine the R. equi growth rate under iron-replete, iron-
deplete and iron-accumulated media. Initially, LMM and LMM-Fe were used as R. equi pre-
growth media during 48 h. Following, the cultures were centrifuged at 1.600 g for 10 min and
washed three times with sterile phosphate-buffered saline (PBS). The pellet from LMM pre-
growth medium was inoculated into LMM, LMM-Fe+ClFe;, LMM+bATf and LMM+bHTT,
while the pellet from LMM-Fe pre-growth medium was inoculated into LMM-Fe,
LMM-Fe+DIP50, LMM-Fe+DIP100, LMM-Fe+DIP150, LMM-Fe+DIP200, LMM-Fe+bATf,
and LMM-Fe+bHT{. The aim of R. equi pre-growth under LMM-Fe was to reduce the R. equi
intracellular iron storage. The R. equi concentration inoculated into the medium was adjusted
to approximately 3.5 x 10°CFU/ml spectrophotometrically (Ultrospec 10, Amersham Bios-
ciences, Sweden) at 0.05 optical density (OD) in 600 nm. The incubation conditions consisted
of 35 °C at 50 rotations per min (rpm) until 0.5 OD was reached in the control medium
(LMM), approximately 48 hours. All cultures were made in a total volume of 25 ml of me-
dium, in duplicate.

The bacterial growth rate was monitored in all experiments at 24- and 48-hours post-
incubation, using the OD measurement and the colony forming units (CFU) counting. The
number of CFUs was evaluated in Plate Count Agar (Oxoid Ltd, Basingstoke, Hampshire,
England), incubated for 48 hours at 37 °C. The bacterial growth rates were reported as num-

ber of CFUs/ml and the results were compared to control (LMM medium).
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2.4. RNA isolation and cDNA synthesis

Rhodococcus equi RNA was isolated from all media described above, except LMM-
Fe+DIP150 and LMM-Fe+DIP200 because R. equi could not replicate at this level of iron
restriction. The cultures were made in two polypropylene flasks until R. equi reach 0.5 OD in
LMM. The content from two flasks was mixed and all the RNA extractions were carried out
with approximately 2 x 10° (average) cells collected by centrifugation from bacterial culture.
RNA purifications were performed using RiboPure™ — Bacteria kit (ThermoFisher, Whal-
tham, USA) according to the manufacturer’s instructions. The optional DNAse I treatment for
removal of genomic DNA was also performed. The cDNAs were synthesized from 50 ng of
RNA by extension of random hexamer primers using the iScript™ cDNA Synthesis kit (Bio-

Rad, USA) according to the manufacturer’s directions.

2.5. gPCR and analyses data

Initially, it was performed a standard curve to determine the qPCR efficiency, accord-
ing to reagents concentration. The standard curve was constructed using five points and ten-
fold dilution of cDNA. The percentage of reaction efficiency (Eff. %) (Table 1) was deter-

mined for each pair of primers with the equation E=10""

, where s mean the slope of the
standard curve. After that, the gene expression assays were performed through relative DNA
quantification. The qPCR assays were performed using three biological replicates, two tech-
nical replicates and four well-replicates for each culture condition. gyrB gene was used as the
endogenous control to normalize fold changes in transcript levels. The threshold cycle (Ct)
results were exported to StepOne™ Software v2.3 (Applied Biosystems, USA) for relative

quantification and the fold changes were carried out using the relative quantification 24"
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formula.

The qPCR reactions were performed in 96-well plates (MicroAmp® Fast 96- well
reaction plate, 0.1 ml, Applied Biosystems, USA) in a final volume of 20 uL. The mix con-
sisted of 300nM of each primer (Sigma-Aldrich, USA) (Table 1), 10 uL of PowerUp™
SYBR® Green Master Mix (Applied Biosystems, USA), and 2 pL containing 1 ng cDNA.
The reaction was carried out in the StepOnePlus™ equipment (Applied Biosystems, USA).
The thermal profile consisted of a single denaturation step at 95 °C for 10 min, 40 cycles at
95 °C for 15 s and 60 °C for 60 s. The melt curve was determined to confirm the specificity
of the amplified product. The dissociation protocol consisted of 15 s hold at 95 °C and 60 s
hold 60 °C, followed by 20 min slow ramp from 60 °C to 95 °C. The RNA contamination

with DNA was ruled out by including controls of RNA before reverse transcriptase reaction.

