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Resumo

A tuberculose (TB) € uma doenca infecciosa causada por bactérias
pertencentes ao complexo M. tuberculosis. A pneumonia exacerbada com areas
necroticas e infiltrados granulociticos caracteriza algumas das formas graves de TB
que acomete ndo apenas criangas e individuos imunocomprometidos, mas também
pessoas infectadas com cepas de alta viruléncia. Embora os granulécitos contribuam
na resposta do hospedeiro contra infec¢gées bacterianas, seu papel na progressao da
doenca grave € ainda controverso. Além disso, um importante mecanismo envolvido
na regulacao do recrutamento de granulécitos na TB se da através da expressao do
gene Irg1 e produgao do itaconato. Portanto, compreender as vias moleculares que
induzem a expressao do gene Irg1 € um importante passo para entender a etiologia
das formas graves de TB. Considerando esses aspectos, este estudo foi subdivido em
duas partes: a) avaliar o papel das células mieloides supressoras (MDSCs) na
progressao da TB grave causada pela cepa hipervirulenta MP287/03 (Mycobacterium
bovis), em camundongos C57BL/6; e b) investigar os mecanismos moleculares pelos
quais a Mycobacterium tuberculosis induz a expressao do gene Irg7 em macrofagos
murinos. Em relagéo a TB causada pelas micobactérias MP287/03, observamos uma
diminuicao da massa corporea, bem como uma piora da patologia pulmonar do dia 21
ao 28 pos-infecgao (p.i.). Durante este periodo, as células CD11b*GR 1" acumularam
progressivamente na medula 6ssea, sangue e pulmao, sugerindo que elas séao
originadas na medula éssea e migram para o pulmao através da corrente sanguinea.
Enquanto as células CD11b*GR1"" e CD11b*GR1™ nos controles eram
respectivamente neutrofilos (Ly6G*Ly6C'°%) e mondcitos (Ly6GLy6C"9"), a populagéo
CD11b*GR1" em camundongos infectados com a cepa hipervirulenta apresentaram
expressao intermediaria de Ly6G e Ly6C e granulosidade semelhante a neutrofilos.
Essa populagdo também expressou marcadores de células mieloides imaturas como
CD117 (c-KIT), CD124 (IL-4Ra) e CD135 (Flt-3). Além disso, as células CD11b*GR1*
da medula 6ssea de animais infectados com a cepa hipervirulenta suprimiram a
proliferacao de linfécitos T CD4* e CD8*, assim como a produgdo de IFN-y. A
supressao de linfécitos T in vivo foi evidenciada pela diminuigéo da producgéao de IFN-
y € IL-17 no pulméo do dia 28 p.i. comparado com o dia 21 p.i., enquanto que a
producado de IL-10 estava aumentada. A expressao de PD-L1 em altos niveis na
superficie das MDSCs parece ser um dos mecanismos envolvidos na
imunossupressao. Para eliminar as MDSCs, camundongos infectados com a cepa
hipervirulenta, ja apresentando perda da massa corpérea, foram tratados com o
anticorpo monoclonal anti-GR1. Uma reducédo na carga bacteriana e na inflamacao
pulmonar, bem como aumento na producgao de IFN-y e na sobrevida dos animais, foi
observada nos camundongos tratados com anticorpo anti-GR1. Esses resultados
comprovam que as MDSCs induzem imunossupressdo e, consequentemente,
agravam a doencga causada por micobactérias hipervirulentas. A cerca do mecanismo
envolvido na inducdo da expressao do gene Irg1 pela M. tuberculosis, noés
observamos a participacao parcial da via de sinalizacdo do TLR2-MyD88-NFkB. Além
disso, ensaios utilizando substancias inibidoras revelaram que a fagocitose e a
acidificacao do fagossomo sao importantes para a resposta a micobactérias, mas nao
a LPS ou PAM3CSKA4. Interessantemente, nds mostramos que a indugéo da resposta
do Irg1 causada pelas micobactérias € também dependente da molécula bacteriana
ESAT-6 e das vias de sinalizagdo do macrofago STING e interferon do tipo | (IFN-I).
Baseado nesses achados nés hipotetizamos que as micobactérias induzem a
expressao do gene Irg1 através da interacdo de 2 vias: 1) inducdo de NFkB
dependente de TLR2-MyD88 presumidamente na superficie da célula do hospedeiro



e 2) um sinal amplificador critico estimulado pela fagocitose e dependente da liberacao
no citosol mediada por ESAT-6 de produtos bacterianos com consequente ativagéo
de STING e producao de IFN-I. Juntos, os dados obtidos nesse estudo contribuem
para uma maior compreensao da imunopatologia da TB e abre perspectivas para o
desenvolvimento de novas abordagens terapéuticas que visam atenuar a gravidade
da doenca.

Palavras chaves: tuberculose, MDSC, Irg1, ltaconato



ABSTRACT

Tuberculosis (TB) is an infectious disease caused by bacteria belonging to M.
tuberculosis complex. Extensive pneumonia with necrotic areas and granulocytic
infiltrates characterizes some of the aggressive forms of TB that affects not only
children and immunocompromised individuals, but also individuals infected with high-
virulence strains. Although granulocytes contribute to the early immune response
against TB, their role in progression of severe disease is still controversial. In addition,
an important mechanism involved in regulating the granulocyte recruitment in TB
occurs through Irg1 expression and itaconate production. Therefore, understanding
the molecular mechanisms that induce Irg7 expression is an important step to
understand the etiology of severe forms of TB. Considering these aspects, this study
was subdivided in two main branches: a) to assess the role of myeloid-derived
suppressor cells (MDSCs) in the progression of severe TB caused by hypervirulent
MP287/03 (Mycobacterium bovis) in C57BL/6 mice; and b) to investigate the molecular
pathways by which Mycobacterium tuberculosis (Mtb) triggers Irg1 gene expression in
murine macrophages. Regarding TB caused by MP287/03 mycobacteria, a decrease
in body weight, as well as a worsening of the pulmonary pathology, was observed from
day 21 to 28 post-infection (p.i.). During this period, CD11b*GR1™" cells progressively
accumulated in the bone marrow, blood and lungs, which suggests that they originate
in the bone marrow and migrate into the lungs through blood stream. While lung
CD11b*GR1"g" and CD11b*GR1™M cells in controls were respectively the neutrophils
(Ly6G*Ly6C""™) and monocytes (Ly6GLy6C"d") the CD11b*GR1™" population in
MP287/03-infected mice showed intermediate Ly6G and Ly6C expression and
granularity similar to neutrophils. These cells also expressed the immature myeloid cell
markers CD117 (c-kit), CD124 (IL-4Ra) and CD135 (FIt-3). Moreover, bone marrow
CD11b*GR1* cells from hypervirulent strain infected mice suppressed CD4* and CD8"*
T cell proliferation and IFN-y production. T cell suppression in vivo was evidenced by
decreased IFN-y and IL-17 production in the lungs at day 28 p.i. compared to day 21
p.i., while IL-10 production was increased. The high levels of PD-L1 expression on
MDSCs surface seem to be one of the mechanisms involved in the
immunosuppression. To eliminate MDSCs, MP287/03-infected mice already showing
weight loss were treated with anti-GR1 monoclonal antibodies. A reduction in the
pulmonary bacterial load and inflammation, as well as increased IFN-y production and
prolonged mouse survival, was observed in anti-GR1 treated mice. These results show
that MDSCs induce immunosuppression and consequently aggravate the disease
caused by hypervirulent mycobacteria. Regarding the mechanism involved in the
induction of /rg71 gene expression by M. tuberculosis, we observed a partial role for the
TLR2-MyD88-NFkB signaling pathway. In addition, assays using inhibitory drugs
revealed a major requirement for phagocytosis and endosomal acidification in the
response to mycobacteria, but not to LPS or PAM3CSK4. Importantly, we found that
the Irg1 response induced by mycobacteria is also highly dependent on bacterial
ESAT-6 and the macrophage signaling pathways mediated by STING and Type 1
interferon (IFN-I). Based on these findings, we hypothesize that mycobacteria induce
Irg1 expression in macrophages via two interacting triggers: 1) TLR2-MyD88
dependent NFkB induction presumably at the host cell plasma membrane and 2) a
critical amplifying signal stimulated by phagocytosis and dependent of ESAT-6-
mediated release into the cytosol of bacterial products with consequent STING
activation and IFN-I production. Together, the data obtained in this study contribute to
a better understanding of the immunopathology of TB and opens perspectives for the



development of new therapeutic approaches that aim to mitigate the severity of the
disease.

Keywords: tuberculosis, MDSC, Irg1, ltaconate
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1.1 Tuberculose

A Tuberculose (TB) é uma doenca infectocontagiosa que afeta principalmente
o pulmao, porém outros 6rgaos e sistemas, como o esqueleto, trato geniturinario e
sistema nervoso central também podem ser afetados (KULCHAVENYA, 2014; WHO,
2019). Do ponto de vista de saude publica, a forma pulmonar é a mais relevante, pois
além de representar cerca de 85% de todos os casos, € a principal forma relacionada
com a transmissao da doenca (KAUFMANN; DORHOI, 2013; WHO, 2019).

Descoberta no século XIX como o agente etiolégico da TB pelo cientista Robert
Kock, a Mycobacteirum tuberculosis (Mtb) foi também denominada de bacilo de Kock.
Atualmente, sabe-se que a TB também pode ser causada por algumas diferentes
espécies do género Mycobacterium, como Mycobacterium bovis, Mycobacterium
africanum, Mycobacteirum canettii entre outras, porém a Mtb é a principal responsavel
pelos casos reportados em humanos (COSMA; SHERMAN; RAMAKRISHNAN, 2003).

