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RESUMO 

 

Estudo da interação entre Mycobacterium tuberculosis e Receptores de Ácido retinoico 

do hospedeiro durante a infecção in vitro e in vivo 

 

O Ácido retinoico (RA), forma ativa da vitamina A, é um metabólito importante na regulação 
do sistema imunológico e regulação gênica por meio da ativação de receptores nucleares de 
ácido retinoico (RAR) e receptores x retinoides (RXR). Ao realizar experimentos usando 
células THP-1 como modelo para infecção por Mycobacterium tuberculosis (Mtb), observamos 
que culturas celulares suplementadas com soro fetal bovino (FBS) exibiam aumento na ativação 
dos receptores RAR, sugerindo que o Mtb ativa a via RAR do hospedeiro. Sendo assim, o 
objetivo deste trabalho foi investigar a via endógena de RAR durante a infecção in vitro e in 

vivo por meio da inibição farmacológica dos receptores RAR. Observamos que Mtb induziu 
ativação de genes regulados por ácido retinoico (RARE) a nível transcricional e proteico em 
células THP-1 e monócitos primários humanos de maneira dependente de RAR. A atividade 
RAR estimulada por Mtb em células THP-1 foi observada com meios condicionados e exigiu 
fator(es) não proteico(s) presente(s) no soro fetal bovino. A inibição de RAR usando BMS493, 
um agonista inverso, em um modelo de tuberculose (TB) murina ´high-dose´ reduziu a carga 
bacteriana e aumentou significativamente os macrófagos alveolares CD64+CD11c+high nos 
pulmões. Esses resultados sugerem que o eixo de ativação do RAR endógeno contribui para a 
infecção por Mtb tanto in vitro quanto in vivo e sugerem os receptores RAR como um potencial 
alvo terapêutico do hospedeiro para melhorar o desfecho da TB pulmonar. 

 
Palavras-chave: Ácido retinoico; Mycobacterium tuberculosis; macrófagos. 

 

  



ABSTRACT 

 

Study of the interaction between Mycobacterium tuberculosis and host retinoic acid 
receptors during in vitro and in vivo infection 

 
 
Retinoic acid (RA) is an important vitamin A metabolite involved in regulating immune 
responses through the nuclear retinoic acid receptor (RAR) and retinoid x receptor 
(RXR).  While performing experiments using THP-1 cells as a model for Mycobacterium 

tuberculosis (Mtb) infection, we observed that serum-supplemented cultures had RAR activity 
in the presence of live but not heat-killed bacteria, suggesting that Mtb engages the endogenous 
RAR pathway. Since the role of endogenous RAR activity in Mtb infection has not been 
explored, we studied the endogenous RAR pathway during Mtb infection both in vitro and in 

vivo through pharmacological inhibition of RAR receptors. We found that Mtb induces classical 
retinoic acid response element (RARE) genes such as CD38, DHRS3, and RARG in both THP-
1 cells and human primary CD14+ monocytes via the RAR-dependent pathway. Mtb-stimulated 
RAR activity in THP-1 cells was observed with conditioned media and required non-
proteinaceous factor(s) present in fetal bovine serum. Importantly, RAR inhibition using 
BMS493, an inverse agonist, in a high-dose murine model of tuberculosis (TB) reduced Mtb 
burden and significantly increased CD64+CD11c+high alveolar macrophages in the lungs. These 
results suggest that the endogenous RAR activation axis contributes to Mtb infection both in 

vitro and in vivo and suggest RAR receptors as a potential host therapeutic target to improve 
the outcome of pulmonary TB. 

Keywords: Retinoic acid; Mycobacterium tuberculosis; macrophages. 
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A infecção primária é um fator importante da carga global da TB, ao passo que a 

infecção latente pode persistir por anos ou até mesmo décadas antes do potencial início da 

doença (BEHR; EDELSTEIN; RAMAKRISHNAN, 2018). A eliminação do patógeno pelo 

sistema imune é difícil de ser determinada. No entanto, certos indivíduos com alta exposição 

ao Mtb nunca convertem em PPD-positivo, muitos supõem que isso seja um sinal de eliminação 

pelo sistema imunológico antes do início da imunidade adaptativa, uma vez que células T são 

responsáveis pela reação PPD. Além disso, a eliminação do bacilo ocorre pelo menos a nível 

local. Experimentos utilizando primatas não humanos mostraram que lesões individuais 

contendo Mtb, uma vez estabelecidas, podem ser resolvidas e esterilizadas pelo sistema imune 

(LIN et al., 2014). 

Independente do mecanismo de progressão da infecção inicial, infecção primária, pós-

primária, latente ou eliminação do patógeno, existirá o envolvimento da resposta imune 

adaptativa. O Granuloma (Fig. 1), é uma barreira física composta por um repertório de células 

imunes (principalmente células T e B) que se forma ao redor dos bacilos para conter a infecção 

e prevenir a disseminação (RAMAKRISHNAN, 2012). O diagnóstico e controle bem-sucedido 

da infecção dependem da produção de IFN-γ por células T em resposta a antígenos do Mtb 

(COOPER et al., 1993; FLYNN et al., 1993), e mesmo aquelas infecções não detectáveis pelo 

método IGRA ainda mostram evidências de ativação de células T (LU et al., 2019).  

Por outro lado, os anticorpos também desempenham um papel importante no controle 

da infecção, e os anticorpos de indivíduos com infecção latente são mais eficazes do que os 

anticorpos de indivíduos com a doença ativa (LU et al., 2016). Essa diferença destaca um 

aspecto comum ainda mais importante da imunidade ao Mtb. Os anticorpos da infecção latente 

melhoram as respostas imunológicas de macrófagos e promovem a eliminação do Mtb (LU et 

al., 2016). Isso demonstra que macrófagos são muito mais do que apenas simples sentinelas do 

sistema imunológico, sendo os principais mediadores da resposta imune desde o encontro 

inicial com o bacilo até a resolução ou progressão da TB. Além disso, a maneira como o 

granuloma está organizado revela a importância dos macrófagos (Fig. 1), uma vez que 

linfócitos, os quais representam a imunidade adaptativa, encontram-se na periferia e são 

forçados a exercer seus efeitos sobre a bactéria através das densas camadas centrais de 

macrófagos que estão em contato direto com o bacilo (RAMAKRISHNAN, 2012).  
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(BUKHARI et al., 2015; GRAUSTEIN et al., 2015), o que demonstra a importância dos 

receptores TLR no reconhecimento do Mtb. 

O engajamento e sinalização via TLRs pode induzir a expressão de inúmeros genes 

envolvidos na produção de peptídeos antimicrobianos, intermediários reativos, citocinas, 

quimiocinas e moléculas co-estimulatórias que auxiliam na resposta à infecção pelo bacilo da 

tuberculose (LASKER; NAIR, 2006; ZHANG; GHOSH, 2001). Em resposta ao 

reconhecimento de antígenos do Mtb por TLRs, mecanismos de controle inatos são ativados e 

produzem espécies reativas de oxigênio (ERO) e óxido nítrico sintetase induzida (iNOS), as 

quais possuem atividade antimicrobiana em diferentes graus (JO et al., 2007; NICHOLSON et 

al., 1996; SHASTRI et al., 2018). No entanto, Mtb desenvolveu mecanismos para evitar a 

degradação por espécies reativas de oxigênio, podendo persistir viável, apesar das tentativas de 

eliminação do sistema imunológico (JAMAATI et al., 2017; SHASTRI et al., 2018). 

Paralelamente, as células responsivas produzem citocinas pró-inflamatórias, como IL-12, IL-1 

e TNA-α através da sinalização via MYD88 e NF-κB (ZHANG; GHOSH, 2001). Durante a 

infecção pelo Mtb, TNF-α é a citocina mais estudada em modelos animais e humanos, e foi 

demonstrada a sua importância na fagocitose, morte da bactéria, recrutamento celular, e 

prevenção da reativação da TB em casos de TB latente (EHLERS, 2003; MOHAN et al., 2001; 

ROACH et al., 2002; SCANGA et al., 1999). Além disso, o papel do TNF na TB humana foi 

evidenciado em pacientes submetidos à terapia anti-TNF, os quais estão sob maior risco de 

reativação da doença (KEANE et al., 2001b). Embora possa ser produzida por linfócitos, células 

dendríticas (DCs) e macrófagos são a maior fonte produtora de TNF no contexto da infecção 

por Mtb (ALLIE et al., 2013; BRADBURY; MORENO, 1993; FLESCH; KAUFMANN, 

1990a). 

Uma outra citocina importante, IL-1, é produzida inicialmente por células dendríticas, 

neutrófilos e macrófagos (JAYARAMAN et al., 2013a; JUFFERMANS et al., 2000). Membros 

da família IL-1 incluem IL-1𝛼 e IL-1𝛽, os quais são secretados durante a infecção pelo bacilo 

(BOURIGAULT et al., 2013). Em modelo murino, IL-1𝛽 é secretada citosolicamente na pró-

forma, a qual é canonicamente clivada pelo inflamassoma culminando na morte do Mtb através 

de apoptose celular dependente da ativação de caspase-3 e produção de TNF (JAYARAMAN 

et al., 2013b). Estudos realizados em camundongos revelaram que ambos interferon do tipo I e 

II suprimem a produção de IL-1𝛼 e IL-1𝛽 (MAYER-BARBER et al., 2011). Embora IL-1 seja 

importante em limitar a replicação e promover a eliminação do Mtb, a regulação mediada por 

IFN-𝛾 e NO (óxido nítrico) é essencial na modulação das respostas inflamatórias inatas e 

controle dos danos aos tecidos desencadeados por neutrófilos durante infecções persistentes 
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um ambiente imunológico mais estressante para a bactéria (PISU et al., 2020). A partir desse 

conceito, estudos posteriores foram realizados visando investigar a heterogeneidade funcional 

dentro dessas duas principais linhagens de macrófagos. Pisu e colaboradores (2021) por meio 

de experimentos envolvendo scRNA-seq de pulmão de camundongos infectados com Mtb, 

identificaram subsets de MAs que exibiram tanto um perfil restritivo quanto permissivo ao Mtb, 

ao passo que foram identificados três populações distintas de MIs, os quais foram divididos em 

inflamatórios e anti-inflamatórios (PISU et al., 2021). Sendo assim, estes estudos foram 

importantes para quebrar alguns paradigmas a respeito da polarização M1 (pró-inflamatório) e 

M2 (anti-inflamatório) de macrófagos, e de que estas células existem em um estado neutro, não 

programado, até que a exposição às citocinas determine seu fenótipo funcional. Por exemplo, 

macrófagos tem perfil M1 quando estimulados com IFN- 𝛾 e TNF- 𝛼 e perfil M2 na presença 

de IL-4 e IL-13 (MURRAY, 2017). 