2.6. Statistical analysis
The homogeneity of variance among groups was compared with Levene test. The
growth rates data between treatments and control (LMM) were compared using a one-way
ANOVA followed by Tukey test. The relative quantification (RQ) data between treatments
and control (LMM) were compared using the non-parametric Mann-Whitney test. Signific-
ance was set at a P value of <0.05 and the results were expressed as the mean + standard error

of the mean (SEM).
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3. Results
3.1. Growth of R. equi in different Fe concentrations media

The R. equi growth rate averages are presented in Table 2. Rhodococcus equi growth
rate reduced significantly (P<0.05) under iron limited availability compared to control (LMM)
at 24 h post-incubation. This reduction was proportional to DIP supplementation and was also
observed under LMM-Fe+bATf medium (P<0.05). As DIP should have chelated the Fe re-
sources, bATf probably worked in the same way. The results at 48 h post-incubation were
similar those found at 24 h, except for LMM-Fe+DIP150 and LMM-Fe+DIP200, which did
not allow R. equi growth. These results justify the absence of LMM-Fe+DIP150 and LMM-
Fe+DIP200 treatments in the transcriptional assays. The R. equi growth rate did not change
under an excessive amount of iron (LMM-Fe+FeCl; and LMM+bHTY) compared to control at

both times.

3.2. Transcription of GAPDH, rhbC and vapA under limited and excessive amounts of Fe

The results of relative GAPDH and rhbC expression are represented graphically in
Figure 1. The statistical analyzes were made comparing all fold-change results to control
(LMM). To confirm the hypotheses that GAPDH plays a role in R. equi Fe homeostasis, may-
be by its relationship with mammal Tf, we analyzed the relative expression of GAPDH under
several Fe concentrations and Tf supplementation. Overall, the GAPDH transcription under
limited Fe availability was significantly (P<0.05) higher compared to control. GAPDH ex-
pression increased 1.8 fold-change in LMM-Fe up to 2.9 in DIP100 (the highest-level Fe re-
striction). The presence of bATf and bHTT significantly affected GAPDH expression. Thus,

bATT supplementation significantly increased GAPDH expression, while bHTf supplementa-
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tion induce the opposite. Under LMM-Fe supplemented with 5 uM bHTf the GAPDH expres-
sion showed a discreet, but significant increase (1.3 fold-change).

The rhbC gene expression increased significantly only under critical iron starvation
(3.5 fold-change under LMM-Fe+DIP100). Low (LMM-Fe) and moderate (LMM-Fe+DIP50)
Fe starvation induced the down-regulation of rhbC expression (-2.7 and -1.5-fold-change,
respectively), as the bATf and bHTf supplementation to LMM-Fe medium (approximately
-3 and 1.9-fold-change, respectively). We observed a significant over-regulation under exces-
sive Fe availably (approximately 4-fold-change under LMM-Fe+FeCl; and LMM+bHTY).

The vapA gene transcription showed a significant over-regulation in all conditions
compared to control (LMM) (P<0.05). We also observed that vapA expression increased pro-
portionally to Fe restriction, starting from 3.9-fold-change under LMM-Fe, 6.3 under
LMM-Fe+DIP50 to 20 under LMM-Fe+DIP100. Interesting, vapA over-expression was also
observed under excessive Fe availability (8 fold-change under 75 uM of FeCls). The supple-
mentation with bHTf and bAT( also increased vapA transcription but in a less pronounced

level (around 3-fold-change).

4. Discussion
Rhodococcus equi iron homeostasis may represent an important target for the devel-
opment of therapeutic and prophylactic strategies against R. equi foal pneumonia. To date, it
is known that R. equi is capable to acquire Fe from bHTf (Jordan et al., 2003) and to produce
the rhequichelin siderophore during its intracellular replication (Miranda-CasoLuengo et al.,
2012). Recently, Boradia et al. (2014a) demonstrated that GAPDH protein works as Tf recep-

tor during Mycobacterium spp. intra-macrophage replication. Therefore, we aimed to search
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for new insights on R. equi iron homeostasis evaluating GAPDH, rhbC, and vapA gene ex-
pression under excessive, physiologic and limited-iron concentration, including the presence
of Tf as Fe source.