A infeccao ocorre tipicamente através da inalagcdo de bactérias expelidas na
fala, tosse ou espirro de um individuo com a forma pulmonar ativa da TB (RILEY;
MILLS; NYKA; WEINSTOCK et al., 1995). Os principais sintomas da doenca sao:
tosse, febre, fraqueza, sudorese noturna e presenca de sangue no escarro (BRANDLI,
1998). O diagndstico clinico é realizado através da observacao de sinais e sintomas
tipicos da doencga, anormalidades da radiografia do térax e/ou histologia sugestivas, e
identificacdo da presenca do bacilo no escarro por exame microscopico direto
(baciloscopia direta) (BRASIL, 2011; WHO, 2019). Com o diagndstico e o tratamento
oportunos com antibiéticos de primeira linha por 6 meses, a maioria das pessoas que
desenvolvem TB pode ser curada e a transmissao continua de infecgao reduzida
(WHO, 2019). Porém, o surgimento de cepas resistentes aos antibiéticos bem como
de alta viruléncia tem sido uma das principais preocupacdes da saude publica.

Logo apés a infecgdo com o bacilo, o hospedeiro pode responder de trés formas
distintas: 1) Cura - o individuo consegue eliminar a bactéria. 2) TB latente - ocorre a
infeccao primaria mas o individuo permanece com o bacilo em estagio quiescente por
longos periodos, sem apresentar dano e sem risco de transmissao. Esse bacilo pode
entdo ser reativado anos mais tarde e promover a doenga ativa. 3) Tuberculose
primaria progressiva (PPT) - o individuo progride rapidamente para a forma ativa da
doenga (KAUFMANN; DORHOI, 2013; O'GARRA; REDFORD; MCNAB; BLOOM et
al., 2013).
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Os fatores determinantes para o desenvolvimento da doenga sao resultantes
da interacdo entre ambiente, hospedeiro e patégeno. Algumas condi¢cdes de risco
também sao conhecidas como a coinfecgdo com o HIV (Human Immunodeficiecy
virus), imunodeficiéncia, diabetes mellitus, mal nutricdo e pobreza em geral (YOUNG,;
PERKINS; DUNCAN; BARRY, 2008). Além disso, a vacina BCG (bacilo de Calmette-
Guérin), que € usada na profilaxia da TB, confere protecao contra a forma disseminada
da doenga em criangas mas a sua eficacia contra a forma pulmonar em adultos é
contestada (WILKIE; MCSHANE, 2015).

1.2 Epidemiologia

Responsavel por assolar a humanidade ha milénios e levar a morte um grande
numero de pessoas, a TB permanece ainda hoje como um sério problema de saude
pUblica apesar da existéncia de medidas profilaticas e terapéuticas. E estimado que
aproximadamente 1,7 bilhées de pessoas, ou seja, quase um quarto da populacao
mundial, estejam infectadas com a micobactéria mas permanecem assintomaticas (TB
latente) (HOUBEN; DODD, 2016; WHO, 2019). Dos individuos infectados, calcula-se
que 5-15% irdo desenvolver a forma ativa da doenga ao longo de suas vidas (WHO,
2019).

Em 2018, houve cerca de 7 milhdes de novos casos de TB notificados para a
Organizacdo Mundial da Saude (OMS). A incidéncia vem aumentando
progressivamente desde 2013, quando foram notificados 5,7 milhées de novos casos
(WHO, 2019). Os principais paises responsaveis pelo aumento das notificagdes
globais dos casos de TB sao a india e a Indonésia, que ocupam o primeiro e o terceiro
lugares em termos de casos estimados de incidentes por ano. Na india, as notificagdes
de novos casos subiram de 1,2 milhées para 2 milhdes entre 2013 e 2018 (aumento
de 60%), enquanto que na Indonésia houve um aumento de 331.703 em 2015 para
563.879 em 2018 (aumento de 70%) (WHO, 2019).

Apesar do aumento nos casos notificados, a incidéncia global de TB em 2018
ainda representa apenas 70% do numero estimado que € de 10 milhées de novos
casos nesse ano. Dez paises sao responsaveis por 80% do déficit global de 3 milhdes
de casos notificados. india, Indonésia, Nigéria e Filipinas lideram esse ranking de néo
notificacdo com 25%, 12%, 10% e 8%, respectivamente. As lacunas entre o numero

estimado de novos casos e o numero realmente relatado devem-se a subnotificacao
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de casos detectados e subdiagnosticados, seja porque as pessoas hao tém acesso a
assisténcia médica ou porque nao sao diagnosticadas quando o fazem. A Figura 1
mostra a taxa de incidéncia estimada de TB em 2018 (WHO, 2019).

Incidence per 100 000

R population per year L S
R »
[ 10-99

[ 100-199

[ 200-299 %
[ 300-499 24
B 500 o

|:] No data

l: Not applicable

Figura 1: Estimativa do indice de incidéncia da TB no ano de 2018.
Fonte: WHO, 2019.

Ainda segundo a OMS, a TB esta entre as dez principais causas de morte no
mundo, e € a primeira causa de &bito entre as doencas infecciosas induzidas por um
unico agente etiolégico, ficando acima até mesmo de HIV/AIDS. S6 em 2018, a TB
causou a morte de aproximadamente 1,2 milhées de pessoas HIV negativas, e um
adicional de 251.000 6bitos de pacientes co-infectados com HIV (WHO, 2019). Além
disso, a TB é a principal causa infecciosa de morte entre os pacientes infectados com
HIV.

Em relagdo aos casos de TB resistentes aos antibiéticos, foram relatados em
2018 aproximadamente 500.000 novos casos de TB resistente a rifampicina (TB-RR),
sendo que cerca de 78% deles apresentaram resisténcia a multiplas drogas (MDR).
Nesse caso, as micobactérias eram resistentes as drogas rifampicina e isoniazida, os
dois mais potentes farmacos anti-TB. Globalmente, 3,4% dos novos casos e 18% dos
casos ja tratados previamente eram TB-RR ou MDR (WHO, 2019). O tratamento das
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pessoas com TB-RR ou TB-MDR é longo e requer o uso de antibi6ticos injetaveis mais
téxicos e muito mais caros como a amicacina, canamicina e capreomicina (RABAHI;
DA SILVA JUNIOR; FERREIRA; TANNUS-SILVA et al., 2017). Mesmo assim, a taxa
de sucesso apds o tratamento da TB-MDR nao excede 56% (WHO, 2019).

O Brasil € um dos 20 paises com maior numero absoluto de casos de TB. Todas
essas nacgdes juntas sdo responsaveis por 84% do total reportado no mundo (WHO,
2019). A incidéncia no pais foi de aproximadamente 34,8 casos/100.000 habitantes
em 2018, e o indice de mortalidade de 2,2 casos/100.000 habitantes (BRASIL, 2019).
Além disso, houve a notificagcao de 72.788 novos casos apenas no ano de 2018. Vale
ressaltar ainda que incidéncia da doenca no pais € bastante heterogénea entre as
regides, variando de 20 casos/100.000 habitantes no centro-oeste a 42,7
casos/100.000 no norte (BRASIL, 2019).

Esses dados indicam que apesar das politicas publicas de salde adotas para
combater a TB, ela ainda permanece como uma das mazelas que assolam o Pais.
Além disso, levando em consideracao o contexto global em que se observa uma alta
prevaléncia da TB em todo o mundo e o surgimento de casos cada vez mais
resistentes a medicamentos com uma baixa taxa de cura de apenas 56% (WHO,
2019), nota-se que sao urgentemente necessarias vacinas mais eficazes,
diagnésticos rapidos e novas terapias. A manipulacdo da resposta imune do
hospedeiro contra a Mtb pode ser uma abordagem racional para o tratamento da TB,
uma vez que, grande parte da populacao esta infectada com o bacilo, mas apenas

uma pequena parcela sucumbe a doenga (CHAI; LU; LIU, 2019).

1.3 Aspectos imunolégicos na TB pulmonar

1.3.1 Invasao, reconhecimento e mecanismos da imunidade inata

Uma vez inaladas, as micobactérias encontram uma barreira fisica formada
pala presenca de células epiteliais firmemente aderidas ao longo da superficie aérea
que dificulta a sua invasao. O epitélio do trato respiratério (TR), incluindo traqueia,
brénquios e bronquiolos, € formado por células ciliadas, células claras, células
caliciformes, células neuroendrdcrinas e células basais regenerativas (Figura 2A)
(CHAI; LU; LIU, 2019). A primeira linha de defesa do hospedeiro que atua contra a
Mtb € composta pelo muco presente no TR secretado pelas células caliciformes, que

€ rico em moléculas com potencial antimicrobianos como defensinas,
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imunoglobulinas, lisozimas e varias citocinas (NICHOLAS; SKIPP; MOULD;
RENNARD et al., 2006). De fato, alguns estudos tém mostrado que camundongos
deficientes em IgA sao mais susceptiveis as infeccdes do TR por micobactérias do
gue os imuno-competentes, e que as defensinas podem causar rupturas no envelope
micobacteriano (ALMATAR; MAKKY; YAKICI; VAR et al., 2018, TJARNLUND;
RODRIGUEZ; CARDONA; GUIRADO et al., 2006). A presengca de mucinas
glicosiladas também contribui indiretamente para a defesa do hospedeiro, pois essas
moléculas sao essenciais para acomodar microrganismos comensais na camada mais
externa do muco que competem com 0s microrganismos invasores ajudando na
eliminagao de patégenos (WHITSETT; ALENGHAT, 2015). Além disso, as células
ciliadas, através dos seus movimentos ritmicos, auxiliam na depuracgao eficaz do TR
que permite expulsar até 90% das particulas e microrganismos estranhos inalados
(ROY; LIVRAGHI-BUTRICO; FLETCHER; MCELWEE et al., 2014).