Citocinas são extremamente importantes na ativação de macrófagos, a exemplo, a 

citocina IFN-𝛾 está envolvida no controle e eliminação de Mtb em camundongos e humanos 

uma vez que ativa vias antimicrobianas em macrófagos infectados com a bactéria (THOMA-

USZYNSKI et al., 2001a; VOGT; NATHAN, 2011). Semelhantemente, a citocina GM-CSF 

também está envolvida na restrição do crescimento do Mtb em macrófagos humanos e murinos 

(MISHRA et al., 2020; ROTHCHILD et al., 2014). Adicionalmente, a combinação de IFN- 𝛾 

e TNF- 𝛼 também resulta na restrição e controle da infecção (CHAN et al., 1992; FLESCH; 

KAUFMANN, 1990b). Um outro tipo de sinalização que não envolve a ação de citocinas mas 

também pode levar a restrição da replicação do Mtb é o engajamento da via de sinalização 

TLR1/2, o qual foi capaz de reduzir a carga bacteriana em monócitos e macrófagos (LIU et al., 

2009a; THOMA-USZYNSKI et al., 2001b). Além disso, o estímulo de monócitos e macrófagos 

in vitro com vitaminas exógenas, Vitamina D e Vitamina A, foi associado ao controle 

bacteriano in vitro (FABRI et al., 2011; LIU et al., 2009b; VERWAY et al., 2013; 

WHEELWRIGHT et al., 2014). Portanto, o papel de macrófagos durante a infecção tem se 

tornado central no desenvolvimento de terapias direcionadas ao hospedeiro (do inglês host-

directed therapy - HDTs). A exemplo, Imatinib, um inibidor da tirosina quinase, restringe o 

crescimento intracelular do Mtb em macrófagos e foi inserido em ensaios clínicos como terapia 

adjuvante ao tratamento da TB (GIVER et al., 2019; NAPIER et al., 2011). Também foi 

demonstrado que altas doses de metformina, um medicamento antidiabético, reduziu a 

sobrevivência do Mtb em macrófagos e camundongos infectados pelo Mtb (SINGHAL et al., 

2014). Sendo assim, a descoberta de novos alvos terapêuticos direcionados às respostas imunes 

do hospedeiro, objetivando eliminar a bactéria e reduzir os danos teciduais (O’CONNOR et al., 
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Alguns fatores podem contribuir para o fenótipo da hipovitaminose A, como por 

exemplo: (1) perda de apetite e má nutrição, sendo que em países subdesenvolvidos, a redução 

do consumo de alimentos ricos em vitamina A pode impactar os níveis séricos de retinol; (2) 

pobre absorção intestinal; (3) perda de retinol pela urina durante infecção aguda; e (4) redução 

da expressão de proteínas transportadores de retinol como proteínas ligadoras de retinol (do 

inglês retinol binding protein – RBP) e albumina por células hepáticas, em resposta ao processo 

inflamatório (LARSON et al., 2017; PAKASI et al., 2009; SCHORAH; LOUW; 

LABADARIOS, 1993). 

Como citado anteriormente, existe uma associação entre a tuberculose e hipovitaminose 

A, sendo que, a deficiência de vitamina A está associada ao aumento no risco de diversas 

doenças respiratórias, incluindo tuberculose ativa em adultos. No entanto, o mecanismo pelo 

qual isso acontece ainda não está totalmente esclarecido. Nesse sentido, várias questões são 

levantadas, como: (1) o que acontece com os níveis de vitamina A ao longo da progressão da 

doença? (2) células do sistema imune utilizam a via endógena da vitamina A durante a infecção? 

(3) a ativação excessiva desta via contribui para depleção de vitamina A do hospedeiro? (4) 

Mtb consome vitamina A do hospedeiro? O esclarecimento dessas perguntas contribuirá para a 

melhor compreensão da relação entre deficiência de vitamina A e severidade da TB (Fig. 2).  

 

Fig. 2. Relação hipotética entre os níveis de retinol e a progressão da tuberculose 

 
(Fonte: a autora, criado no BioRender)  

Legenda: Postula-se que há correlação inversa entre a progressão da tuberculose e os níveis séricos de retinol. 
 

 

 

 

Figura  SEQ Figura \* ARABIC 4: Relação hipotética entre a progressão da doença e os 
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Fig. 3: O Metabolismo da vitamina A em células humanas. 

 
(Fonte: a autora, criado no BioRender) 

Legenda: O Retinol (círculo amarelo) na corrente sanguínea é entregue ao citoplasma por meio de receptores 
STRA6 ou LRP1. No citoplasma o retinol ligado a CRBP1 é convertido a retinaldeído por meio de enzimas 

ADHs e RDHs formando o retinaldeído. Em seguida, este é convertido em ácido retinoico (RA) através de uma 
reação irreversível catalisada por enzimas ALDHs. RA é entregue ao núcleo onde se liga a receptores RAR em 
uma região genômica RARE e regula a expressão de genes induzidos por RA; RA pode ser liberado e atuar em 

células vizinhas (ação parácrina), ou pode ser degradado por enzimas da família CYP26. 
 

Receptores de ácido retinoico (RAR) e receptores x retinoides (RXR) medeiam os 

efeitos genômicos do RA. Estes são considerados fatores de transcrição dependentes de ligantes 

(WATSON; FAIRALL; SCHWABE, 2012). Cada receptor possui três isoformas RARα, 

RARβ, RARγ (NR1B1, NR1B2, NR1B3), RXRα, RXRβ e RXRγ (NR2B1, NR2B2, NR2B3) 

codificado por genes independentes (BASTIEN; ROCHETTE-EGLY, 2004). 

Os receptores RAR formam heterodímeros com RXRs e estão ligados constitutivamente 

a regiões genômicas RAREs, (retinoic acid elemento response) que são regiões no DNA que 

contêm repetições hexaméricas (A/G)G(G/T)TCA podendo estar separadas por 1 a 12 

nucleotídeos (DR1 a DR12)(BASTIEN; ROCHETTE-EGLY, 2004). Em vertebrados, o ligante 

natural de RAR é o all-trans-ácido retinoico (atRA), enquanto 9-cis-ácido retinoico tem alta 

afinidade por RAR e RXR (BASTIEN; ROCHETTE-EGLY, 2004; SZYMAŃSKI et al., 2020). 

Na ausência de RA, RAR reprime a expressão gênica através do recrutamento de histonas 

deacetilases (HDACs) e proteínas co repressoras (N-CoR) ou SMRT (silencing mediator for 

retinoid and thyroid hormone receptors). HDACs atua na remoção do grupo acetil de histonas 
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resultando na condensação da cromatina que impede a ligação de outros complexos proteicos 

importantes na iniciação da transcrição, resultando no silenciamento da expressão gênica. Na 

presença de RA, alterações conformacionais são induzidas nos receptores RAR resultando na 

dissociação dos complexos correpressores e recrutamento de complexos ativadores com 

atividade de histona acetiltransferase (HAT) (ex: P300 e NCOA1) que resulta na abertura a 

cromatina e ativação da expressão gênica (Fig. 4) (BASTIEN; ROCHETTE-EGLY, 2004; 

WATSON; FAIRALL; SCHWABE, 2012). A ligação do heterodímero RAR/RXR aos RAREs 

é considerada a via clássica do ácido retinoico. 

 

 

Fig. 4: Regulação da expressão de genes RAREs por ácido retinoico. 

 
(Fonte: SZYMAŃSKI et al., 2020). 

Legenda: (A) Repressão da expressão gênica na ausência de RA. Receptores RAR/RXR heterodimerizados 
encontram-se ligados a regiões RAREs associados a complexos correpressores que condensam a cromatina e 
reprimem a transcrição gênica. (B-C) Desrepressão e ativação na presença de RA. RA liga-se ao domínio de 
ligação ao ligante no receptor RAR e induz alterações conformacionais no RAR que resulta na liberação dos 
complexos correpressores e recrutamento de complexos coativadores que acetilam as histonas promovendo a 

abertura da cromatina e consequentemente início da transcrição gênica. 
 

Esta via pode ser modulada farmacologicamente em vários níveis: (1) modulação da 

produção de RA por meio da inibição de enzimas ALDHs e (2) modulação dos receptores RAR. 

Enzimas ALDHs produtoras de RA podem ser inibidas por dissulfiram e DEAB (N,N-

diethylaminobenzaldehyde) (MORGAN et al., 2015; PETERSEN, 1992). O dissulfiram é um 

inibidor irreversível enquanto o DEAB é um inibidor competitivo de enzimas ALDHs e foi 

desenvolvido para substituir inibidores mais tóxicos como dissulfiram (RUSSO; HAUGUITZ; 

HILTON, 1988).  

Já para a modulação farmacológica dos receptores RAR, o BMS493, um pan-RAR-

agonista inverso tem sido bastante utilizado in vivo e in vitro para inibir a sinalização das três 

isoformas dos receptores RAR (FARINELLO et al., 2018; GOVERSE et al., 2016; LE MAIRE 

et al., 2010; LENTI et al., 2016; POLLOCK et al., 2018; ROCHETTE-EGLY; GERMAIN, 

2009; TELIAS et al., 2019; WANG et al., 2017). O mecanismo de ação do BMS493 baseia-se 
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na ligação deste composto aos domínios de ligação ao ligante (LBD) aumentando a interação 

com complexos NCoR que resulta na repressão da transcrição de genes RAREs (MAIRE et al., 

2019).  

Em relação a vias não-canônica de regulação, já foi demonstrado que o RA ligado aos 

dímeros RAR/RXR podem controlar a atividade do fator de transcrição independentes de RA, 

como AP-1 (proteína ativadora 1). Ambos RAR/RXR heterodímeros ou homodímeros podem 

bloquear a ligação de AP-1 ao DNA. O controle da ativação de AP-1 por RARs podem ter 

consequências significativas para as células e pode estar envolvido nos efeitos anti-

inflamatórios dos retinoides (KARAMOUZIS; PAPAVASSILIOU, 2005; SCHÜLE et al., 

1991). Um outro exemplo é o fator nuclear de células T ativadas (NFAT), ambos mRNA e 

expressão proteicas de várias isoformas de NFAT são drasticamente reduzidas sob condições 

de deficiência de vitamina A, sugerindo que RA e seus receptores podem regular a expressão 

de NFAT (MARUYA et al., 2011). Em contrapartida, NFAT também pode influenciar a 

atividade de RAR, por exemplo, em células T, NFATc2 coopera com RARα/RXR para induzir 

expressão de genes alvos do RA como CCR9, enquanto NFATc1 inibe esta indução (OHOKA 

et al., 2011). A atividade inflamatória associada ao fator de transcrição NF-𝜅B pode ser inibido 

por RA (AUSTENAA et al., 2004), consequentemente a ativação de NF-𝜅B e respostas 

inflamatórias mediadas induzidas por LPS são mais proeminentes sob condições de deficiência 

de vitamina A (AUSTENAA et al., 2009). 