Previously to find out GAPDH, rhbC and vapA gene expression we evaluated the
R. equi growth rate under all media described before. Limited Fe availability significantly
(P<0.05) reduced R. equi growth rate compared to control (LMM) at 24 and 48 h post-
incubation, and LMM-Fe supplemented with 150 and 200 uMDIP significantly restricted
R. equi growth at 48 h (Table 1). These findings were essential to determine the DIP concen-
trations to induce Fe starvation at critical levels without stopping R. equi replication process.
The excessive Fe availability (LMM-Fe+FeCl; and LMM+bHTYf) did not change R. equi
growth rate, as observed previously by Jordan et al. (2003). An interesting find from this ex-
periment was the change of R. equi colony phenotypic profile under LMM-Fe+ClFes;, where
the UFCs were larger and more mucoid compared to CFUs from other treatments (data not
shown). We believe that R. equi Fe storage, even after its pre-growth in Fe restriction before
the incubation into LMM-Fe, was enough to keep R. equi replication level similar to control
48 h post-incubation. Thus, we cannot know if bHTf (5 uM) supplementation to LMM-Fe
could restore the Fe necessity to R. equi survival, as observed by Jordan et al. (2003) using
LMM-Fe supplemented with bHTf 30 uM. Conversely, we demonstrated that LMM-Fe sup-
plemented with bATf (5 uM) induced Fe chelation, once the R. equi growth rate was signifi-
cantly reduced under LMM-Fe+bATf at 24 h post-infection.

Our findings clearly demonstrated that GAPDH expression increases according to Fe
starvation, suggesting that GAPDH plays a crucial role in R. equi Fe up-taken.

M. tuberculosis, a bacillus that shares many morphotintorial and pathological characteristics
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with R. equi, secretes GAPDH and acquires Fe from Tf by the internalization of Tf-GAPDH
complex (Boradia et al., 2014a). This phenomenon is also observed in eukaryotic cells
(Boradia et al., 2014b), which use similar tools to maximize sequestration of a limiting and
vital resource (Boradia et al., 2014b), as a mechanism of nutritional immunity (Ratledge and
Dover, 2000). The GAPDH use as a reference housekeeping gene in eukaryotes and proka-
ryotes, which transcriptional levels are considered stable under different experimental condi-
tions should be taken carefully. It is important to highlight that GAPDH transcription is influ-
enced by environmental Fe availability and researchers should be aware of choosing it as an
endogenous control in gene expression assays (Zhang, et al., 2014).

This is the first study which evaluated the R. equi gene expression in excessive Fe
availability. Based on the eukaryotic GAPDH ability to promote Fe efflux (Sheokand et al.,
2014), we hypothesized that R. equi GAPDH could also export Fe when exposed to high le-
vels, which was not observed here using the performed tests. We should consider that FeCls
supplementation at 75 uM might not have been enough to promote GAPDH over-expression,
as may exist other mechanisms to deal with excessive Fe condition, which would save more
energy than efflux systems.

The mechanism behind the siderophore rhequichelin action is not well understood.
When growing in low and moderate Fe restriction we observed a significant decrease in rhbC
transcription. This may have occurred because R. equi used other mechanisms for Fe up-taken
before critical Fe-depletion, and GAPDH may have been one of them. We noticed a signifi-
cant rhbC over-expression at critical Fe starvation condition. Also, Miranda-CasoLuengo et
al. (2012) observed that R. equi rhbCD deleted strain was unable to grow in the presence of

80 uM DIP. Our results corroborate with those finds since the concentration of 100 uM DIP
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induced expressive rhbC over-expression. Therefore, we believed that rhbC is extremely ne-
cessary when Fe concentration is critical and may be a R. equi limiting growth-factor.

The increase of rhbC gene transcription when Fe was accumulated in the environment
was an unexpected find. The LMM supplementation with 75 uMFeClspromoted the highest
level of rhbC expression relative to control. Although the rhbABCDE cluster encodes the hy-
droxamate siderophore rhequichelin for Fe up-take (Miranda-Casoluengo et al., 2012), we
believe that rhequichelin can act as Fe detox system, as other bacterial siderophores used to
metal detoxification (Cortese et al., 2002; Kraepiel et al., 2009). Besides Fe up-take, sidero-
phores act on other metals (i.e., zinc and manganese) up-take, as signaling molecules, protec-
tion from oxidative stress, antibiotics-ligands and also in metal sequestration (Johnstone et al.,
2015).