Por outro lado, a superficie do alvéolo & formada predominantemente por
células epiteliais alveolares do tipo 1 (AT1), responsaveis por realizar as trocas
gasosas, e do tipo 2 (AT2), que atuam como progenitoras das AT1 (Figura 2B)
(CRAPO; BARRY; GEHR; BACHOFEN et al., 1982; GHOSH; GORANTLA; MAKENA;
LUELLEN et al.,, 2013). Ambas as células AT1 e AT2 possuem receptores de
reconhecimento de padrées (PRRs), que quando ativados induzem a secrecédo de
varias citocinas, promovem o recrutamento de neutrofilos e linfocitos para o sitio
infeccioso, e potencializam os mecanismos microbicidas intracelulares dos
macréfagos (NOUAILLES; DORHOI; KOCH; ZERRAHN et al., 2014; REUSCHL;
EDWARDS; PARKER; CONNELL et al, 2017). Quando alcangcam os alvéolos
pulmonares, além das células AT1 e AT2, os bacilos sao também reconhecidos por
macroéfagos alveolares (AM) e células dendriticas (DCs) residentes do pulmao que
estdo presentes em menor proporgao (FENNELLY; JONES-LOPEZ; AYAKAKA; KIM
et al., 2012). Varios PRRs sao importantes para esse processo inicial de identificacao
da Mtb, como os TLR (Toll-like receptor)2, TLR4 e o TLR9, além dos receptores de
manose, mincle e dectina 1 e 2 (BAFICA; SCANGA; FENG; LEIFER et al., 2005;
HUYNH; JOSHI; BROWN, 2011; SCHOENEN; BODENDORFER; HITCHENS;
MANZANERO et al., 2010; WAGENER; HOVING; NDLOVU; MARAKALALA, 2018).
Por outro lado, diferentes padrées moleculares associados aos patégenos (PAMPs),
que encontram-se presentes na superficie da Mtb, tais como peptideoglicano,

lipoarabinomanana, acido lipoteicbico, trehalose, dentre outros, podem ser
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reconhecidos pelos PRRs levando a ativacdo de cascatas de sinalizacbes e a
producéo de citocinas pro6 inflamatérias (CERVANTES, 2017; WAGENER; HOVING,;
NDLOVU; MARAKALALA, 2018).

(a) The immune defense in the
trachea, bronchi and bronchioles

Mucosal layer Lamina propria
= % Ny, TNFa
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Figura 2: Sistema de defesa do hospedeiro contra a Mtb.
Fonte: CHAI; LU; LIU, 2019

Uma das principais vias de sinalizacdo celular estimulada pela Mtb é
dependente de MyD88, que atua como molécula adaptadora dos receptores TLR2,
TLR4 e TLR9. Uma vez estimulado, o MyD88 ira ativar o fator de transcricao nuclear
NFkB e consequentemente induzir a expressao dos genes pro-inflamatérios TNF-q,
IL-1, IL6 entre outros. Além disso, a ativacdo dos TLRs também estimula o aumento

da expressao dos receptores de complemento, scanvangers, MARCO e muitos outros

——=(b) The immune defense in the alveoli
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genes que regulam a fagocitose (CERVANTES, 2017). Paralelamente a ativagcao da
cascata de sinalizacao dependente de MyD88, o estimulo do TLR4 pela Mtb também
induz a ativacao da via TRIF (TIR-domain-containing adapter-inducing interferon-f3),
que por sua vez ativa IRF3 e promove a secrecao de IFN-3 (TAKEDA; AKIRA, 2005).
Ambos IRF3 e IFN-B possuem um papel crucial na patogénese da TB (STANLEY;
JOHNDROW,; MANZANILLO; COX, 2007).

Apos o reconhecimento inicial na superficie do alvéolo, os bacilos séo entao
fagocitados pelos AMs e mantidos no interior de vesiculas, chamadas de fagossomos,
que logo sao enderecadas para a fusdo com os lisossomos, num evento chamado de
maturacgéo fagossomal (PAUWELS; TROST; BEYAERT; HOFFMANN, 2017). Durante
esse processo ocorre uma reducao gradual do pH no interior da vesicula, que é de
suma importancia para a indugdo de morte e digestao do patégeno. Esta etapa é
essencial para uma 6tima resposta a bactéria, pois 0 ambiente acido no interior do
fagossomo ativa as enzimas do hospedeiro que irdo processar os antigenos e,
consequentemente, os receptores TLRs endossomais irdo reconhecé-los com maior
facilidade (IP; SOKOLOVSKA; CHARRIERE; BOYER et al., 2010). Por outro lado, as
micobactérias patogénicas conseguem inibir o enderecamento lisossomal do
fagossomo através da producédo de PknG, uma proteina solivel que é semelhante a
proteina quinase de eucariotos (SCHERR; MULLER; PERISA; COMBALUZIER et al.,
2009; ZHAI; WU; ZHANG,; FU et al., 2019). Esta molécula é translocada do fagossomo
para o citosol onde induz a fosforilacdo de varias moléculas do hospedeiro, evitando
assim a fusao do fagossomo com lisossomo (SAJID; ARORA; SINGHAL; KALIA et al.,
2015). Dessa forma, a acidificagdo do fagossomo é prejudicada e outros mecanismos
microbicidas resultantes da fusao fagossomo-lisossomo nao ocorrem, tornando o
vacuolo fagocitico um ambiente adequado para a sobrevivéncia da bactéria
(CLEMENS; HORWITZ, 1995; MUELLER; PIETERS, 2006).

Os neutréfilos sao as primeiras células recrutadas da corrente sanguinea para
o sitio infeccioso e iniciam o processo de fagocitose e eliminagdao do bacilo (BRU;
CARDONA, 2010). Diversos fatores bactericidas sao produzidos por essas células
durante a infecgdo, como peptideos antimicrobianos, espécies reativas de oxigénio
(ROS) e diferentes enzimas hidroliticas (AMULIC; CAZALET; HAYES; METZLER et
al., 2012). Entretanto, embora os neutréfilos tenham atividade importante na resposta
do hospedeiro contra infecgcdes bacterianas, o seu papel na TB ainda &€ muito
controverso  (DALLENGA; SCHAIBLE, 2016; ERUSLANOV; LYADOVA,
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KONDRATIEVA; MAJOROQV et al., 2005; LOWE; REDFORD; WILKINSON; O'GARRA
et al., 2012). O acumulo excessivo dessas células no pulméao € prejudicial, e esta
associado com a lesao tecidual durante a TB grave (DALLENGA,; SCHAIBLE, 2016;
LOWE; REDFORD; WILKINSON; O'GARRA et al., 2012). Ademais, varios estudos ja
revelaram que algumas cepas virulentas de Mtb também conseguem sobreviver no
interior de neutréfilos, alterando algumas fungdes dessas células e favorecendo a sua
subsisténcia (BLOMGRAN; DESVIGNES; BRIKEN; ERNST, 2012). A inibicdo da
apoptose, por exemplo, € uma das vias utilizadas por esses patdgenos, pois além de
impedir a sua eliminagdo durante esse tipo de morte celular também promove atraso
da ativacao de linfocitos T, que sao essenciais na resposta imune contra Mtb
(BLOMGRAN; DESVIGNES; BRIKEN; ERNST, 2012). Esse atraso ocorre porque a
ingestao de antigenos micobacterianos a partir de corpos apoptéticos de neutréfilos
torna as DCs mais eficientes em induzir a ativagéo de linfocitos T e, portanto, a inibicao
da apoptose afeta esse processo (BLOMGRAN; DESVIGNES; BRIKEN; ERNST,
2012; BLOMGRAN; ERNST, 2011). A indugao da necrose, morte celular com ruptura
da membrana plasmatica, € outra via utilizada pelas cepas virulentas de Mtb que
contribui para sua sobrevivéncia, pois resulta na liberagdo no meio extracelular de
bacilos viaveis, os quais irdo infectar novas células dando continuidade ao ciclo
infeccioso (FRANCIS; BUTLER; STEWART, 2014).

Como parte do sistema imune inato, as DCs também reconhecem a Mtb através
de diferentes TLRs. Ap6s a ativacdo, as DCs apresentam os componentes
processados do patdgeno aos linfocitos T nos linfonodos, fazendo a conexao entre a
resposta imune inata e adaptativa. Porém, as micobactérias virulentas também sao
capazes de atrasar o inicio da resposta imune adaptativa por afetar diretamente na
migracao de DCs para o linfonodo mediastinal, érgao responsavel por drenar os
pulmdes, e inibir a apresentacao de antigenos via MHC-II (major histocompatibility
complex-1l) (ROBERTS; ROBINSON, 2014; WOLF; LINAS; TREVEJO-NUNEZ;
KINCAID et al., 2007). Esse retardo do inicio da ativagao da resposta imune adaptativa
favorece a disseminacao da bactéria, pois garante o tempo necessario para o bacilo
alcangar a massa critica infectante suficiente para consolidar a infecgao.