Além disso, estes receptores estão envolvidos em funções extranucleares, a exemplo, o 

transportador STRA6 atua como receptor de citocinas e ativa a cascata de sinalização 

JAK/STAT em resposta ao complexo RBP-TTR-Retinol (BERRY et al., 2012). Já o receptor 

RARα pode interagir com o RNA mensageiro no citoplasma e suprimir a tradução em células 

neuronais (CHEN; ONISKO; NAPOLI, 2008). O receptor RARγ é liberado do núcleo para 

orquestrar a formação dos complexos de morte citosólicos em resposta ao TNF e outros 

indutores de morte (XU et al., 2017). Dependendo do tipo celular, o RA e os RARs estão 

envolvidos em diferentes vias de sinalização como por exemplo PI3K e MAPK (AL 

TANOURY; PISKUNOV; ROCHETTE-EGLY, 2013; BHASKAR et al., 2015; CHEN; 

ONISKO; NAPOLI, 2008; COPPA et al., 2012; LU et al., 2008). Em suma, a habilidade desses 

receptores em participar da regulação gênica e das cascatas de sinalização extranucleares, 

ativando ou regulando negativamente essas vias, adicionam uma camada de complexidade aos 

efeitos RA e seus receptores. Ademais, o fato de o ácido retinoico sinalizar diretamente os 

receptores nucleares fornece ao sistema imune a capacidade de ajustar rapidamente uma 

resposta imunológica, por outro lado, esta via pode ser explorada por patógenos como uma 
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para promover a função de apresentação de antígeno de macrófagos, levando à formação de 

células T reguladoras induzidas (Treg) e tolerância imunológica (MORTHA et al., 2014). 

Os efeitos da sinalização RA/RAR em células T dependem do contexto, da expressão 

específica de isoformas dos receptores, e das citocinas envolvidas no ambiente. Células T não 

produzem RA, mas expressam constitutivamente RAR𝛼 e 𝛾. In vitro, RA induz a expressão de 

moléculas de direcionamento ao intestino em células T ativadas do baço, 𝛼4𝛽7 e CCR9, além 

de influenciar a migração de células T ativadas para a periferia durante processos inflamatórios 

(IWATA et al., 2004). RA e RAR𝛼 promovem a diferenciação de células T regulatórias (T-

regs), enquanto isso suprime a diferenciação de células Th17 (MUCIDA et al., 2007). RA em 

baixas concentrações é essencial para uma diferenciação funcional de células T efetoras, a 

diferenciação de células T CD4 efetoras também é defeituosa em camundongos VAD ou 

camundongos deficientes para RARα (HALL et al., 2011). A sinalização RA/RAR em células 

T é dose dependente. A concentração de RA disponível é um fator crítico para seus efeitos pró 

ou anti-inflamatórios em células T. Enquanto 10 nM reprime a diferenciação celular Th17 e 

aumenta a diferenciação de Treg in vitro, 1 nM aumenta a diferenciação de células Th17 com 

pouco efeito na geração de Treg (TAKAHASHI et al., 2012). No entanto, dado que a 

sinalização RAR é criticamente dose-dependente, outro mecanismo que provavelmente 

contribui para os efeitos pleiotrópicos e às vezes paradoxais da sinalização RA/RAR é o 

catabolismo de RA mediado por membros da família CYP26 de citocromo P450 oxidases. 

Nesse sentido, foi demonstrado que camundongos com deleção condicional de Cyp26b1 em 

células T exibem desenvolvimento linfoide normal, mas suas células T mostram uma 

sensibilidade aumentada aos níveis séricos de RA e uma polarização aumentada para células 

Tregs ou Th17 in vitro (CHENERY et al., 2013). RA também influencia direta ou indiretamente 

o homing, proliferação, diferenciação e função de vários linfócitos inatos, incluindo ILCs, 

TCRγδs e células NKT, bem como células NK (KIM; TAPAROWSKY; KIM, 2015; 

MCCARTHY et al., 2013; RUITER; PATIL; SHREFFLER, 2015). 

Em suma, os efeitos do RA e sinalização RAR nem sempre são previsíveis, e depende 

da concentração, da isoforma dos receptores, do tipo celular, e das condições experimentais ou 

ambientais. Sendo assim, os resultados podem ser bem diferentes e às vezes paradoxal, 

suprimindo o desenvolvimento de um tipo de célula, mas promovendo ao mesmo tempo o 

desenvolvimento de outro tipo, ou conduzindo efeitos imunossupressores em algumas 

situações, mas promovendo respostas inflamatórias em outro contexto. RA e RARs funcionam 

como controladores-chave, capazes de detectar pistas ambientais e conectá-las a cascatas de 
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farmacológica dos receptores RAR. E têm como hipótese que Mycobacterium tuberculosis 

ativa a via RAR/RARE do hospedeiro durante a infecção e promove a replicação intracelular.  
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ABSTRACT  

 

Retinoic acid (RA) is a fundamental vitamin A metabolite involved in regulating immune 

responses through the nuclear retinoic acid receptor (RAR) and retinoid x receptor (RXR).  

While performing experiments using THP-1 cells as a model for Mycobacterium tuberculosis 

(Mtb) infection, we observed that serum-supplemented cultures displayed high levels of 

baseline RAR activation in the presence of live, but not heat-killed bacteria, suggesting that 

Mtb robustly induces the endogenous RAR pathway. Using in vitro and in vivo models, we 

have further explored the role of endogenous RAR activity in Mtb infection through 

pharmacological inhibition of RAR receptors. We found that Mtb induces classical retinoic acid 

response element (RARE) genes such as CD38, DHRS3, and RARG in both THP-1 cells and 

human primary CD14+ monocytes via a RAR-dependent pathway. Mtb-stimulated RAR 

activation was observed with conditioned media, and required non-proteinaceous factor(s) 

present in fetal bovine serum. Importantly, RAR blockade by BMS493, a specific inverse pan-

RAR agonist, in a high-dose murine model of tuberculosis (TB) significantly increased 

CD64+CD11c+high alveolar macrophages in the lungs and marginally reduced mycobacterial 

burden. These results suggest that the endogenous RAR activation axis contributes to Mtb 

infection both in vitro and in vivo and suggest RAR receptors as a potential host therapeutic 

target in TB. 
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INTRODUCTION 

 

Tuberculosis (TB) is a major infectious disease caused by the bacillus Mycobacterium 

tuberculosis (Mtb), which spreads from person-to-person through the air by inhaling aerosol 

particles containing the bacteria (1). Mtb infects phagocytic cells such as monocytes and 

macrophages, which are crucial elements during the immune response against intracellular 

pathogens (2–4). Although macrophages internalize Mtb and launch a repertoire of 

mycobactericidal responses, Mtb possesses several immune evasion strategies (5, 6).  One such 

strategy is the ability of Mtb to directly regulate host cell signaling pathways during infection, 

enabling the bacterium to modulate cellular responses at the transcriptional level (5, 7, 8).  

Nuclear receptors (NRs) are a superfamily of transcription factors comprising 48 

receptors in the genome of humans and 49 in that of rodents (9, 10). NRs are involved in the 

regulation of important processes such as homeostasis, metabolism, and transcriptional 

regulation (9, 11, 12). One such NR, the retinoic acid receptor (RAR), is activated by retinoic 

acid (RA) to regulate gene expression (13–15). Three RAR isoforms have been identified - α, 

β, and γ - which upon RA signaling heterodimerize with retinoid x receptors (RXR) and then 

bind to retinoic acid response elements (RAREs) motifs present in the cell genome (15). The 

binding of these RAR/RXR complexes to RAREs then induces or suppresses gene expression 

(16, 17). The agonist RA, derived from vitamin A (retinol), is an essential micronutrient for 

both vertebrates and invertebrates; however, it is not found naturally in its active form. The 

biosynthesis of active RA requires two enzymatic steps. First, retinol is converted to 

retinaldehyde by retinol dehydrogenases (DHR/RDH), and then retinaldehyde is converted to 

RA by aldehyde dehydrogenase enzymes. Once RA is formed, it can either enter the nucleus to 

regulate RAREs-controlled genes, or it can be degraded by Cyp26 enzymes. The RA pathway 

is highly conserved in mammals and plays an important role in embryogenesis and homeostasis 

(18).  

Bioinformatics and molecular biology studies demonstrate that Mtb-infected 

macrophages display significant enrichment for transcription factors including NRs (19, 20), 

suggesting bacterial infection could regulate NR downstream pathways. However, the role of 

NRs in Mtb infection is not completely understood. Macrophages express all the enzymes and 

components of the RAR pathway, which could be targeted by intracellular pathogens to regulate 

immunity (21, 22). Several studies have investigated the effects of exogenous vitamin A 

supplementation in human TB and murine models of TB (23–25). For instance, while 

supraphysiologic doses of vitamin A and RA appear to influence Mtb growth in vitro (26–32), 
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it remains unclear whether the endogenous vitamin A/RAR axis plays a role during Mtb 

infection. Interestingly, it has been observed that Mtb express ALDH enzymes (33), raising the 

possibility that Mtb could metabolize vitamin A and regulate immunity during infection. 

While performing experiments using different sources of human monocytes as an in 

vitro model to study Mtb infection, we observed that serum-supplemented cell cultures 

displayed high levels of baseline RAR activation. Thus, in the present study, we assessed 

whether the Mtb infection engages the endogenous vitamin A pathway and regulates myeloid 

responses. Pharmacological blockade of the RAR pathway in vitro using human cells and in 

vivo using a murine TB model revealed a role for endogenous activation of the RAR axis during 

Mtb infection. Our results suggest that Mtb activates the endogenous RAR pathway to escape 

myeloid-mediated mycobacterial control.   

 

 

MATERIALS AND METHODS 

 

Ethics Statement 

 

All animal-related protocols were approved by the University of Pittsburgh’s 

Institutional Animal Care and Use Committee (IACUC). The IACUC approval number for this 

project is 21069517. All experiments using blood samples obtained from healthy volunteer 

donors were approved by institutional review boards of Universidade Federal de Santa Catarina 

and The University Hospital Prof. Polydoro Ernani de São Thiago (IRB# 

89894417.8.0000.0121). Informed consent was obtained from all subjects.  

 

Reagents 

 

BMS493(4-[(E)-2-[5,5-dimethyl-8-(2-phenylethynyl)-6H-naphthalen-2-

yl]ethenyl]benzoic acid)  was purchased from Tocris Biosciences (Ellisville, MO). DEAB (4-

Diethylaminobenzaldehyde) and retinol were from Sigma-Aldrich (St. Louis, MO). Retinoic 

acid was purchased from Cayman Chemical Company (Ann Arbor, MI). Proteinase K was from 

Ludwig Biotec (Ludwig Biotecnologia, Alvorada - RS, Brazil).  

  

 

 



37 

Mice, infection, and treatment 

 

Female C57BL/6J mice, aged 6-8 weeks, were purchased from Jackson Laboratories 

(Bar Harbor, ME) and housed in an AAALAC-approved facility at the University of Pittsburgh 

under specific pathogen-free conditions. M. tuberculosis, Erdman strain (kindly provided by 

Dr. J.L. Flynn, University of Pittsburgh) was used for infection. Bacteria were prepared as 

described previously (34). For infection, mycobacteria were suspended in PBS containing 

0.05% Tween 80, and clumps were dissociated by brief sonication using a cup-horn sonicator. 