Iron homeostasis and protection against oxidative stress are closely related due to free
Fe oxidative damage (Achard et al., 2013). The ability to produce siderophores enhances bac-
terial survival in the macrophage due to the ability to protecting them from reactive oxygen
species (Adler et al., 2012, 2014). Scherettl et al. (2007) studied a fungi hydroxamate sidero-
phore which plays an antioxidant role by its ability to chelate Fe, thus we believe that rhequi-
chelin might function in a similar way. Miranda-Casoluego et al. (2012) observed rhbC over-
expression in the intracellular environment, probably due intra-macrophage Fe deprivation or
oxidative stress.

The vapA expression has been deeply studied, however, its behavior under excessive
Fe availability had not been addressed so far (Ren and Prescott, 2003). vapA respond increas-
ing its expression for many different conditions. Here we found that excessive Fe availability

induced vapA up-regulation similarly to observed under moderate Fe restriction. Other studies
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have demonstrated that Fe starvation induces vapA over-expression (Ren and Prescott, 2003),
however, vapA up-regulation under excessive Fe availability needs to be properly evaluated.
Iron is an essential micronutrient for R. equi survival and replication, thereby provid-
ing a potential target for therapeutic and prophylactic strategies (Harrington et al., 2006). Due
to the emergency of R. equi antimicrobial resistance (Fenton and Buckley, 2015; Giguere et
al., 2010) it is necessary to search for alternatives to rhodococcosis therapy. Drugs with a po-
tential to reduce R. equi Fe acquisition have been studied and the results revealed promising
options for rhodococcosis treatment and prophylactic strategies (Cohen et al., 2015; Gressler
et al., 2016). However, pathogens, including R. equi, have multiple mechanisms to acquire Fe
during host infection. In this context, it is important to understand the mechanisms involved in
the Fe homeostasis in order to guide the search for new therapies, other than antibiotic com-

pounds.

5. Conclusion

In summary, our results reinforce the knowledge that Fe is an essential element to
R. equi replication. As a key point in this study, we demonstrated for the first time the puta-
tive role of GAPDH in R. equi replication and survival under Fe limited condition, such as
found intra-macrophage. We demonstrate that GAPDH is up-regulated during Fe starving
replication, suggesting its putative function in Fe up-take. rhbC gene was found up-regulated
under critical Fe starvation and under excessive Fe concentration, impaling that besides Fe
up-take, rhequichelin can play an anti-oxidant role. The rhequichelin presumed role as anti-

oxidative agent during R. equi intracellular survival should be investigated. vapA is up-
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regulated at both limited and excessive Fe concentrations. Finally, more studies are needed to

elucidate the putative GAPDH and rhequichelin during R. equi iron homeostasis.
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Figure captions

Fig.1. Relative gene expression of GAPDH and rhbC from R. equi cultivated in several iron
concentrations and supplemented with apo and holo-Tf were compared to the control LMM.
The values were calculated from the means are from three independent experiments, with
cultures performed in duplicate in each experiment; the qPCR assays were performed twice
using four well replicates for each cDNA sample. Bars indicate SEM. Asterisks represent sta-
tistical difference from LMM (iron-replete control) (P<0.05). Legend: LMM - control media,
replete-iron Lactate Minimal Media (LMM); LMM-Fe - LMM without Fe; LMM-Fe+DIP50,
LMM-Fe+DIP100, LMM-Fe+DIP150 and LMM-Fe+DIP200 - LMM-Fe supplemented with
50, 100, 150 and 200 uM of dipyridyl, respectively; LMM-Fe+FeCl; — control with FeCl;
supplementation (75uM); LMM+bHTf and LMM+bATf — LMM supplemented with 5 uM of
bovine holotransferrin and apotransferrin, respectively; LMM-Fe+bHTf and LMM-Fe+bATf
— LMM-Fe supplemented with 5 uM of bovine holo-transferrin and apo-transferrin, respec-

tively; RQ — Relative quantification.
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Table 1. Oligonucleotides, used in this study, and their percentage of reaction efficiency