As ILCs (innate lymphoid cells) consistem numa populacao de linfocitos inatos
encontrados na superficie de mucosas, tanto do pulmao como do intestino, que foram
descobertas ha pouco tempo e tém sido amplamente estudadas em diferentes
contextos, inclusive na TB (VACCA; CHIOSSONE; MINGARI; MORETTA, 2019).
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Diferentemente dos linfécitos T e B, as ILCs ndo possuem receptores especificos de
antigenos como os TCR e BCR, e portanto nao sao restritas pela apresentacéo via
MHC, porém elas possuem algumas fungdes semelhantes aos linfécitos da resposta
imune adaptiva (VACCA; CHIOSSONE; MINGARI; MORETTA, 2019). De acordo com
os seus diferentes fatores de transcricdo e fungdes efetores elas podem ser
classificadas em 5 subgrupos: NK (Natural killer) cells, ILC1, ILC2, ILC3, LTi (lymphoid
tissue inducer) (VIVIER; ARTIS; COLONNA; DIEFENBACH et al., 2018; ZITTI;
BRYCESON, 2018). Varios estudos ja mostraram o papel protetor contra a Mtb do
IFN-y produzido pelas células NK no pulmao (FENG; KAVIRATNE; ROTHFUCHS;
CHEEVER et al.,, 2006; KUPZ; ZEDLER, STABER; PERDOMO et al., 2016; LAI;
CHANG; LIN; WU et al., 2018). Em um estudo in vitro, Esin e colaboradores também
mostraram que as células NK atuam diretamente na superficie do bacilo executando
sua atividade citotdéxica (ESIN; BATONI; COUNOUPAS; STRINGARO et al., 2008).
Além disso, a expansao de ILC3 induzida por |IL-23 pode induzir a produgéao de IL-17
e IL22, que desempenham um papel importante na imunidade contra a Mtb (ARDAIN;
DOMINGO-GONZALEZ; DAS; KAZER et al., 2019).

1.3.2 Mecanismos da imunidade adaptativa

A resposta imune protetora contra a Mtb é também dependente de linfécitos T,
uma vez que camundongos deficientes em células T CD4* ou MHC-II sdo incapazes
de controlar a proliferagéo bacteriana, e dessa forma sucumbem a doenca. Além
disso, pacientes com AIDS, cujo numero total de linfocitos T CD4* é reduzido, também
tém maior susceptibilidade a desenvolver TB (HAVLIR; BARNES, 1999; O'GARRA;
REDFORD; MCNAB; BLOOM et al., 2013). Logo apés a ativagéo, os linfécitos T
migram para o sitio infeccioso por volta do 15°- 18° dia p6s infec¢ao, aonde entéo irdo
exercer a sua funcédo protetora ativando os macrofagos infectados (REILEY;
CALAYAG; WITTMER; HUNTINGTON et al., 2008). A polarizagao de linfocitos CD4*
para o perfil Th1, que produzem IFN-y e ativam classicamente os macréfagos para o
perfil M1, é extremamente importante para a eliminacado da Mtb. Alguns estudos
mostraram que camundongos sao incapazes de controlar uma infecgdo com baixas
doses de Mtb na auséncia de IFN-y (COOPER; DALTON; STEWART; GRIFFIN et al.,
1993; FLYNN; CHAN; TRIEBOLD; DALTON et al., 1993).



33

Outra subpopulagao de linfécitos T que também é induzida durante a infecgéo
por Mth € a Th17, que se caracteriza pela producao de IL-17. O seu papel na TB nao
€ completamente conhecido e ainda hoje é bastante questionavel. Varios trabalhos ja
mostraram o efeito protetor dos linfocitos Th17 na TB, que se deve principalmente ao
efeito da citocina IL-17 em induzir o recrutamento de neutréfilos (PERREAU; ROZOT;
WELLES; BELLUTI-ENDERS et al., 2013; PREZZEMOLO; GUGGINO; LA MANNA;
DILIBERTO et al., 2014). Além disso, as células Th17 também sao capazes de induzir
o recrutamento de mondcitos e linfocitos Th1 para o sitio de formagao do granuloma
(JURADO; PASQUINELLI; ALVAREZ; PENA et al., 2012; PREZZEMOLO; GUGGINO;
LA MANNA; DI LIBERTO et al., 2014). Por outro lado, alguns estudos mostraram que
a estimulacdo continua das células Th17 promove uma inflamacao exacerbada
mediada por neutréfilos e mondcitos que migram em grandes quantidades para sitio
infeccioso e causam lesao tecidual (PREZZEMOLO; GUGGINO; LA MANNA; DI
LIBERTO et al., 2014).

Os linfocitos T CD8* também sao indispensaveis no combate a TB. Esses
linfocitos podem eliminar o patégeno diretamente, através da liberacdo de
granulosina, e também indiretamente, por induzir a lise de macréfagos e DCs
infectadas (STENGER; HANSON; TEITELBAUM; DEWAN et al., 1998).

Os bacilos sobreviventes continuam se multiplicando no interior dos fagécitos
e, na maioria dos casos, sao contidos no interior do granuloma (Figura 2C). Essa
estrutura € um agregado organizado de células imunes que se forma em resposta a
um estimulo persistente e contem a disseminagdo do agente infeccioso
(RAMAKRISHNAN, 2012). O equilibrio entre a micobactéria e a resposta imune do
hospedeiro ocasiona a infeccao latente, e o individuo apresenta-se assintomatico e
sem evidéncias clinicas da doenga, porém mantendo o bacilo na forma quiescente
(O'GARRA; REDFORD; MCNAB; BLOOM et al., 2013). A quebra desse equilibrio
resulta na reativagéo do bacilo e desenvolvimento da doenca.

1.4 TB grave e modelo murino como ferramenta para estudo

Os casos de TB grave sao caracterizados pela rapida expansao do infiltrado
granulomatoso que resulta em pneumonia tuberculosa, e eventualmente
disseminagcao bacilar hematogénica. Uma das principais caracteristicas da forma

grave da doencga € a presencga de granulomas que possuem centro necrético caseoso
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com presenca de bacilos no meio extracelular e debri celular (DORHOI; REECE;
KAUFMANN, 2011). Os fatores que determinam a transicéo da infec¢ao bacteriana
para a TB ativa com rapida progressao da doenca ainda nao sao completamente
compreendidos. Porém, algumas caracteristicas do hospedeiro (predisposicao
genética, imunodeficiéncia e mal nutricdo) e da bactéria (alta viruléncia ou alta dose
infectante) podem contribuir para esse processo (CAWS; THWAITES; DUNSTAN;
HAWN et al., 2008). A viruléncia das micobactérias pode ser caracterizada in vitro por
varios modelos de infec¢do de macréfagos ou in vivo através da infecgao de animais
(PROZOROV; FEDOROVA; BEKKER; DANILENKO, 2014). In vitro, as diferencas na
viruléncia tém sido definidas pelo crescimento bacteriano intracelular e indugéo da
morte das células hospedeiras, enquanto que in vivo sado estabelecidas com base na
proliferacdo bacteriana nos 6érgaos, alteracbes histopatolégicas e curva de
sobrevivéncia dos animais infectados (DORMANS; BURGER; AGUILAR;
HERNANDEZ-PANDO et al., 2004; SOHN; LEE; KIM; SHIN et al, 2009).
Micobactérias de alta viruléncia proliferam mais rapido, causam mais dano no tecido
pulmonar e alta taxa de mortalidade, e sao transmitidas com maior facilidade do que
as cepas atenuadas ou de baixa viruléncia (DORMANS; BURGER; AGUILAR;
HERNANDEZ-PANDO et al., 2004; MANCA; TSENOVA; BERGTOLD; FREEMAN et
al., 2001; MARQUINA-CASTILLO; GARCIA-GARCIA; PONCE-DE-LEON; JIMENEZ-
CORONA et al.,, 2009; THEUS; EISENACH; FOMUKONG,; SILVER et al., 2007).
Esses fenétipos podem ser resultados de uma reducao e/ou atraso na ativacao da
resposta pro-inflamatéria do hospedeiro causados pelas cepas de alta viruléncia
(MANCA; TSENOVA; BERGTOLD; FREEMAN et al., 2001; THEUS; EISENACH,;
FOMUKONG; SILVER et al., 2007).

O modelo animal para estudo da TB tem fornecido muita informacgéao acerca da
patogénese e resposta imune do hospedeiro (ORME, 2011). Entretanto, uma limitacao
da maioria dos modelos amplamente utilizados, como camundongos, € o fato de néo
apresentarem necrose pulmonar, uma das principais caracteristicas da TB grave. A
necrose tecidual é atipica até mesmo quando infectados com cepas virulentas de Mib,
como a cepa referéncia H37Rv (DORHOI; KAUFMANN, 2016; DORHOI; REECE;
KAUFMANN, 2011). Os pesquisadores normalmente utilizam camundongos
deficientes em moléculas imunologicamente importantes, como IFN-y, INOS, receptor
de células T (TCR) aB e receptor de TNF-a, para que ocorra lesdes teciduais
necroticas induzidas pela micobactéria (GIL; GUIRADO; GORDILLO; DIAZ et al.,
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2006). Além disso, infeccées com elevadissimas doses do bacilo, ou ainda infec¢des
com baixas doses seguida pela administracdo de LPS (lipopolissacarideo) ou Poly IC
(polinosinico-policitidilico), também sao usadas para induzir necrose pulmonar
(ANTONELLI; GIGLIOTTI ROTHFUCHS; GONCALVES; ROFFE et al, 2010;
CARDONA; LLATJOS; GORDILLO; DIAZ et al., 2001). Entretanto, embora essas
medidas promovam uma TB com dano tecidual, elas sdo condic¢des artificiais que nao
reproduzem o que de fato acontece durante e apés a infeccao natural. Varias outras
alternativas de modelos experimentais de infeccao utilizando diferentes espécies de
animais, como coelhos, cobaias (porquinho-da-india) e primatas ndo humanos
também tém sido empregadas para estudar a patogénese da TB (REILING;
HOMOLKA; KOHL; STEINHAUSER et al., 2018). O curso da doenga em modelos
experimentais de primatas ndo humanos é o que possui maior similaridade com o
curso em humanos (PENA; HO, 2015). Entretanto, o uso desses animais é limitado
devido a razdes éticas e ao alto custo de manutencao.