A total of ~600 CFU were delivered via aerosol in a nose-only inhalation system (In-Tox 

Products, Moriarty, NM). The infectious dose was confirmed by harvesting and homogenizing 

lungs of two animals one day post-infection. Mtb colonies were quantified by plating serial 

dilutions of tissue homogenates onto Middlebrook 7H11 (BD Biosciences, USA) agar enriched 

with 10% OADC (BD Biosciences) and 0.5% glycerol. Beginning one day before infection, 

mice were treated with 5 mg/kg of BMS493 (Tocris Bioscience) diluted in sterile PBS (PBS; 

Lonza BioWhittaker) three times a week for the entire study, up to 28 days post-infections. 

Treatment started one day before infection. Control mice were infected with Mtb identically 

and injected with sterile PBS on the same schedule. Both the BMS493 and PBS injections were 

given intraperitoneal. 

  

Bacteria 

 

M. tuberculosis H37Rv, M. bovis (BCG), and M. smegmatis were maintained in 

biosafety containment facilities at UFSC as described elsewhere (35). Briefly, Mtb was cultured 

in Löwenstein-Jensen medium (Laborclin) and incubated for 21 days at 37°C. Prior to use, 

bacterial suspensions were prepared by disruption in PBS (Lonza) using sterile glass beads. 

Bacteria concentration was determined using 1 McFarland scale equivalent to 3x108 

bacteria/mL and subsequently plated onto 7H10 Middlebrook agar for confirmation.  E. coli 

(ATCC25922) was grown in Luria-Bertani medium for 24 h. Bacteria concentration was 

determined as described above. 

  

Cells and Mtb infections 

 

PBMC from healthy donors were obtained from whole blood using Ficoll-Paque (GE 

Healthcare) in accordance with the manufacturer's instructions, and as previously described (7). 
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The THP-1 (ATCC® TIB-202TM) cell line was grown at 37°C with 5% CO2 in RPMI-1640 

supplemented with 2 mM L-glutamine, 1 mM pyruvate, 1.2 mM HEPES, 10% heat-inactivated 

FBS (Gibco) and 1 U/ml penicillin/streptomycin. For serum-free experiments, THP-1 cells 

were grown in RPMI-1640 supplemented with 1% BSA, 2 mM L-glutamine, 1 mM pyruvate, 

1.2 mM HEPES, and 1 U/ml penicillin/streptomycin. Cells were tested for Mycoplasma 

contamination before experiments. For in vitro infections, bacteria at 1 McFarland scale were 

diluted in media to obtain the desired MOI. To confirm the initial bacterial input, the inoculum 

was plated on Middlebrook 7H10 agar (BD Biosciences) supplemented with 10% OADC and 

incubated at 37ºC. In some experiments, Mtb H37Rv was heat-killed (HK) at 100ºC for 30 

minutes. At different time points post-infection, cells were harvested and centrifuged at 400 xg 

for 10 min at 20ºC. Supernatants were collected and stored at -20ºC. Cells were washed once 

in PBS and lysed using 0.05% Tween 80 (Vetec) in sterile saline. Cell lysates were serially 

diluted, plated onto Middlebrook 7H10 agar supplemented with 10% OADC and 0.5% glycerol, 

and incubated at 37ºC for 28 days. CFU were enumerated and the results were plotted as 

CFU/mL. 

  

Production of bacterial-conditioned medium (CM) 

 

 A suspension of Mtb was prepared at 3x108 CFU/mL as described above. This 

suspension was added to RPMI medium supplemented with 20% FBS without antibiotics for 

24 hours at 37ºC. The culture then was centrifuged at 12,850 xg for 10 minutes at 20ºC. The 

resulting CM was collected, transferred to a new sterile tube, filtered-sterilized using a 0.22 µm 

filter, and stored at -80ºC until use. The effectiveness of filtration was confirmed by plating the 

CM onto 7H10 Middlebrook agar, incubating at 37º C for 21 days, and finding no culturable 

bacilli. CM from Mtb-HK, M-bovis BCG, M. smegmatis, and E. coli were prepared similarly. 

Control CM, to which bacterial suspensions were not added, were also prepared side-by-side in 

all experiments. 

 

CM Proteinase K treatment 

 

CM-Mtb, CM-Mtb-HK, and control CM were treated with 50 µg/mL proteinase K for 

3 hours at 37º C. The enzyme was inactivated at 95º C for 10 minutes. To confirm protein 

digestion, proteinase K-treated CMs were run on SDS-PAGE gels (10%) and stained with 
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Coomassie blue. The efficiency of protein digestion was evaluated by monitoring the density 

of the band corresponding to BSA protein. 

 

Flow cytometry 

 

In vivo studies: After euthanasia with CO2, lungs, and spleens were sterily harvested. 

Single-cell suspensions were prepared from the lungs by passing them through 40 μm cell 

strainers. Red blood cells were lysed using RBC lysis buffer (eBioscience™) and the viable 

cells were then enumerated by trypan blue staining. Cells were stained with Zombie Aqua dye 

(BV510) (Biolegend) at 1:1000 for 15 minutes at room temperature protected from the light. 

Non-specific antibody binding was blocked by TruStain FcX™ CD16/CD32 (Clone 93, 

Biolegend). The cells were stained with different antibody panels containing the following 

antibodies: Anti-CD45-APC-Cy7 (Clone 30-F11, Biolegend), Anti-CD3-BV421 (Clone 17A2, 

Biolegend), Anti-CD4-PE-Cy7 (Clone RM4-5, Biolegend), Anti-CD8-BUV395 (Clone RPA-

T8 (BD Biosciences), Anti-CD11c-PerCP (Clone N418, Biolegend), Anti-CD64-FITC (Clone: 

X54-5/7.1, Biolegend), Anti-CD11b-BV605 (Clone M1/70, Biolegend), Anti-CD38-AF647 

(Clone 90, Biolegend), Anti-CD68-PE (Clone FA-11, Biolegend), for 30 minutes at 4ºC, fixed 

for 20 minutes with 1% paraformaldehyde, and washed with FACS buffer. Data were acquired 

with a LSRII flow cytometer (Becton Dickinson) in the Unified Flow Core at the University of 

Pittsburgh Department of Immunology. FCS files were analyzed using FlowJo software 

(version 10.1). Gating strategy for lung is shown in Supplemental Fig. 2B.  

In vitro studies: PBMCs or THP-1 cells were stained with Zombie NIR fixable viability 

dye (Biolegend) 15 minutes at room temperature protected from the light. Non-specific 

antibody binding was blocked by AB serum. The cells were stained with antibody panels 

containing the following antibodies: Anti-CD14-AF488 (Clone M5E2, Biolegend), Anti-

CD38-APC (Clone HIT2, BD Biosciences), Anti-CD36-FITC (Clone TR9, Immunotools), 

Anti-CD46-FITC (Clone MEM-258, Immunotools), Anti-CD3-PE (Clone UCHT1, 

Biolegend), Anti-HLA-DR-PE-Cy7 (Clone L243, Biolegend), Anti-CD56-FITC (Clone 

NCAM16.2, BD Biosciences), Anti-CD11c-PE (Clone 3.9, Biolegend), Anti-CD19-FITC 

(Clone 4G7, BD Biosciences), for 30 minutes at 4ºC, fixed for 20 minutes with 1% 

paraformaldehyde, and washed with FACS buffer. Data were acquired with a BD FACSVerse 

flow cytometer (Becton Dickinson) in the Laboratory of immunobiology at the University 

Federal of Santa Catarina Department of Microbiology, Immunology and Parasitology. 
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Real-time quantitative PCR 

 

THP-1 cell line: Total RNA was extracted from THP-1 cells exposed or not with Mtb. 

RNA was extracted using TRIzol reagent (Thermo) according to the manufacturer's 

instructions. Using 1 µg of RNA, cDNA was produced with a High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems) and 2 µL of 1:8 diluted product was used to the 

quantitative PCR reaction in a final volume of 10 µL using GoTaq® qPCR Master Mix 

(Promega). Real time PCR was performed on ABI Prism 7900 sequence detection system 

(Applied Biosystems). The following primers were used: DHRS3_Fwd 5’CCCCTCCAC 

CTCTTTTACCG3´, DHRS3_Rev 5´GTGTTGGGACTTGAGGAGGG3´, ALDH1A1_Fwd 

5´ATGGCATGATTCAGTGAGTG3´, ALDH1A1_Rev 5´ACATCCTCCTTATCTCCTTC3´ 

RARG_Fwd 5´CTGTTTCGCCGGACTTGAATC3´, RARG_Rev: 

5´GCTCTGTGTCTCCACCGATTG3´ 

Mouse: Total RNA was isolated from lungs 4 weeks post infection and real-time PCR 

was performed on QuantStudio 6 flex (Applied Biosystem). RNA was extracted using TRIzol 

reagent (Thermo) according to the manufacturer's instructions. Using 1 µg of RNA, cDNA 

was produced with ZymoScript RT Pre-Mix (2X) (Zymo Research) and 2 µL of 1:8 diluted 

product was used to the quantitative PCR reaction in a final volume of 10 µL using GoTaq® 

qPCR Master Mix (Promega). The relative level of gene expression was determined by the 

comparative Ct method, whereby data for each sample were normalized to GAPDH and 

expressed as a ratio saline/BMS493. The following primers were used:  

GAPDH_Fwd 5´ACATGGCCTCCAAGGAGTAAGAA3´, GAPDH_Rev 

5´GGGATAGGGCCTCTCTTGCT3´, CD38_Fwd 

5´GGTCCAAGTGATGCTCAATGGG3´,CD38_Rev 

5´AGCTCCTTCGATGTCGTGCATC3, CYP26B1_Fwd 

5´TGAGAGCAGCAAGGAACATGGC3´, CYP26B1_REV 

5´TCAAGGATGTGCTTGCACTGGC3´, STRA6_Fwd 

5´CCTGACAGGAACAGCCACTTAC3´, STRA6_Rev 

5´TGCCTGTCTTCAGAGAGCACGA3´, TNFa_Fwd5´ACTGAACTTCGGGGTGATCG3´, 

TNFa_Rev 5´TGATCTGAGTGTGAGGGTCTGG3´, IL4_Fwd 

5’ATGGATGTGCCAAACGTCCT3´, IL4_Rev 5´AAGCACCTTGGAAGCCCTAC3´, 

CSF2_Fwd 5´CCAGCTCTGAATCCAGCTTCTC3´, CSF2_Rev 

5´TCTCTCGTTTGTCTTCCGCTGT3´, CXCR2_Fwd 

5´GGTGGGGAGTTCGTGTAGAA3´, CXCR2_Rev 5´CGAGGTGCTAGGATTTGAGC3´, 
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CCL2_Fwd 5´ACTGAAGCCAGCTCTCTCTTCCTC3’, CCL2_Rev 

5´TTCCTTCTTGGGGTCAGCACAGAC3´, IL12p40_Fwd 

5´CTCACATCTGCTGCTCCACAAG3´, IL12p40_Rev 

5´AATTTGGTGCTTCACACTTCAGG-´,  NOS2_Fwd 

5´TGCATGGACCAGTATAAGGCAAGC3´, NOS2_Rev 

5´GCTTCTGGTCGATGTCATGAGCAA3, ARG1_Fwd 

5´AGGGTCTACGTCTCGCAAGCCA3´, ARG1_Rev 

5´AACGGCAGCATGGTATGGAGTG3´, IL13_Fwd 

5’AACGGCAGCATGGTATGGAGTG3´, IL13_Rev 

5´TGGGTCCTGTAGATGGCATTGC3´ 

 

Statistical analyses 

 

Statistical analyses were performed using 2-tailed t-test for comparing two variables or 

one-way analysis of variance (ANOVA) with Tukey multiple corrections tests for comparing 

three or more variables. Statistical significance was defined as P<0.05. Graphs are presented as 

mean ±standard error of mean (S.E.M) or as standard deviation (S.D), as noted. Statistical 

analyses were performed using Prism software (GraphPad V9, La Jolla, CA). 