(Eff. %).
Oligonucleotide Nucleotide sequence 5’- 3’ Eff. % Reference
gyrB-F GGAGATGGCGTTCCTCAACA .
93.9 This study
gyrB-R TAGTGGTAGACGCGGGACTT
GAPDH-F AGTACGACTCGATCCTGGGT .
93.1 This study
GAPDH-R GTGAAGATGCCCGTGGACTC
vapA-F AACGGTCGAGCAAGCGATAC 9.4 (Harrington et al.,
vapA-R GGCCCGAATACGTGAAACCT ' 2005)
RhbC-F ATCGAACTGATGGTCGCGTT .
104.4 This study
RhbC-R GGATGCGTTCGATTCCGTTG
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Table 2. R. equi average growth rates (CFU/ml) under different levels of iron availability.
Legend: LMM - control media, replete-iron Lactate Minimal Media (LMM); LMM-Fe -
LMM without Fe; LMM-Fe+DIP50, LMM-Fe+DIP100, LMM-Fe+DIP150 and LMM-
Fe+DIP200 - LMM-Fe supplemented with 50, 100, 150, and 200 uM of 2.2’-bipyridyl,
respectively; LMM-Fe+ ClFe;— control with 75uM FeCls supplementation; LMM+bHT{
and LMM+bATf — LMM supplemented with 5 uM of bovine holo and apo-Tf, respective-
ly; LMM-Fe+bHTf and LMM-Fe+bATf — LMM-Fe supplemented with 5 uM of bovine
holo and apo-Tf, respectively, SEM — Standard Error of the Mean. Note: the presence of *

means that the result differs from the control (P<0.05).

Culture time (h)

Medium 0 | 24 48

Average SEM Average SEM Average SEM
LMM 3.5x10°  1.8x10° 1.6x10°  74x10 1.8x 10° 8.9x 10’
LMM-Fe 3.5x10°  1.8x10° 4.0x 10’ 2.0x 10’ 5.0x 10’ 1.8x 10’

LMM-Fe +DIP50 3.5x10°  1.8x10°  19x10™* 1.0x107 27x10™* 1.2x 107
LMM-Fe +DIP100 35x10° 1.8x10° 1.2x10* 25x10° 1.7x10* 4.7x10°
LMM-Fe +DIP150 35x10° 18x10° 13x10°* 88x10° 2.1x10°* 5.7x10°

LMM-Fe +DIP200  3.5x10° 1.8x10° 9.8x10*  3.0x 10* 0* 0

LMM-Fe+ClFe, 3.5x10°  1.8x10° 1.1x10° 3.0x 10’ 1.2x10° 2.7x 10
LMM+bATf 3.5x10°  1.8x10° 6.3x 10’ 6.6x10°  9.7x 10’ 8.2x 10°
LMM-+bHTf 3.5x10°  1.8x10° 9.7x10"  3.9x 107 1.2x10° 4.0x 10

LMM-Fe +bATf 35x10°  1.8x10°  24x10'* 1.1x 10’ 3.9x 10’ 1.7 x 10’
LMM-Fe +bHTf 3.5x10°  1.8x10° 6.7 x 10’ 2.0x 107 9.4x 10’ 2.8x 107
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Figure 1.
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Highlights

R. equi GAPDH is regulated by in vitro Fe availability.
GAPDH gene is significantly up-regulated under limited Fe availability.
rhbC gene is significantly up-regulated under critical Fe starvation.

rhbC and vapA genes are significantly up-regulated under excessive Fe availability.
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4. CONCLUSAO

O Fe é um micronutriente essencial para o crescimento de R. equi. Multiplos meca-
nismos atuam promovendo sua homeostasia, possibilitando a replicacdo de R. equi em ambi-
entes onde Fe esteja presente em concentracdes limitadas ou excessivas. GAPDH e o sidero-
foro rhequichelin representam alguns desses mecanismos, 0s quais possuem um papel impor-
tante na replicagdo e na sobrevivéncia de R. equi em condi¢des de estresse, como encontrado
durante a infec¢@o no interior do macréfago.

A aquisi¢do de Fe oriundo de Tf pode representar um importante fator de viruléncia
em R. equi. A glicoproteina GAPDH € capaz de captar Fe a partir da Tf em eucariotos € em
Mycobacterium spp. Em R. equi, nés observamos que a transcricdo de GAPDH ¢ sensivel a
privacao de Fe, aumentando em resposta a restricdo, sugerindo que esta proteina possivelmen-
te participe da aquisi¢do de Fe por R. equi. Além disso, o gene GAPDH vem sendo ampla-
mente utilizado como controle endégeno em estudos de expressdo génica, tanto para organis-
mos eucariotos quanto procariotos, o que deve ser considerado com cautela.