O nosso laboratério mostrou recentemente que o isolado clinico hipervirulento
MP287/03 de M. bovis é capaz de induzir a forma grave de TB em camundongos
mesmo com baixas doses infectantes. Nesse caso, a doenga é caracterizada por
intenso infiltrado inflamatério, ampla area de necrose tecidual, disseminacgao bacilar
para outros 6rgaos e morte prematura dos animais (AMARAL; RIBEIRO; LANES;
ALMEIDA et al., 2014). Dessa forma, a infeccdo com a cepa MP287/03 apresenta
caracteristicas de desenvolvimento da doenca similares as observadas na evolugao
da PPT em humanos. Além disso, estudos prévios em nosso laboratério também
revelaram a presenc¢a de uma populacgéo distinta de células no pulmao desses animais
infectados com a cepa MP287/03, que possuia caracteristicas semelhantes as das
MDSCs (myeloide derived supressor cells). Recentemente, alguns trabalhos também
tém revelado a presengca de MDSCs em diferentes modelos de TB (KNAUL; JORG;
OBERBECK-MUELLER; HEINEMANN et al., 2014; OBREGON-HENAO; HENAO-
TAMAYO; ORME; ORDWAY, 2013; TSIGANOV; VERBINA; RADAEVA; SOSUNOV
et al., 2014). Porém, devido as dificuldades de se ter um modelo de TB que reproduza
as lesdes teciduais da infecgao natural, pouco ainda € conhecido acerca do real papel
dessas células na TB grave. Portanto, decidimos avaliar em nosso modelo de infecgcao
com a cepa MP287/03 em camundongos C57BL/6, que representa de forma mais
fidedigna o que acontece nas formas agressivas de TB em humanos, o papel das

MDSCs no agravamento da doenga. A compreensao desses mecanismos envolvidos
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na severidade da TB é extremamente importante, pois podem abrir alternativas para
o desenvolvimento de novas abordagens terapéuticas que visam atenuar as formas

graves da doenca.

1.5 Células mieloides supressoras (MDSCs)

As MDSCs sao uma populacao heterogénea de células que possuem em
comum o fato de serem derivadas da linhagem mieloide, ainda estarem no estagio
imaturo e possuirem fungdo imunossupressora (GABRILOVICH; BRONTE; CHEN;
COLOMBO et al., 2007). Nos organismos saudaveis as células mieloides imaturas séo
geradas na medula 6ssea e rapidamente se diferenciam em granulécitos maduros,
macroéfagos e DCs. Porém, em algumas situagdes patolégicas como céncer, sepse,
inflamacgdes croénicas, autoimunidade e também em varias doengas infecciosas,
ocorre um bloqueio parcial na diferenciacdo das células mieloides imaturas, que
resulta na expansao dessa populacdo e na migracao dessas células ainda em seu
estagio imaturo para o 6rgao afetado (GABRILOVICH, 2017; GABRILOVICH,;
NAGARAJ, 2009).

Essa populagéo de células mieloides foi definida inicialmente como células com
fendtipo GR1*CD11b* que possuem atividade imunossupressora in vitro (YOUN;
GABRILOVICH, 2010). Posteriormente, devido a existéncia de diferencas entre as
MDSCs, estas foram entao subdivididas fenotipicamente e morfologicamente em dois
subgrupos: as granulociticas (G-MDSC) e as monociticas (M-MDSC) (GABRILOVICH,
2017). As G-MDSCs se assemelham aos neutrofilos e apresentam o fendtipo
CD11b*GR1"a"Ly6G*Ly6C¥, enquanto as M-MDSCs sdo semelhantes aos
monécitos e possuem o fenoétipo CD11b*GR1MLy6GLy6CM9" (MOVAHEDI;
GUILLIAMS; VAN DEN BOSSCHE; VAN DEN BERGH et al., 2008; YOUN;
NAGARAJ; COLLAZO; GABRILOVICH, 2008). Entretanto, apenas critérios
fenotipicos nao sao suficientes para identificar as MDSCs. Algumas outras
metodologias, como por exemplo os ensaios funcionais de supressao de linfécitos T
in vitro e expressao génica, sao necessarias para ajudar a diferenciar essas células
imaturas dos neutréfilos e mondécitos maduros (GABRILOVICH, 2017).

Diferentes vias de imunossupressao sao utilizadas pelas subpopulagbes de
MDSCs como: indugao de células imunossupressoras, comprometimento do trafego

de linfocitos, producao de radicais livres, deplecéo metabdlica, produgéo de adenosina
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e expressdao de moléculas reguladoras. Parte desses mecanismos estao

representados na figura 3 e descritos mais detalhadamente a seguir:

Inducdo da geracédo de células Tregs e polarizagdo de macréfagos para o
subptipo M2 através da producgédo de IL-10 (Figura 3A) (BEURY; PARKER,;
NYANDJO; SINHA et al., 2014; HUANG; PAN; LI; SATO et al., 2006;
SERAFINI; MGEBROFF; NOONAN; BORRELLO, 2008).

Altos niveis de expressao de INOS, enzima que produz 6xido nitrico (NO) a
partir do metabolismo da L-arginina. O NO em nivel muito alto pode causar a
anergia de linfécitos T. Além disso, essa molécula também compromete a
migracao de linfécitos por induzir a redugdo da expressao de moléculas de
adesdo como a ligante de P-selectina (CD162) e CD44 (Figura 3B)
(BINGISSER; TILBROOK; HOLT; KEES, 1998; FLEMING; HU; WEBER;
NAGIBIN et al., 2018; SATO; OZAKI; OH; MEGURO et al., 2007).

Expressao elevada de ADAM17 (ADAM metallopeptidase domain 17), enzima
que cliva o CD62L (L-selectina). A reducao no nivel de CD62L diminui o trafego
de linfécitos T naive para o linfonodo, local onde eles reconheceriam os
antigenos e seriam ativados (Figura 3B) (HANSON; CLEMENTS; SINHA,
ILKOVITCH et al., 2009).

Produgédo exacerbada de ROS. Algumas popula¢cdées de MDSCs expressam
NOX2 (NADPH oxidase 2), que é responsavel por produzir radicais livres como
ROS. Quando presente em alta concentracdo, o ROS é capaz de induzir
apoptose de linfécitos T (KUMAR; PATEL; TCYGANOV; GABRILOVICH, 2016;
OSTRAND-ROSENBERG; SINHA, 2009). Ainda mais, a reagao do ROS com
o NO forma o peroxinitrito, o qual causa nitrosilacdo do TCR resultando na
anergia de linfécitos T (Figura 3C) (HARDY; WICK; WEBB, 2008).

Alta expressado de Arg-1 (arginase) € um dos principais fatores responsaveis
pelo efeito imunossupressor das MDSCs. Essa enzima converte a L-arginina
em L-ornitina e ureia. O aumento da captura de L-arginina através do
transportador CAT2B, expresso nas MDSCs, causa a deplecao desse
aminoacido disponivel no meio (Figura 3D). Por sua vez, a caréncia de L-
arginina causa um atraso no ciclo celular dos linfécitos T na fase Go-G+
(RODRIGUEZ; QUICENO; OCHOA, 2007). Aléem disso, a escassez de L-
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arginina torna as células T anérgicas devido a redugcao da expressao da cadeia
( do TCR (BANIYASH, 2004; FLEMING; HU; WEBER; NAGIBIN et al., 2018).
Deplecao de cisteina. Embora as MDSCs nao expressem ASC (transportador
de Alanina-Serina-Cisteina), elas apresentam alto nivel de SLC7A11, um
transportador de cistina (Figura 3D). A cistina é utilizada como precursor para
producao de cisteina pelos macréfagos e DCs. O sequestro de cistina realizado
pelas MDSCs através da SLC7A11 resulta na redugcdo da conversdo e
excrecgao de cisteina pelos macréfagos e DCs. Consequentemente, a escassez
de cisteina inibe a sintese de proteinas, a producao de glutationa e prejudica a
proliferacao de células T (SRIVASTAVA; SINHA; CLEMENTS; RODRIGUEZ et
al., 2010).

Expressao elevada de IDO (indoleamine 2,3-dioxygenase), enzima que
degrada triptofano em N-formil-quinurenina. A escassez de triptofano além de
promover parada no ciclo celular de linfécitos T e anergia, também induz a
polarizagdo de linfécitos T CD4* para um perfil regulador (Treg) (MUNN;
SHARMA; BABAN; HARDING et al.,, 2005; PLATTEN; WICK; VAN DEN
EYNDE, 2012). Somado a isto, a quinurenina, produto da acéo da IDO, inibe a
proliferacao e a sobrevida de linfocitos T efetores além de também induzir a
polarizagdo para linfécitos Treg (FRUMENTO; ROTONDO; TONETTI;
DAMONTE et al., 2002; MEZRICH; FECHNER; ZHANG; JOHNSON et al,,
2010).