 

RESULTS 

 

An in vitro system to study endogenous RAR activities using THP-1 cells 

 

Fetal bovine serum (FBS) is the most frequently used nutritional supplement for cell 

culture (36). Although FBS provides optimal conditions for cell growth, it contains retinoids 

which may mask or modulate the effect of a test condition (37). We first investigated whether 

FBS activates RAR signaling responses in THP-1 cells. Cells were grown in either serum-free 

(1% BSA) or inactivated serum-containing (10% FBS) medium. Expression of CD38, a 

canonical RARE gene, was measured on live cells by flow cytometry as an indicator of RAR 

activation (38) (Fig. 1A) (see Supplemental Fig. 1A for gating strategy). Roughly 90% of live 

cells expressed high levels of surface CD38 in the presence of FBS as measured by mean 

fluorescence intensity (MFI) (Fig. 1B-D). In contrast, in BSA cultures, we observed lower 

baseline frequency of CD38+ cells and CD38 expression (Fig. 1B-D). To confirm this reduced 

expression was due to lack of FBS factors in BSA-cultured cells, the ability of FBS to restore 
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CD38 expression was determined. We added increasing concentrations of FBS to THP-1 cells 

growing in 1% BSA and found that FBS increased CD38 expression in a dose-dependent 

manner, by ~2-3 fold over untreated cells (Fig. 1E), suggesting that FBS in cell culture could 

affect the baseline levels of RARE gene expression. In contrast, FBS did not stimulated the cell 

surface expression of CD46, an unrelated non-RARE gene (Supplemental Fig. 1B). 

Supplementation with retinol (ROL) also dose-dependently rescued CD38 expression in serum-

deprived cells (Fig. 1F), indicating that cells grown in BSA can metabolize retinol to bioactive 

retinoic acid (RA) (see scheme in Fig. 1G). Accordingly, cells stimulated with ROL in the 

presence of N,N-diethylamoninobenzaldehyde (DEAB), a selective ALDH inhibitor (39), 

displayed lower CD38 expression when compared to untreated cells (Supplemental Fig. 1C). 

As a proof of concept, serum-deprived cells treated with increasing concentrations of RA 

showed a robust enhancement of CD38, but not CD46 expression (Fig. 1H and Supplemental 

Fig. 1D). As expected, CD38 expression was abrogated when RA-treated cells were cultured in 

the presence of BMS493, a specific RAR inverse pan-agonist (40) (Fig. 1H). Additionally, 

BMS493 treatment significantly reduced the levels of ROL-induced CD38 expression 

(Supplemental Fig. 1C). Together, these data confirm that THP-1 cells contain the major 

Vitamin A/retinoid metabolism pathways sequentially involved in RARE gene transcription, 

which are: Vitamin A > retinol> retinoic acid> RAR activation> RARE expression. Next, we 

investigated the autocrine effects of FBS on the activation of RAR receptors. THP-1 cells were 

grown in 10% FBS media in the presence or absence of BMS493. As expected, THP-1 cells 

cultured in the presence of BMS493 displayed low frequency of CD38+ cells and decreased 

level of surface CD38 expression when compared with untreated cells (Fig. 1I and J). Taken 

together, these results suggest that THP-1 cells cultured in FBS maintain RAR-dependent 

activities such as regulating RARE expression and activating endogenous RAR-dependent 

responses. Additionally, these data suggest that studies of retinoid metabolism in 

monocytes/macrophages may consider the potential effect of the FBS used as a culture media 

supplement. 

 

Mtb activates host RAR/RAREs during infection of human monocytes in vitro 

 

To address whether the endogenous RAR pathway is triggered by Mtb infection, we 

treated 1% autologous serum PBMC cultures with BMS493 and measured CD38 expression. 

We observed that Mtb infection led to increased CD38 expression by human CD14+ 

monocytes, but not in CD3+ T cells, CD19+ B cells, CD56+ NK cells or HLA-DR+CD11c+ 
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DCs (Fig. 2A-E and Supplemental Fig. 1E). Strikingly, increased CD38 expression was 

prevented by BMS493, suggesting that Mtb-induced CD38 expression by human CD14+ 

monocytes is mediated by RAR receptors (Fig. 2A). Similarly, Mtb induced CD38 in a host 

RAR-dependent manner in THP-1 cells (Fig. 2F). Mtb infection also increased the expression 

of several canonical RARE genes such as DHRS3, ALDH1A1, and RARG (Fig. 2G-I), which 

are all genes involved in vitamin A metabolism (41). This effect was also dependent on host 

RAR receptors (Fig. 2G-I). Taken together, our findings indicate that the host endogenous RAR 

pathway is activated by Mtb in vitro in both human monocytes and THP-1 cells. Therefore, we 

next used THP-1 cells to gain insights on the interaction between Mtb and host RAR receptors. 

 

Soluble factor(s) in conditioned medium from Mtb cultures activate host RAR signaling 

in vitro 

 

We reasoned that during the infection process, Mtb must be exposed to extracellular 

serum components. Also, since serum such as FBS is a source of retinoids (42) and is commonly 

used in infection experiments, we investigated the combinatorial effects of Mtb and FBS on 

host RAR activation. To do so, Mtb bacilli were cultured in RPMI supplemented with 20% FBS 

for 24 hours (Conditioned medium - CM). As a control, RPMI containing 20% FBS without 

bacteria was prepared in parallel. CM was then used to stimulate serum-free THP-1 cells (Fig. 

3A) and CD38 expression was measured by flow cytometry.  First, we evaluated the kinetics 

of CD38 expression on cells exposed to CM and RA. RA (10 nM) was used as a control for 

RAR activation and the fold-increase in CD38 expression over unstimulated cells was 

calculated. As expected, RA treatment resulted in a 10-fold increase in CD38 expression, 

peaking at 48h (Fig. 3B). Surprisingly, CM from Mtb cultures (CM-Mtb) induced a robust ~5-

fold-increase in CD38 expression (Fig. 3B) while control CM induced a ~2-fold increase of 

CD38 expression that did not increase further over time (Fig. 3B). We hypothesized that FBS 

factor(s) metabolized by Mtb enhanced CD38 expression via RAR receptors. Indeed, CM-Mtb-

induced CD38 expression was abrogated in the presence of BMS493 (Fig. 3C).  Importantly, 

this effect was dependent on a heat sensitive function of Mtb as CM obtained from heat-killed 

bacteria experiments did not induce CD38 expression (Fig. 3C). Additionally, FBS was 

required for CD38-induced expression by CM-Mtb (Supplemental Fig. 1F). While similar 

findings were observed for CM from a different Mtb complex strain M. bovis, CM from other 

mycobacteria (M. smegmatis) or Gram-negative bacteria (E. coli) did not stimulate CD38 
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expression by THP1 monocytes (Fig. 3D) suggesting this effect is specifically related to Mtb 

complex species. 

To assess the contribution of host ALDH for the CD38 expression induced by CM-Mtb, 

we stimulated cells with CM-Mtb in the presence or absence of DEAB. Surprisingly, our results 

demonstrate that host ALDHs are not involved in CD38-induced expression by Mtb-CM (Fig. 

3E), suggesting that, during interaction with FBS, Mtb produce direct RAR/RXR modulator(s). 

This modulator does not seem to be proteinaceous, since proteinase K-treated CM-Mtb 

(Supplemental Fig. 1G) triggers high levels of RAR-dependent CD38 expression by THP1 cells 

(Fig. 3F). Taken together, these results indicate that yet-to-be-identified soluble non-

proteinaceous metabolites(s) produced by Mtb complex species activate the RAR/CD38 axis in 

THP-1 monocytes.  

 

BMS493 treatment of infected mice altered immune cell subsets in the lungs 

 

To investigate the endogenous RA/RAR pathway during Mtb infection in vivo, 

C57BL/6 mice were aerogenically infected with a high dose of Mtb Erdman and were treated 

either with BMS493 (5mg/kg) injected intraperitoneal (IP) 3 times per week, starting 1 day 

prior to infection. Control mice were identically infected with Mtb and received IP saline on 

the same schedule (Fig. 4A). Lungs were harvested 28 days post-infection, and cell subsets 

were analyzed by flow cytometry using an antibody panel targeting both myeloid and lymphoid 

cells to provide a high-dimensional immunophenotypes. 58.000 random events gated on 

singlets, and live CD45+ cells were analyzed with t-stochastic neighbor embedding (t-SNE) to 

create a 2-dimensional map and subjected these cells to Flow Self-organizing MAP (FlowSOM) 

to define cell clusters (43). Based on the expression of 8 proteins, we identified 8 clusters 

present in lungs from both Saline- and BMS493-treated mice infected with Mtb (Fig. 4B). We 

compared the distribution of cellular compartments between the Saline- and BMS493-treated 

groups. Clusters 1 and 4 were significantly larger in the lungs from BMS493-treated mice (Fig. 

4B, right), although both groups had similar frequencies of CD45+ leukocytes in the lungs 

(Supplemental Fig. 2A). Surface marker staining intensity on t-SNE dimension-reduced space 

revealed territories harboring myeloid and lymphocytic cells (Fig. 4C). The lymphocyte marker 

CD3 was primarily expressed by clusters 3 and 6, while CD4 was expressed by cluster 6, and 

CD8 by cluster 3. Myeloid markers such as CD11b were expressed by clusters 1, 3, and 7. The 

macrophage markers CD64 and CD68 were mostly expressed by clusters 1,4 and 7, while 

CD11c was detected in clusters 1 and 7. CD38, a RA-regulated gene, was most highly expressed 
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by cluster 2, although it was expressed to varying degrees by all clusters (Fig. 4 C). Taken 

together, these data suggest that BMS493 treatment in vivo enhanced macrophage populations 

in the lungs of Mtb-infected mice. 

 

BMS493 treatment expands CD64+CD11chigh alveolar macrophages in lungs during 

Mtb infection and influences bacterial growth. 