O sider6foro rhequichelin é necessario para a sobrevivéncia e replicacdo intracelular
de R. equidevido a sua capacidade de promover a aquisi¢do de Fe nessa condi¢do. NGs obser-
vamos o aumento na expressdo do gene rhbC em situagdo critica de restricdo de Fe, bem co-
mo quando este estava presente em concentracdes excessivas. Estes resultados sugerem que
além de participar da aquisi¢do de Fe, o sideréforos rhequichelin pode atuar como antioxidan-
te, reduzindo o estresse oxidativo como consequéncia da sua habilidade de sequestrar Fe livre.
Esta suposta atividade antioxidante pode desempenhar um papel chave na replicacdo intrace-
lular de R. equi, onde as células do hospedeiro promovem o estresse oxidativo como meca-
nismo de defesa a patégenos. Por fim, a expressao génica do gene de viruléncia vapA apresen-
tou-se elevada ndo apenas sob restri¢do de Fe, mas também durante o acimulo deste.

Sdo necessdrios estudos mais aprofundados para explicar os mecanismos pelos quais
GAPDH e o sideréforo rhequichelin atuam na homeostasia de Fe por R. equi e na sua sobre-
vivéncia em condicdes de estresse. A partir da compreensdo dos mecanismos envolvidos na
homeostasia de Fe por R. equi pode-se buscar por alvos para o desenvolvimento de novas

estratégia terapéuticas e profildticas associadas a imunidade nutricional, por exemplo.
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APENDICE A - CURVAS PADRAO DE EFICIENCIA DOS PRIMERS UTILIZA-
DOS NA qPCR (gyrB, GAPDH, vapA e rhbC).
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APENDICE B - RESULTADO DA QUAI’\ITIFICA(;AO RELATIVA OBTIDO EM
CADA UM DOS TRES ENSAIOS BIOLOGICOS (A, B E C) EM DUPLICATA DA
TECNICA.

Ensaio bioldgico

Replicata da técnica 1 2 1 2 1 2

GAPDH Média
LMM 1 1 1 1 1 1 1
LMM-Fe 2,72 3,04 1,51 1,08 1,35 1,43 1,85
DIP50 2,13 1,88 1,69 1,57 1,76 1,74 1,79
DIP100 225 271 4,26 3,42 2,06 2,56 2,88
LMM-+Fe 0,95 0,96 0,97 1,06 2,04 2,01 1,33
LMM_bAT(f 1,18 1,41 1,40 1,58 1,75 1,85 1,53
LMM_bHTf 0,94 0,83 0,91 0,74 0,89 0,78 0,85
Fe- bATf 0,70 0,77 0,61 0,83 1,47 1,89 1,04
Fe- bHTF 1,33 1,49 1,27 1,20 1,06 1,28 1,27

vapA
LMM 1 1 1 1 1 1 1
LMM-Fe 3,06 424 4,56 3,35 3,88 4,41 3,92
DIP50 6,70 5,67 6,68 6,12 6,29 6,29 6,29
DIP100 9,22 13,60 27,21 2525 28,54 20,76 20,76
LMM-+Fe 546 9,05 6,17 5,92 10,50 10,69 7,96
LMM_bAT(f 3,06 3,63 2,84 2,61 3,04 3,04 3,04
LMM_bHTf 2,88 2,86 3,06 2,88 2,92 2,92 2,92
Fe- bATf 3,30 2,85 3,30 2,85 3,35 3,34 3,16
Fe- bHTF 2,79 294 2,83 2,07 2,65 2,66 2,66

rhbC
LMM 1 1 1 1 1 1 1
LMM-Fe 0,17 0,22 0,46 0,46 0,62 0,81 0,46
DIP50 0,69 0,61 0,71 0,71 0,65 0,91 0,71
DIP100 2,78 3,68 3,52 3,52 3,99 3,65 3,52
LMM-+Fe 446 4,46 4,13 3,42 8,03 2,27 4,46
LMM_bAT(f 0,98 0,88 0,82 0,66 1,05 0,63 0,84
LMM_bHTf 1,64 1,49 4,12 4,46 5,41 7,23 4,06
Fe- bATf 0,40 0,31 0,34 0,33 0,23 0,40 0,34
Fe- bHTF 0,54 0,55 0,41 0,67 0,54 0,54 0,54

Para andlise estatistica foi realizada a substitui¢do de outliers, detectados pelo teste de Grubbs

(P<0.05), pela média dos demais ensaios.
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APENDICE C - GRAFICOS DA QUANTIFICACAO RELATIVA DE GAPDH,

rhbC e vapA
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