Expressao elevada das ectonucleotidases CD39 e CD73. Essas moléculas
estdo envolvidas na conversdao de ATP em AMP e AMP em adenosina,
respectivamente (LI; WANG; CHEN; LI et al., 2017). A adenosina, por sua vez,
inibe o priming de células T virgens por inibir a cascata de sinalizagao de
ativacéo. Além disso, a adenosina também reduz a expressdo de moléculas
efetoras nos linfécitos T ja ativados, como CD95L (FAS-L), perforinas, IFN-y e
TNF-a (LINDEN; CEKIC, 2012).

Alta expressdo de moléculas reguladoras como PDL-1 e FAS-L, as quais
interagem com seus respectivos receptores na superficie de linfécitos T e
causam anergia e apoptose (LU; REDD; LEE; SAVAGE et al., 2016; ZHU,
POWIS DE TENBOSSCHE; CANE; COLAU et al., 2017).
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e Secrecao de citocinas anti-inflamatérias como TGF- e IL-10. Essas citocinas
reduzem a atividade de linfocitos T efetores além de induzir o recrutamento de
células Treg e afetar negativamente a maturacao de células NK (FLEMING;
HU; WEBER; NAGIBIN et al., 2018; SINHA; CLEMENTS; BUNT; ALBELDA et
al., 2007; UMEMURA; SAIO; SUWA,; KITOH et al., 2008).
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Figura 3: Mecanismos de imunossupressao das MDSCs.
Fonte: PRINCIPI; RAFFAGHELLO, 2019

1.6 Irg1 e Itaconato

Ao longo de milénios de evolugédo a Mtb desenvolveu multiplas estratégias para
impedir com sucesso a sua eliminacao pelas células do sistema imune e promover a
sua disseminacao e sobrevivéncia no hospedeiro. Sabe-se que para crescer dentro

do fagossomo, o qual € um ambiente escasso de substratos para realizar a glicolise,

(ch
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a Mtb altera o seu perfil metabdlico para conseguir obter energia (DUNN; RAMIREZ-
TRUJILLO; HERNANDEZ-LUCAS, 2009). A ICL (isocitratoliase) € uma enzima
essencial para a via do glioxilato, que € uma variagcao do ciclo do acido citrico presente
somente em plantas e microrganismos. Essa via metabdlica facilita o uso de lipideos
e colesterol do hospedeiro como fonte de carbono para geracado de ATP (LORENZ,;
FINK, 2002). A Mtb tem pelo menos duas enzimas ICLs (ICL1 e ICL2) que sao
responsaveis por fazer essa mudanca para a via do glioxilato (DUNN; RAMIREZ-
TRUJILLO; HERNANDEZ-LUCAS, 2009; HONER ZU BENTRUP; MICZAK;
SWENSON; RUSSELL, 1999).

Por outro lado, o Irg1 (gene imunorresponsivo) € uma enzima mitocondrial
codificado pelo gene Irg1, também conhecido como Acod1 (Aconitate decarboxylase
1), induzida por estimulos inflamatérios. Essa enzima é responsavel por produzir o
metabdlito itaconato através da descarboxilagao do cis-aconitato, um intermediario do
ciclo do acido citrico (CAC) (Figura 4). Varios trabalhos ja haviam mostrado ha quase
meio século atras o efeito bactericida do itaconato, entretanto essa molécula nao tinha
ganhado notoriedade até descobrirem que ela poderia ser gerada de forma natural
nas células de mamiferos (LUAN; MEDZHITOV, 2016; MCFADDEN; PUROHIT, 1977;
SHIN; YANG; JEON; YOON et al., 2011; WILLIAMS; ROCHE; MCFADDEN, 1971). A
atividade bactericida desse metabdlito foi mostrada em bactérias de diferentes
espécies como Salmonela enterica, Acinetobacter baumannii, MRSA (Staphylococcus
aureus resistente a meticinlina), Legionella pneumophilia (MICHELUCCI; CORDES;
GHELFI; PAILOT et al., 2013; NAUJOKS; TABELING; DILL; HOFFMANN et al., 2016).
Michelucci e colaboradores mostraram que esse metabdlito também inibe a
proliferacao de Mtb em meio de cultura liquido (MICHELUCCI; CORDES; GHELFI,
PAILOT et al.,, 2013). O mecanismo proposto para esse efeito bacteriostatico do
itaconato € a inibicdo da enzima ICL, que é necessaria para a persisténcia da
micobactéria no macréfago.

Além disso, o itaconato também tem um papel importante na regulagdo do
metabolismo das células imunes e da resposta inflamatéria. A reprogramacéao
metabdlica da populacao de células imunes pode influenciar drasticamente a resposta
imunolégica e modular as propriedades antimicrobianas das células infectadas do
hospedeiro, demonstrando que os metabdlitos estao fortemente ligados as fungdes
efetoras (HOFFMANN; MACHELART; BELHAOUANE; DEBOOSERE et al., 2019).

Em 2016, Lampropoulou e colaboradores mostraram que o itaconato modula o
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metabolismo do macréfago através da inibicdo da oxidagao do succinato pela enzima
succinato  desidrogenase  (SDH) (LAMPROPOULOU; SERGUSHICHEYV,
BAMBOUSKOVA; NAIR et al., 2016). A SDH é uma enzima do CAC e também um
importante componente do complexo Il da cadeia transportadora de elétrons (Figura
4). Portanto, a sua inibicdo causa uma parada no CAC, e consequentemente uma
reducao na fosforilagdo oxidativa e um aumento da glicolise, que passa a ser entdo a
principal via de produgdo de energia nos macréfagos estimulados
(LAMPROPOULOU; SERGUSHICHEV; BAMBOUSKOVA; NAIR et al., 2016). Esse
estudo também mostrou que o tratamento de macréfagos com dimetil-itaconato, uma
forma do itaconato n&o i6nica permeavel a membrana, inibiu a producéo de IL-6, IL-
12, IL-1p e NO em macréfagos ativados com uma variedade de estimulos
inflamatérios. Ainda mais, confirmando essa hipotese, macréfagos deficientes em Irg1
apresentaram aumento significativo da resposta pré-inflamatéria (LAMPROPOULQOU;
SERGUSHICHEV; BAMBOUSKOVA; NAIR et al., 2016).

Esse efeito na regulagdo da resposta pro-inflamatéria faz do itaconato uma
importante molécula imunomoduladora na infecgdo pela Mtb, pois sabe-se que a
excessiva ativacao do sistema imune pode prejudicar a eliminagcao do bacilo além de
promover lesao tecidual. De fato, trabalhos recentes mostraram que a expressao do
gene Irg1 nas células mieloides LysM* é crucial para a resisténcia frente a infeccao
pela Mtb com significante reducao da imunopatologia pulmonar mediada pelo
recrutamento excessivo de neutréfilos (HOFFMANN; MACHELART; BELHAOUANE;
DEBOOSERE et al., 2019; NAIR; HUYNH; LAMPROPOULOU; LOGINICHEVA et al.,
2018). Além disso, Hoffmann e colaboradores mostraram que os fagécitos deficientes
em Irg1 tem uma quantidade muito elevada de gotas de lipideos (GL), as quais
favorecem a proliferacao do bacilo, sugerindo a forte dependéncia deste patégeno dos
lipideos do hospedeiro estocados em GL (HOFFMANN; MACHELART,;
BELHAOUANE; DEBOOSERE et al., 2019).
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A Anti-microbial effect
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Figura 4: Via de producao do Itaconato e seu papel na resposta imune.
Fonte: LUAN; MEDZHITOV, 2016

Entretanto, uma questdo importante nao solucionada ainda diz respeito ao
mecanismo pelo qual a Mtb induz a expressao do gene /rg1. Diante de todo exposto,
decidimos avaliar nesse trabalho o papel das MDSCs na forma grave de tuberculose
e possiveis vias de intervencao para reducao da imunopatologia pulmonar, bem como
investigar o mecanismo molecular de inducao da expressédo do gene Irg1

desencadeado pela Mib.



2 Objetivos
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2.1 Geral

O objetivo central desse trabalho foi compreender o papel das MDSCs na TB
grave utilizando um modelo murino, bem como estudar os mecanismos de inducao da

expressao do gene Irg1 e producgao do Itaconato.

2.2 Especificos

e Objetivo 1: Identificar e caracterizar o perfil fenotipico e funcional das MDSCs
presentes no pulméo de camundongos com a forma grave da TB induzida por

cepa hipervirulenta em camundongos imunocompetentes

e Objetivo 2: Verificar o mecanismo de imunossupressao utilizado pelas MDSCs
na TB grave

e Objetivo 3: Avaliar se a eliminacdo das MDSCs implica na melhora da
imunopatologia e no restabelecimento da ativagdo da resposta imune

e Objetivo 4: Investigar quais receptores de superficie celular envolvidos no
reconhecimento da Mycobacterium tuberculosis e vias de sinalizacao estao

relacionados com a indugao da expressao do gene Irg1

e Objetivo 5: Averiguar a participacdo de sensores citosélico na inducao da
expressao do gene /rg1 durante a infeccao por Mycobacterium tuberculosis e

producéao do itaconato



3 Metodologia
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3.1 Micobactérias

O isolado clinico hipervirulento MP287/03 (M. bovis) foi gentilmente cedido pelo
professor Dr. José Soares Ferreira Neto da Faculdade de Medicina Veterinaria e
Zootecnia da USP. A cepa H37Rv (M. tuberculosis - ATCC), utilizada como referéncia
de viruléncia na TB, foi cedida pelo Dr. Philip Stuffys da Fiocruz do Rio de janeiro e a
cepa BCG foi adquirida da ATCC.