  

Two distinct macrophage populations are present in lungs: alveolar macrophages (AMs) 

and interstitial macrophages (IMs) (44, 45). AMs express high levels of CD11c and CD68 while 

IMs express lower levels of CD11c and CD68 (46, 47). Murine tissue-resident macrophages 

also constitutively express CD64 (48). Because CD64 and CD68 were expressed by clusters 1 

and 4 (Fig. 4), we investigated further the impact of BMS493 treatment on lung macrophages 

(Fig. 5A). We found that cluster 1 expressed not only high levels of CD64 but also higher levels 

of CD68 and CD11c, suggesting that cluster 1 is composed of AMs (Fig. 5A). In addition, 

cluster 1 was larger in BMS493-treated mice compared to saline-treated controls (Fig. 5A). 

Cluster 4 expressed moderate levels of CD64, CD68, and CD11c, suggesting that this 

population represents IMs (Fig. 5A). Using these data to guide manual validation, parallel 

analyses were done on viable cells using traditional biaxial gating (see Supplemental Fig. 2B 

for gating strategy). Based on the expression of CD64 and CD11c, we clearly identified two 

populations of macrophages in Mtb-infected mice, consisting of AMs and IMs (Fig. 5B). To 

further confirm these assigned identities, we analyzed CD68 expression on both populations 

and we found that CD68 was highly expressed by the putative AMs and was present at lower 

levels on the putative IMs, in agreement with previous reports (46, 47) (Supplemental Fig. 2C). 

BMS493 did not alter the population of IMs (Fig. 5C). Consistent with the t-SNE data (Fig. 

5D), BMS493 treatment was associated with a significant increase in AMs total cell counts over 

saline-treated controls (Fig. 5D and E). In contrast, analysis of lymphocyte subsets revealed 

that BMS493 did not affect CD3+, CD4+, or CD8+ T cells (Supplemental Fig. 2D-F).  

To confirm that the in vivo BMS493 treatment did indeed inhibit RAR, we used flow 

cytometry expression to evaluate the effect of the drug on the RA-regulated molecule CD38. 

We found that CD38 was predominantly expressed by AMs from lungs of Mtb-infected mice, 

with low levels of expression on IMs. Notably, CD38 expression was significantly reduced on 

AMs from BMS493-treated animals (Fig. 5F). Together, these results suggest that BMS493 

treatment of Mtb-infected mice inhibits the expression of RAR-regulated genes. Furthermore, 

these effects appear to be cell-specific, affecting mostly the AMs compartment in the lungs. In 
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addition, we have not observed differences in mRNA expression of RA-regulated genes such 

as CD38, CYP26B1 and STRA6 from total lungs between saline and BMS493-treated mice, 

supporting the hypothesis that the effects of BMS493 in the lungs are cell-specific 

(Supplemental Fig. 2G-I). 

We also investigated whether the RAR pathway influences intracellular bacterial 

replication in both our in vitro and in vivo models. THP-1 cells were treated with BMS493, 

infected with Mtb at different multiplicities of infection, and bacterial burden was determined 

at different time points. While BMS493 did appear to have some effect on controlling Mtb 

replication in this cell line, it was marginal (Fig. 5G-I). We then evaluated the effects of 

BMS493 in our high dose infection model. We determined the bacterial burden in the lungs and 

spleen 28 days after infection and again found a marginal effect of BMS493 on bacterial growth 

(Fig. 5J and K). Collectively, these results suggest that the endogenous RA/RAR pathway i.) is 

activated during Mtb infection, ii.) regulates the immune cell composition in Mtb-infected mice, 

expanding the population of AMs, and iii.) may influence control of intracellular Mtb 

replication in a high dose model of infection. 

 

DISCUSSION 

 

Some, but not all studies suggest that exogenous vitamin A can control Mtb replication 

in vitro and in vivo (26–32, 49–53). Most of these reports focused on the potential therapeutic 

benefits of Vitamin A in TB and employed supraphysiologic concentrations of vitamin in vitro 

killing assays. However, these studies have not directly addressed whether endogenous Vitamin 

A and its metabolites play a role during establishment of Mtb infection. To gain insights into 

Mtb and host RAR, a major receptor for vitamin A-induced effects, we employed in vitro and 

in vivo models to investigate whether the RA/RAR axis regulates mycobacterial infection. In 

the present study, we show that Mtb endogenously activates the RAR pathway to modulate 

myeloid programs and Mtb growth.  

We developed an in vitro system to study endogenous RAR activity using THP-1 cells. 

We found that THP-1 cells cultured in the presence of FBS expressed higher levels of CD38 

than cells cultured with BSA, which can be explained by the presence of retinoid precursors in 

FBS (42, 54, 55). To support this concept, FBS-cultured THP-1 cells presented decreased CD38 

expression by 30-50% when exposed to either DEAB (ALDH inhibitor) or BMS493 (RAR 

inhibitor) (Supplemental Fig. 2J). Thus, studies of retinoid metabolism in macrophages should 
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consider the effect of FBS used as a culture supplement because it may mask the signal of 

endogenously produced retinoids. Indeed, serum-free protocols have proven to be a useful 

approach in metabolic and molecular biology research (56). For instance, the mechanism of 

insulin action in skeletal muscle cells was only revealed under serum-free protocols (57).  

RA signaling is mediated through RAR and RXR receptors and regulates gene 

transcription by recruiting coactivators proteins (58). RAR signaling can be inhibited by 

BMS493, a pan inverse RAR agonist that allosterically binds to all three RAR isoforms and 

strongly enhances the interaction between RAR ligand-binding domain with nuclear 

corepressor, decreasing the basal transcriptional activity of RAR (59). It has been reported this 

inhibitor is safe and specifically inhibits RAR in vivo (40, 60). Our results demonstrate that the 

host RAR pathway is activated by Mtb in human CD14+ monocytes from PBMC as well as in 

the THP-1 monocytic cell line. RAR activation was analyzed during Mtb infection by 

measuring the expression of genes regulated by RA, such as CD38, DHRS3, ALDH1A1, and 

RARG. All these genes were robustly increased at the transcriptional and protein levels during 

Mtb infection. BMS493 prevented this increase, supporting the hypothesis that Mtb infection 

activates the host endogenous RAR pathway via an yet-to-be-identified molecule(s). These 

findings agree with a study by Bouttier et al. which demonstrated that RAR receptor binding 

motifs were enriched during Mtb infection in macrophages (19).  

Our studies proved several lines of evidence suggesting that Mtb/FBS interactions 

regulate RAR pathway in monocytes. For instance, conditioned medium experiments indicate 

that RAR-induced effects in monocytes require live Mtb or M. bovis activity, suggesting that 

these bacteria metabolize serum component(s) to regulate host responses at the transcription 

level. This mechanism is proposed in Fig. 6A. In addition, the chemical nature of the yet-to-be-

defined RAR inducer does not appear to be proteinaceous, as suggested by proteinase K 

experiments. Mass spectrometry coupled with functional CD38 expression screening 

experiments could be employed to resolve this matter. So far, all-trans RA has been identified 

as an exclusive ligand of the three RAR subtypes (ɑ, β, 𝛾), while 9-cis RA can bind to RARs 

or RXRs (61–63), suggesting that RA or RA-like molecule could be the product released by 

mycobacteria. While ALDH enzymes are key elements in vitamin A metabolism (18), we 

provide evidence that activation of RAR/CD38 by CM-Mtb is not dependent on host ALDHs 

suggesting “Mtb/FBS metabolite” directly act on RAR. Nevertheless, it has been shown that 

bacterial ALDHs can convert either retinol or retinaldehyde to RA, both in vitro and in vivo 

(64, 65). In addition, segmented filamentous bacteria (SFB) and Bifidobacterium bifidum are a 

direct source of RA and regulate RAR response in intestinal cells to enhance pathogen host 
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defense in mice (65). Whether Mtb ALDH and/other enzymes participate in the production of 

RA during infection and activate host RAR merits further exploration.  

Interestingly, activation of different families of nuclear receptors such as PPAR-γ and 

TR4 have been implicated in susceptibility of Mtb growth by human monocytes (5). On the 

other hand, knockdown of the nuclear receptors VDR and LXRα resulted in higher bacterial 

numbers, suggesting that when activated, VDR and LXRα potentiate infection control (5). 

Collectively, nuclear receptors may be an important molecular hub in regulating Mtb infection. 

Data from our mouse model of high-dose Mtb infection showed a trend towards lower 

bacterial burden in the lungs of the BMS493-treated animals. This response was associated with 

increased frequencies and numbers of CD64+CD11chigh AMs in lungs during Mtb infection, 

with little difference in the IMs population. This suggests that the effects of BMS493 may be 

cell-specific, and that AMs play a predominant role in RAR-mediated effects during Mtb 

infection. By using a genetic model of vitamin A deficiency (VAD), LRAT -/- mice, that are 

unable to synthesize and store retinil esters, Trasino et al. (66) demonstrated higher expression 

of macrophage marker F4/80 in the lungs of LRAT -/- infected mice compared to infected wild-

type mice supplemented with vitamin A. In that model (66), reduced expression of RARE genes 

in the lungs were also observed and it could be explained by reduction of the local retinoid 

pools, which was associated with an increase in the expression of pro-inflammatory genes such 

as TNF and IL1β, and minimal differences in bacterial burden. While LRAT -/- VAD mice 

model impaired the systemic storage of retinoids worsening the disease outcome, our model 

demonstrated that BMS493 affected specifically RAR signaling in AMs population in the lungs, 

which could be a candidate for host-directed therapy. AMs are thought to be the first cell type 

to take up Mtb in the murine aerosol model of infection and they are an anti-inflammatory M2-

type population whose cellular environment is favorable for Mtb replication and dissemination 

(3, 67–70). However, the mechanism by which BMS493 induced AMs expansion in our in vivo 

model, and how this expansion correlates with marginally reduced bacteria loads, remains to 

be investigated. Repopulation of lung tissue-resident macrophages in the lung is dependent on 

local production of IL-4, IL-13, CSF-1, and GM-CSF (71, 72). Therefore, BMS493 may induce 

local expansion of AMs by increasing the production of these cytokines, pushing AMs towards 

a more pro-inflammatory state influencing Mtb replication. Analysis of the ratios in mRNA 

expression involved in inflammation, cell migration and expansion showed no differences 

between the groups (Supplemental Fig. 2K-R). Our data suggests that BMS493 effects should 

be investigated on isolated AMs. In fact, scRNA-seq analysis revealed two distinct pro-

inflammatory sub-populations of AMs associated with Mtb that up-regulate pro-inflammatory 
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genes and transcripts associated with glycolysis (73). Thus, macrophage heterogeneity goes 

beyond the paradigm that these cells exist in a non-programmed, neutral state until cytokine 

exposure determines their functional phenotype (i.e. M1 or M2) (74).  