As bactérias foram cultivadas em meio sélido Middlebrook 7H10 (Agar) (Becton
Dickinson) enriquecido com 10% de OADC (acido oleico, albumina, dextrose e
catalase — Difco Laboratories), glicerol (cepa H37Rv) ou 0,4% de piruvato sédico (cepa
MP287/03) por 21 dias & 37°C. As colénias crescidas foram removidas do Agar e
suspendidas em meio liquido Middlebrook 7H9 (Becton Dickinson) enriquecido com
10% de ADC (albumina, dextrose e catalase — Difco Laboratories), 0,05% de Tween
80 e com ou sem 0,04% de piruvato sédico para as cepas MP287/03 e H37Rv,
respectivamente. Essas amostras foram mantidas em cultura a 37°C até alcancarem
a densidade ética (D.O.) de ~ 0,6, quando entdo varias aliquotas de 1 mL foram

congeladas a -80°C.

3.2 Animais

Para realizagdo do projeto foram usados camundongos da linhagem C57BL/6
livres de patégenos especificos (SPF) fornecidos pelo biotério de camundongos
isogénicos do Instituto de Ciéncias Biomédicas (ICB) da USP. Além disso também
foram usados camundongos C57BL/6, NFkBp50KO, IFNa/BRKO que foram
adquiridos da Taconic Farms (Hudson, NY, EUA). Ja os camundongos TLR2KO,
TLR4KO e TLR9KO foram gentilmente cedidos pelo Dr. Giorgio Trinchieri, enquanto
os camundongos CARD9KO, STINGKO e IFNyRKO foram cedidos pelo Dr. Michail
Lionakis, Dr2. Mahtab Moayeri e Dr2. Dragana Jankovic, respectivamente.

Apos a infeccado, os animais C57BL/6 foram mantidos em microisoladores
(racks ventiladas) no biotério de experimentacdo do laboratério nivel 3 de
biosseguranga (NB-3) da Faculdade de Ciéncias Farmacéuticas (FCF) da USP. Este
projeto de pesquisa foi avaliado e aprovado pela Comissdo de Etica do Uso de
Animais (CEUA) do ICB (protocolo n° 31/2016) da USP.
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3.3 Infecgao dos Animais

Os bacilos foram descongelados e cultivados por 7 dias a 37°C em meio liquido
Middlebrook 7H9 enriquecido (enriquecimento detalhado na se¢ao 3.1) para aumentar
a viabilidade bacteriana. Em seguida, as amostras foram submetidas ao banho
ultrassbénico e agitadas em vértex por 1 minuto, para dispersdo dos grumos
bacterianos. A quantificacao bacilar foi realizada no espectrofotdmetro (Hitachi-model
U-1100) com comprimento de onda de 600 nm.

Para o procedimento de infec¢do, os camundongos foram anestesiados com
uma injecao intraperitoneal (i.p.) de 120 pL de uma solucdo contendo xilazina (15
mg/kg - Vetbrand) e ketamina (110 mg/kg — Vetbrand). Testes de reflexos foram feitos
ap6s cinco minutos da administracdo do anestésico para certificar se os animais
estavam realmente anestesiados. Posteriormente, uma pequena inciséo cirurgica foi
realizada para expor a traqueia, e entao inoculou-se, via intratraqueal, 60 uL de PBS
contendo ~ 100 bacilos. O corte cirurgico foi suturado e os animais mantidos enrolados

em gaze para protege-los de hipotermia.

3.4 Analises macroscopicas e microscopicas dos pulmoes

Os camundongos foram eutanasiados 21 ou 28 dias apds a infec¢ao por
deslocamento cervical. Os pulmbes foram entdo coletados, lavados com PBS
(phosphate-buffered saline) estéril e pesados em balanga analitica. A massa relativa
do pulméao foi determinada através do quociente entre a massa do pulmao infectado
e a massa do pulmao controle. Com o auxilio de uma tesoura cirurgica os lobos do
pulmao foram separados e o lobo superior direito conservado em formaldeido
tamponado 10%. Foi tirada a fotografia desse lobo e, posteriormente, o0 mesmo foi
seccionado com espessura de 4-5 ym para coloracao com hematoxilina/eosina (HE),
afim de visualizar as alteragdes teciduais, e com a técnica de Ziehl-Neelsen (ZN), para
detectar a presenca de bacilos alcool-acido resistentes (BAAR). As laminas foram
examinadas com um microscépio Nikon (Japao), e as imagens capturadas com uma

camera Nikon Coolpix P995 (Japao).
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3.5 Obtencao de células do pulmao

Os lobos médio e inferior direito e o pulmao esquerdo foram destinados ao
processamento para posterior analise em citometria de fluxo. No processamento,
esses lobos foram picotados com tesouras cirurgicas e entao suspendidos em 4 mL
de solucao de digestao [0,5 mg/mL de Colagenase tipo IV (Sigma, USA)], durante 40
minutos sob agitacao de 160 rpm a 37°C. Em seguida, as células foram dispersadas
através da friccdo com o émbolo de seringa (BD), e filtradas com “cell strainer”
(Corning, USA). Os eritrocitos foram entao lisados com o tampéo de lise ACK (Thermo
Fisher Scientific, USA) por 1 minuto a temperatura ambiente. As células foram
contadas em camara de Neubauer e, posteriormente, distribuidas (108 células/pogo)

em placas de 96 pog¢os para marcagao com anticorpos e leitura no citdmetro de fluxo.

3.6 Obtencao de células do sangue

Logo apés a eutanasia dos animais foi coletado o sangue, através de pulsao
cardiaca, e adicionado o anticoagulante heparina. Os eritrocitos foram lisados com o
tampao de lise ACK (Thermo Fisher Scientific) por 3 minutos a temperatura ambiente.
As células obtidas foram colocadas em placas de 96 pogos para marcagdo com

anticorpos e leitura no citémetro de fluxo.

3.7 Obtencao de células da medula 6ssea

ApOs a eutanasia, o fémur dos animais também foi removido e posteriormente
submetidos a um flushing com RPMI 1640 incompleto para extragdo das células da
medula 6éssea. Para dispersar os grumos de células, as mesmas foram passadas pela
seringa de 10 mL com a agulha de calibre G26. As células obtidas foram entao
contadas em camara de Neubauer e semeadas em placas de 96 poc¢os na
concentracdo de 10° células/pogo para marcacdo com anticorpos e leitura no

citometro de fluxo.
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3.8 Analise fenotipica de células por citometria de fluxo

As células obtidas do pulmao, medula e sangue foram marcadas com a
combinacao adequada dos fluoréforos APC, APCcy7, FITC, PE, PEcy7, PercP, PB e
V500, ligados aos anticorpos monoclonais anti-GR1, anti-CD11b, anti-Ly6G, anti-
Ly6C, anti-CD11c, anti-CD45, anti-CCR2, anti-CD115, anti-CD135, anti-CD4, anti-
CD8, anti-CD19, anti-NK1.1, anti-CD44, anti-CD69, anti-CD62L, anti-PD1, anti-PD-L1,
anti-CD39, anti-CD73, anti-FASL e anti-TLR2. As amostras foram lidas por citometria
de fluxo (FACSCanto, BD Biosciences, EUA) e os dados analisados com o programa
FlowJo v.10.5.

3.9 Avaliagcao da producao de citocinas por Cytometric Bead Array (CBA)

As células obtidas do pulméao foram suspensas em meio RPMI 1640 completo
(suplementado com 10% de SBF, 1% de L-glutamina, 1% de piruvato e 0,1% de
gentamicina) e cultivadas por 48 horas a 37°C e 5% de CO2. Em seguida, o
sobrenadante foi filtrado em Spin-X e armazenado a -80°C. Os niveis de TNF-a, IFN-
Y, IL-17 e IL-10 foram quantificados por CBA utilizando o Kit Mouse Th1/Th2/Th17
seguindo as instru¢des do manual do fabricando (BD Biosciences, EUA). A leitura dos
dados foi realizada por citometria de fluxo (FACSCanto BD Biosciences, EUA) e os

resultados analisados com o programa BD CBA Analysis Software.

3.10 Isolamento da populagiao CD11b*GR1*

Para enriquecer a populacao CD11b*GR1*, células obtidas da medula éssea
do fémur e tibia de camundongos controles e infectados foram separadas por sorting
magnético. Para esse procedimento, primeiramente realizamos o bloqueio do receptor
FcR utilizando o FcR Blocking Reagente (Miltenyi Biotec) por 10 min a 4°C. Em
seguida, as células foram marcadas com anticorpo anti-GR1-biotina por mais 10 min
a 4°C, lavadas e entao incubadas com MicroBeads streptavidina por 15 min a 4°C. As
células foram novamente lavadas e entao a populagdo CD11b*GR1* foi positivamente
selecionada através de eluicdo em colunas magnéticas LS MACS (Miltenyi Biotec). A

pureza foi superior a 90%.
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3.11 Ensaio funcional de inibicao da proliferagao de linfécitos T

A populagcdo CD11b*GR1* purifica da medula éssea foi plaqueada em
diferentes propog¢des com splenécitos naive, os quais foram previamente marcados
com cell tracer de acordo com as instrugdes do fabricante. Esta cocultura foi suspensa
em meio RPMI 1640 completo (10% de SBF, 1% de L-glutamina, 1% de piruvato e
0,1% de gentamicina), estimulada com anti-CD3 (1 pg/mL) e anti-CD28 (1 ug/mL) e
incubada for 48h a 37°C e 5% de CO2. As células foram entdo marcadas com
anticorpos anti-CD4 e anti-CD8, fixadas e posteriormente foi realizada a avaliagdo da
proliferacao por citometria de fluxo (FACSCanto BD Biosciences, EUA). Para o
experimento transwell, os esplenécitos foram plagueados na base e as células
CD11b*GR1* na chamber do transwell. O estimulo e os ensaios seguintes foram

realizados como explicado acima.