In summary, to the best of our knowledge, this study is the first to show that endogenous 

host RAR receptors regulate Mtb infection both in vitro and in vivo. Pharmacological inhibition 

of the RAR receptors by BMS493 in vivo induces the expansion of the AMs population in the 

lungs, and is associated with a trend to better control of the infection, this mechanism is 

proposed in Fig. 6B. These data suggest that RAR receptors may be a therapeutic target to 

improve the outcome of pulmonary TB. Future studies testing anti-TB antibiotics + BMS493 

in Mtb infection models could be performed to address this hypothesis. 
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Figure 1: Menezes et al. 

 

Fig. 1: Increased baseline levels of RAR-mediated CD38 expression in fetal bovine serum-
supplemented THP-1 cell cultures. (A) Representative scheme showing the experimental approach used 
to investigate the effects of FBS on RAR activation. THP-1 cells were expanded in RPMI-1640 medium containing 
10% FBS. Cells were cultured in RPMI containing either 10% FBS or 1% BSA. By day 4, CD38 expression was 
evaluated by flow cytometry and (B) represents a typical histogram of CD38 MFI in cells grown either in 10%FBS 
or 1%BSA. (C) Violin plot shows the frequency of viable cells expressing CD38+. Data pooled from five 
independent experiments performed in triplicates. (D) Expression of CD38 (MFI) on viable cells. Data pooled 
from twelve experiments performed in triplicates. (E) CD38 expression (MFI) in serum-free THP-1 cells 
stimulated with 5, 10, and 20 % FBS for 48h. Results are means ± SEM of data pooled from one experiment 
performed in duplicates. (F) Bar graph shows CD38 expression (MFI) in serum-free THP-1 cells stimulated with 
64, 128, and 256 ng/mL for 48h. Results are means ± SEM of data pooled from one experiment performed in 
duplicates. (G) Metabolic pathway of Vitamin A for regulation of RARE gene expression. (H) CD38 expression 
(MFI) in serum-free THP-1 cells stimulated with retinoic acid 10, 100, or 1000 nM (final concentration) in the 
presence or absence of 3	𝜇M BMS493 for 48h. Results are means ±SEM of data pooled from one experiment 
performed in triplicates. (I-J) Frequency and MFI of CD38 on viable cells grown either FBS or BMS493 (3 uM) 
data from one experiment in triplicates. Results are means ± SEM. (E,F,G) One-way ANOVA followed by Tukey´s 
multiple comparisons, and (C-D, I-J) Unpaired Student´s t test were performed to determine significance. ns, not 
significant; * P<0.05, ** P<0.01, *** P<0.001. 
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Figure 2: Menezes et al. 

 

Fig. 2: Mtb activates endogenous RA/RAR pathway in primary human monocytes and 
THP-1 cells in vitro. PBMC from healthy donors were exposed to Mtb (H37Rv) at MOI 3. By 72h post-
infection, RAR activation was evaluated by measuring CD38 expression in CD14+ monocytes, CD3+ lymphocytes, 
CD19+ B cells, CD56+ NK cells, and HLA-DR+CD11c+ DCs by flow cytometry. (A) Violin plot shows CD38 
expression (MFI) on viable CD14+ cells exposed or not to Mtb (MOI 3) in the presence or absence of 3 𝜇M of 
BMS493. Results are means ±SEM of data pooled from three independent experiments (n=11 healthy donors). (B-

E) Violin plots show CD38 expression (MFI) on viable CD3+ lymphocytes, CD19+ B cells, CD56+ NK cells, and 
HLA-DR+CD11c+ DCs. Results are means ±SEM of data from one experiment (n=3 healthy donors). (F) Fold 
increase of CD38 MFI in THP-1 cells exposed to Mtb (MOI 3) in the presence or absence of 3 𝜇M of BMS493 
24h post-infection. Fold increase was calculated over uninfected controls. Results are means ±SEM of data from 
one experiment performed in triplicates. (G-I) Relative expression of vitamin A responsive genes, DHRS3, 
ALDH1A1, and RARG in THP-1 cells. Results are means ±SEM of data from one experiment performed in 
triplicates. One-way ANOVA followed by Tukey's multiple comparisons was performed to determine 
significance. ns, not significant; * P<0.05, ** P<0.01, *** P<0.001. 
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Figure 3: Menezes et al. 

 

Fig. 3: Conditioned medium (CM) from Mtb culture activates RAR-dependent CD38 
expression in THP-1 cells. (A) Representative scheme showing the experimental approach used to produce 
conditioned medium from Mtb cultures. (B) Panel shows CD38 expression of serum-free THP-1 cells exposed to 
RA (10 nM), CM-Mtb, and CM-control (CM-Ø, without bacteria). CD38 Fold increase was calculated over 
unstimulated cells. Results are means ±SEM of one experiment performed in triplicates. (C) CD38 MFI Fold 
increase in serum-free THP-1 cells stimulated with CM-control (CM-Ø), CM-Mtb, CM-Mtb heat-killed in the 
presence or absence of 3 𝜇M BMS493 for 48h. Results mean ± SEM of data pooled from two to three independent 
experiments performed in triplicates. (D) CD38 MFI Fold increase in serum-free THP-1 cells stimulated with CM-
control (CM-Ø), CM- M.bovis BCG, CM- M. smegmatis, and CM- E. coli in the presence or absence of 3	𝜇M 
BMS493 48h post-stimuli. Results are means ±SEM of data pooled from two independent experiments performed 
in triplicates (CM-Ø, CM-BCG, and CM-BCG + BMS493) and one experiment in triplicates (CM- M. smegmatis 
and CM- E. coli). (E) CD38 MFI Fold increase in serum-free THP-1 cells stimulated with CM-control, CM-Mtb 
in the presence or absence of 100 𝜇M DEAB (ALDH inhibitor) 48h post-stimuli. Data from one experiment 
performed in triplicate (F) CD38 MFI fold increase in serum-free THP-1 cells exposed to either CM-Mtb treated 
or proteinase-K in the presence or absence of 3 𝜇M BMS493 48h post-stimuli. Data from one experiment 
performed in triplicate. Results are means ± SEM. One-way ANOVA followed by Tukey´s multiple comparisons 
was performed to determine significance. ns, not significant; * P<0.05, ** P<0.01, *** P<0.001. 
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Figure 4: Menezes et al. 

 

Fig. 4:  Flow Self-Organizing Map (FlowSOM) analyses cellular content lungs from 
BMS493-treated Mtb-infected mice. (A) Timeline of BMS493-treated Mtb infected mice. (B) Results of 
FlowSOM projected on t-stochastic neighbor embedding (t-SNE) space. Flow cytometry analysis of cells 
recovered from the lungs of Mtb-infected mice at 28 dpi. Files were normalized with events gated on CD45+ total 
viable single cells from infected saline (n=3) and BMS493-treated mice (n=3). Samples were concatenated in 
58.000 random events and analyzed with the tSNE script in FlowJO to create a 2-dimensional map and clusters 
identified using FlowSOM projected on tSNE analysis. Pier charts demonstrate the distribution of cell clusters in 
the lungs of saline and BMS493 groups. (C) Relative staining intensity for indicated surface markers across t-SNE 
space. 
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Figure 5: Menezes et al. 

 

Fig. 5: Flow cytometry tSNE analysis identifies CD64+CD11c+highCD68+ Alveolar 
macrophages as the most significant leukocytes in the lungs of BMS493-treated infected 
mice. Results of FlowSOM projected on t-stochastic neighbor embedding (t-SNE) space show (A) the relative 
staining intensity for lung resident-macrophages markers CD64, CD68, and CD11C. (B) Biaxial gating strategy 
on populations 1 and 4 identified two macrophages based on the expression of CD64 and CD11c. Alveolar 
macrophages (AMs) was defined as CD64+CD11c+high, and Interstitial macrophages (IMs) as CD64+CD11clow. (C) 
Viable IMs (CD64+CD11c+low) cell numbers per lung. (D) Viable AMs (CD64+CD11c+high) cell numbers per lung. 
(E) Fold-increase of AMs calculated over saline group. (F) CD38 expression (MFI) in AMs and IMs from saline 
and BMS493-treated animals 28 dpi. (G-I) Mtb CFU in THP-1 cells treated with BMS493. Bacterial burden in (J) 
lungs and (K) spleen 14 and 28 dpi. Results are mean ± SE of measurements from 3 to 4 animals. An unpaired t-
test or one-way ANOVA was followed by Tukey's multiple comparisons were performed to determine 
significance. The p-value is shown. ns, not significant; * P<0.05, ** P<0.01, *** P<0.001. 
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Figure 6: Menezes et al. 

 
Fig. 6: Proposed model for endogenous RAR activation by Mtb. Endogenous RAR activation 
axis contributes to Mtb infection both in vitro and in vivo. (A) Live Mtb release soluble non-proteinaceous factor(s) 
present in serum to activate the RAR pathway in monocytes. Extracellular processes are sufficient to produce the 
RAR activator(s), but whether intracellular Mtb can induce serum-dependent RAR activation was not addressed 
in the present study. Inhibition of RARs by pan-inverse agonist BMS493 abrogates RAREs expression and affects 
Mtb intracellular replication. (B) BMS493 treatment in vivo expands alveolar macrophages and influences control 
of Mtb replication. 
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Supplemental figure 1: Menezes et al. 

 

Supplemental Fig. 1. (A) Representative gating strategy of THP-1. All THP-1 data were gated the same. (B) 
Serum-free THP-1 cells were exposed to FBS at different concentrations for 48 hours, and CD46 expression was 
measured by flow cytometry. Results are means ±SEM of data from one experiment performed in triplicates. (C) 
serum-free THP-1 cells were exposed to 4,4 𝜇M retinol in the presence or absence of 100 𝜇M DEAB or 3 𝜇M 
BMS493, and Fold increase of CD38 was measured by flow cytometry. Fold increase was calculated over 
unstimulated cells. Results are means ±SEM of data from one experiment performed in triplicates. ANOVA 
followed by Tukey's multiple comparisons was performed to determine significance. The p-value is shown. ns, 
not significant. (D) Serum-free THP-1 cells were exposed to retinol at different concentrations for 48 hours, and 
CD46 expression was measured by flow cytometry. Results are means ±SEM of data from one experiment 
performed in triplicates. (E) CD38 expression in primary CD14+ monocytes, T cells, B cells, NK cells and DCs. 
Representative histogram from one donor shows CD38 MFI on different cells types from human PBMC uninfected 
or exposed to Mtb (MOI 3) for 72 hours in the presence or absence of BMS493 (3 𝜇M). (F) Serum component(s) 
is required for the RAR-mediated CD38 expression induced by CM-Mtb. Mtb was incubated with RPMI with 10% 
FBS or 1% BSA for 24h as described in M&M. CM was exposed to serum-free THP-1 cells for 48 hours and 
CD38 MFI was measured by flow cytometry. Results are means ±SEM of data from one experiment performed in 
triplicates. Unpaired t-test was performed to determine significance. ns, not significant; * P<0.05, ** P<0.01, *** 
P<0.001. (G) Representative SDS-PAGE of untreated (NT) and proteinase-K treated (Prot. K) conditioned 
medium. Digestion efficiency was evaluated by the reduction of the BSA band.  
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Supplemental figure 2: Menezes et al. 

 

Supplemental Fig. 2. (A) BMS493 treatment does affect the number of CD45+ leukocytes in lungs from Mtb-
infected mice. Total viable CD45+ leukocytes in the lungs. Results are means ±SEM of data from one experiment 
(n=3-4 animals). Unpaired t-test was performed to determine significance. ns, not significant; * P<0.05, ** P<0.01, 
*** P<0.001. (B) Gate strategy used to validate AMs and IMs in the lungs manually. (C) CD68 expression in AMs 
and IMs population. and one-way ANOVA with multiple comparisons were performed to determine significance. 
ns, not significant; * P<0.05, ** P<0.01, *** P<0.001. (D-F) Lymphocytes total counts. Unpaired t-test was 
performed to determine significance. ns, not significant; * P<0.05, ** P<0.01, *** P<0.001. (G-I) mRNA 
expression of RA-regulated genes is unaltered in lungs from BMS493-treated Mtb-infected mice. Gene ratios 
(Saline/BMS493) from infected mouse lungs were determined by RT-qPCR 4 weeks post-infection. Saline (n=2), 
BMS493 (n=4). Unpaired t-test was performed to determine significance. ns, not significant; * P<0.05, ** P<0.01, 
*** P<0.001. (J) Baseline CD38 expression by FBS-cultured THP-1 cells is inhibited by DEAB or BMS493 
treatment. FBS-cultured THP-1 cells were exposed to DEAB (100 µM) or BMS493 (3 µM) for 48h in the presence 
of 10% FBS. One-way ANOVA with multiple comparisons was performed to determine significance. ns, not 
significant; * P<0.05, ** P<0.01, *** P<0.001. (K-R) mRNA expression of genes involved in cells inflammation, 
expansion, and migration are unaltered in lungs from BMS493-treated Mtb-infected mice. Gene ratios 
(Saline/BMS493) from infected mouse lungs were determined by RT-qPCR 4 weeks post-infection. Saline (n=2), 
BMS493 (n=4). Unpaired t-test was performed to determine significance. ns, not significant. 
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 Neste trabalho também demonstramos várias linhas de evidências que sugerem que a 

interação entre Mtb e FBS regula a via RAR em monócitos. Dados provenientes de 

experimentos com meios condicionados do Mtb e M. bovis revelaram que produtos liberados 

pela bactéria viva, mas não morta, induz de forma robusta a expressão do CD38 de maneira 

dependente de RAR, sugerindo que estas bactérias metabolizam componentes do soro para 

regular a resposta do hospedeiro a nível transcricional. Este mecanismo é proposto na Fig 6 A 

(manuscrito). Adicionalmente, esse efeito não foi mediado por ação de proteínas, como 

demonstrado pelos experimentos com proteinase K, apontando assim para a possibilidade de 

ser um fator solúvel. Sendo assim, experimentos envolvendo espectrometria de massas deverão 

ser realizados visando a identificação da natureza desse fator. Até o presente momento, all-

trans-ácido retinoico é o único ligante natural dos três subtipos do receptor RAR (ɑ, β, γ), ao 

passo que 9-cis-ácido retinoico atua como ligante de RARs ou RXRs (MCCARROLL et al., 

2006; TANEJA et al., 1996; ZOU; HONG; LOTAN, 1999), diante disso, sugerimos que RA ou 

uma molécula com propriedades semelhantes ao RA possa ser o produto liberado por 

micobactérias. Estes dados também trazem grandes implicações para a descoberta de novos 

biomarcadores, uma vez que a identificação dos fator(es) solúveis, metabólitos no soro ou 

plasma de pacientes com TB podem revelar quais as vias que estão envolvidas no 

desenvolvimento e resolução da doença (WEINER et al., 2018). Além disso, experimentos 

posteriores deverão ser realizados para investigar se o Mtb também interage com o soro humano 

para ativar RAR do hospedeiro. 

Sabendo que enzimas ALDHs são elementos chave no metabolismo da vitamina A (NIU 

et al., 2016), os dados obtidos evidenciaram que a ativação do eixo RAR/CD38 induzido pelo 

meio condicionado do Mtb não é dependente de ALDHs do hospedeiro, o que sugere que o 

metabólito produzido durante a interação Mtb/FBS possa atuar diretamente no RAR do 

hospedeiro. Nesse sentido, já foi demonstrado a capacidade da enzima bcALDH1A1 purificada 

de Bacillus cereus em realizar a conversão de retinaldeído para ácido retinoico in vitro (HONG 

et al., 2016). Semelhantemente, bactérias filamentosas segmentadas (SFB) e Bifidobacterium 

bifidum cultivadas na presença de retinol são capazes de produzir ácido retinoico in vitro (WOO 

et al., 2021). Já foi demonstrado que SFB e B. bifidum são fonte direta de ácido retinoico no 

intestino de camundongos e regulam a resposta RAR de células intestinais do hospedeiro para 

aumentar a resposta contra patógenos (WOO et al., 2021). Entretanto, se ALDHs do Mtb, ou 

outras enzimas, participam da produção de RA durante a infecção e ativam RAR do hospedeiro 

deverão ser investigados em experimentos futuros. 
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A respeito de receptores nucleares, a ativação de diferentes famílias de receptores como 

por exemplo, PPAR-γ e TR4 estão associados à susceptibilidade do crescimento do Mtb durante 

infecção em monócitos humanos (MAHAJAN et al., 2012). Corroborando estes achados, 

experimentos de infecção em camundongos BALB/c evidenciaram que macrófagos pulmonares 

knockouts para o gene PPAR-γ controlam melhor a infecção, sugerindo que Mtb ativa estes 

receptores para sobrevivência em macrófagos pulmonares. Além disso, esse feito demonstrou 

ser célula-específico, uma vez que não foi observado diferenças no crescimento do Mtb em 

macrófagos peritoneais e da medula, ambos knockouts para PPAR-γ (GUIRADO et al., 2018). 

Por outro lado, foi demonstrado que o knockdown dos receptores nucleares VDR e LXR𝛼 

resultou em maior carga bacteriana, sugerindo que quando ativados, estes receptores estão 

envolvidos no controle da infecção em monócitos humanos (MAHAJAN et al., 2012). Sendo 

assim, os receptores nucleares podem ser um importante alvo molecular na regulação da 

infecção por Mtb. Dessa forma, compreender as interações entre o Mtb e a via RARE do 

hospedeiro tanto na eliminação do patógeno quanto na doença são de extrema importância para 

o desenvolvimento de novas terapias que favoreçam o aumento de uma resposta imune 

protetora.  

Tendo isso em vista, o nosso próximo passo foi investigar qual a contribuição dos 

receptores RAR no contexto da infecção por Mtb in vivo. Dados obtidos a partir do nosso 

modelo murino de tuberculose (high-dose) mostrou uma tendência de menor carga bacteriana 

nos pulmões de camundongos tratados com BMS493. No entanto, esse fenótipo não alcançou 

significância estatística, o que poderia ser explicado pelo baixo número de animais utilizados 

nos experimentos (n=4). Interessantemente, esta resposta foi associada com aumento na 

frequência e contagem absoluta de macrófagos alveolares CD64+CD11chigh durante a infecção, 

bem como e redução na expressão do CD38, sem impactar a população de macrófagos 

intersticiais.  Isso sugere que os efeitos do BMS493 possam ser célula-específicos, e que 

macrófagos alveolares desempenham um papel predominante nos efeitos mediados por RAR 

durante a infecção pelo Mtb.  Um estudo realizado por Trasino e colaboradores (2020) em 

camundongos C57BL/6 knockout para o gene LRAT, incapazes de sintetizar e armazenar 

ésteres de retinol no pulmão, fígado e outros tecidos, demonstrou alta expressão de células 

expressando o marcador de macrófagos F4/80 no pulmão de animais LRAT -/- comparado aos 

animais WT infectados, no entanto essas populações não foram estudadas de maneira individual 

(TRASINO et al., 2020). Nesse mesmo modelo, foi observado redução na expressão de genes 

RARES no pulmão, o que pode ser explicado pela redução de retinol armazenado nos tecidos, 
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isso também foi associado com o aumento na expressão de citocinas inflamatórias como TNF-

𝛼 e IL1𝛽, com mínima diferença na carga bacteriana pulmonar (TRASINO et al., 2020).  

Acredita-se que macrófagos alveolares são o primeiro tipo celular a entrar em contato e 

fagocitar o Mtb no modelo murino de infecção por aerossol, e que estas células apresentam um 

perfil anti-inflamatório (M2), representando um nicho favorável à replicação e disseminação 

do Mtb (COHEN et al., 2018; HUANG et al., 2018a; PISU et al., 2020; SRIVASTAVA; 

ERNST; DESVIGNES, 2014). No entanto, o mecanismo pelo qual o BMS493 induziu a 

expansão de macrófagos alveolares em nosso modelo in vivo, e como essa expansão se 

correlaciona com a redução marginal da carga bacteriana no pulmão, deverá a ser investigado. 

Hashimoto e colaboradores (2013) demonstrou que macrófagos residentes de tecidos se 

originam independentemente de monócitos da circulação e progenitores hematopoiéticos 

(HASHIMOTO et al., 2013), e esse fenômeno é dependente da produção local de IL-4, IL-13, 

CSF-1 e GM-CSF, citocinas importantes na expansão local do pool macrófagos residentes 

(HASHIMOTO et al., 2013; JENKINS et al., 2013).  Além disso, expansão de macrófagos 

residentes pode ocorrer em resposta às infecções para o controle de patógenos (JENKINS et al., 

2011, 2013). Dessa forma, hipotetizamos que BMS493 induz a expansão local de macrófagos 

alveolares por meio do aumento da produção dessas citocinas, polarizando estas células para 

perfil mais pro-inflamatório que é capaz de controlar a replicação do Mtb. No entanto, não 

observamos diferenças entre os grupos na expressão de genes envolvidos na migração celular, 

inflamação e expansão no pulmão total destes camundongos infectados (Figura suplementar 

2K-R – manuscrito). Sendo assim, investigações posteriores deverão ser realizadas em 

macrófagos alveolares isolados. De fato, análises de scRNA-seq relevou a presença de duas 

subpopulações macrófagos alveolares no pulmão de camundongos infectados com Mtb as quais 

apresentaram um perfil pró-inflamatório (M1) com aumento na expressão de genes 

inflamatórios e genes associados ao metabolismo de glicose (PISU et al., 2021), sugerindo que 

estas subpopulações controlem melhor a infecção, corroborando à hipótese mencionada 

anteriormente.  

Em suma, este trabalho é o primeiro a mostrar que a via endógena RAR do hospedeiro 

regula a infecção pelo Mtb in vitro e in vivo. A inibição farmacológica dos receptores RAR 

induz a expansão de macrófagos alveolares que foi associada com uma tendência de melhor 

controle da infecção. Portanto, estes dados sugerem que os receptores RAR podem ser um alvo 

terapêutico para o tratamento da tuberculose pulmonar. 
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