3.12 Ensaio funcional da inibigcao da producgao de IFN-y por ELISA

A células CD11b*GR1* purificadas da medula 6ssea foram co-cultivadas com
esplendcitos como explicado no item 3.11. Apo6s 48h de cultivo o sobrenadante foi
coletado, filtrado com Spin-X e armazenado a -80°C. A quantificacdo da produgéo de
IFN-y por ELISA com o Kit Mouse IFNy-ELISA Set - (BD-OptEIA, EUA) de acordo com

as instrucdes do fabricante.

3.13 Extragao de RNA do tecido pulmonar e avaliagao da expressao génica por
gRT-PCR

O lobo pés-caudal do pulmao foi removido e conservado em trizol a -20°C.
Posteriormente, ele foi macerado na presencga de nitrogénio liquido com o auxilio de
um pistilo previamente esterilizado. O produto foi centrifugado e o sobrenadante
recolhido para a extracao de RNA. O processo de extracado do RNA foi realizado com
o Kit RNeasy® Mini (Qiagen, Germantown, USA). Todas as amostras de RNAs
extraidas tiveram o resultado da relagdo DO260/DOz2s0 entre 1,8 e 2, onde DO é a
densidade ética nos respectivos comprimentos de onda de 260 e 280nm. O RNA
isolado foi entdo quantificado e diluido a concentracao de 100 ng/uL. Em seguida,

adicionou-se os reagentes para conversdao em cDNA (High Capacity cDNA Reverse
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Transcription Kit, Applied Biosystems Life Technologies, California, USA) e incubou-
se no termociclador (PTC-100™ Programmable Thermal Controller, MJ Reserach,
Inc.). O cDNA produzido foi armazenado no freezer a -80°C. A posteriori, foi realizado
o PCR em tempo real para quantificar a expressao génica utilizando o ensaio
Platinum® SYBR® Green (Invitrogen Life Technologies. Os seguintes genes foram
avaliados: arginase (Arg1), TNF-a (Tnf), IEN-y (Ifng), IL-17 (ll17a), IL-10 (//10), Irg1
(Irg1), IL12 (1112p35), IFN-B (Ifnb1), MX2 (Mx2) e OAS1 (Oas1a). O gene endégeno
utilizado foi o GAPDH e os resultados foram expressos como 2™-24CT_ As sequéncias

de todos o primers utilizados estao na tabela abaixo.

Gene Forward Primer Reverse Primer
Gapdh 5-TGA AGC AGG CAT CTG AGG G -3 3- CGA AGG TGG AAG AGT GGG AG -5
Arg1 5-AAA GCT GGT CTG CTG GAA AA -3 3- ACA GAC CGT GGG TTC TTC AC -5
Tnf 5-CAT CTT CTC AAA ATT CGA GTGACAA -3 | 3-TGG GAG TAG ACA AGG TAC AAC CC -5
Ifng 5-TCAAGT GGC ATA GAT GTG GAA GAA -3’ 3-TGG CTC TGC AGG ATT TTC ATG -5
1172 5-GCT CCA GAA GGC CCT CAG A -3’ 3-AGCTTTCCC TCC GCATIGA -5
1110 5-GGT TGC CAA GCC TTATCG GA -3’ 3-ACC TGC TCC ACT GCC TTG CT -5
Irg1 5-GCG AAC GCT GCC ACT CA-3' 5-ATC CCA GGC TTG GAA GGT C - 3'
1112p35 5 —ACG TCT TTG ATG ATG ACC CTG T-3 5-TTC TGA AGT GCT GCG TTG A-3’
Ifnb1 5-GTC CGA GCA GAG ATC TTC AGG-3’ 5-ACT ACC AGT CCC AGA GTC CG -3’
Mx2 5-CCA GTT CCT CTC AGT CCC AAG ATT -3’ 5- TAC TGG ATG AAG GGA ACG TGG -3’
Oas1a 5-CCC TAT CTG ACA CAT TGA CGG T -3’ 5-TAT TCT ATG GTC CCC CAG CCT -3’

3.14 Eliminacao in vivo de células GR1*

Para os experimentos envolvendo a eliminacdo de células GR1*, os
camundongos C57BL/6 infectados com a cepa MP287/03 de M. bovis foram tratados
com anticorpo anti-GR1 (hibridoma RB6-8C5) com dose de 200 pg/animal via
intraperitoneal a cada trés dias a partir do 21° dia apés infeccao. Subsequentemente,
para acompanhar a eficacia do tratamento, foi realizado esfregacos sanguineos a
cada 24h de cada animal e entdo analisados por microscopia éptica. Os animais foram
sacrificados no 28° ap6s infeccdo. Camundongos infectados e tratados com IgG2b-
kappa foram usados como controle isotipico. Além disso, camundongos nao
infectados e tratados com anti-GR1 foram usados como controle experimental.
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3.15 Extracao da medula 6ssea, diferenciagcao de macrofagos e infecgao in vitro

Os camundongos foram eutanaziados em camera de gas com CO. A medula
Ossea foi coletada a partir do fémur e tibia dos animais através de pungcao com PBS.
Para dissociacdo da medula foi realizado a passagem cuidadosa através de uma
agulha calibre 26. Em seguida as células foram cultivadas em placas de Petri com
meio DEMEM F12 (Gibco, USA) suplementado com 1 mM de piruvato de s6dio, 2 mM
de L-glutamina, 0,05% de gentamicina, 10% de soro bovino fetal e 20% de sobrenadante de
L929 em uma estufa a 37°C e 5% CO,. Um volume de 10 mL adicionais desse mesmo meio,
porém sem antibiético, foi colocado apéds 4 dias de incubacdo. Os macréfagos derivados da
medula 6ssea (BMDMs) obtidos no sétimo dia de diferenciacdo foram entdo removidos das
placas de Petri, contados e plaqueados na concentracdo de 10° células/poco em placas de
24 pocos. As células foram incubadas durante a noite para uma adequada aderéncia a
superficie da placa e entao foram infectadas com Mtb (H37Rv) ou BCG (MOI 1:1) durante 3
horas. Apos esse periodo, elas foram lavadas com PBS para remoc¢ao das bactérias que ndo
foram fagocitadas e entdo incubadas novamente na estufa a 37°C e 5% CO; até o tempo
desejado (3, 6, 9, 12 ou 24h).

Em alguns experimentos os BMDMs foram tratados com inibidores de fagocitose (1
MM de mycalolide B ou 40 uM de dynasore) aproximadamente 1 hora antes da infecgao, ou
entdo com inibidor de transcricdo génica (1 ug/mL de actinomicina D) ou de sintese proteica
(10 upg/mL de cicloheximidina) aproximadamente 2h antes da infeccdo. Em outros
experimentos, as BMDM foram tratadas com IFN-B (10 ng/mL) ou IFN-y (10 U/mL)
recombinantes ou com bafilomicina (1 uM) concomitantemente com a infeccdo. Algumas
amostras foram estimuladas com LPS (10 ng/mL), PAM3CSK4 (10 ng/mL), CpG (1 uM),
Trehalose (1 ug/mL) ou PolylC (20 ug/L) ao invés de serem infectadas.

3.16 Diferenciagao de macrofagos humanos

O elutriado de leucécitos humanos foi obtido a partir de doadores saudaveis e
a fracéo de monécitos CD14* purificada por coluna magnética. Os macrofagos foram
gerados a partir da cultura de mondécitos com meio contendo M-CSF (60 ng/mL) por 7
dias. A cada 48 horas foi adicionado meio de cultura novo enriquecido com soro
humano, L-glutamina, piruvato, aminoacidos essenciais e o referido fator de
crescimento M-CSF. Apéds o término da diferenciacdo os macrofagos foram entéo

infectados com micobactérias da cepa H37Rv.
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3.17 Quantificacao do Itaconato

Apos a diferenciacdo, os BMDMs foram infectados com Mtb (H37Rv) durante
3h e entdo lavados com PBS e mantidos em cultura a 37°C e 5% CO2 por 24h. Em
seguida, as células foram lisadas com solu¢cdo metanol:agua (80:20), filtradas em
Spin-X e congeladas a -80°C. Os metabdlitos itaconato e cis-aconitato das amostras

foram quantificados por HPLC/MS.

3.18 Analise estatistica

Os resultados foram analisados com o software Prism 7 (GraphPad Software
Incorporated, EUA). As analises foram feitas utilizando os testes T de student, One-
Way ANOVA ou Two-Way ANOVA seguidos por poés teste de Tukey. As diferencas

entre os grupos foram consideradas significativas quando o valor de p foi < 0.05.



6 Conclusdo
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Os resultados apresentados nessa tese mostram que as G-MDSCs tém um papel
relevante no agravamento do quadro da TB induzido por cepa hipervirulenta em modelos
imunocompentes, principalmente por levar a uma imunossupressao e favorecer a proliferacao
e disseminagao bacteriana, acarretando na morte precoce. Nossos dados sugerem que a
interacdo PD1/PD-L1 é um dos mecanismos envolvidos na imunossupressao induzida pelas
G-MDSCs. A deplegao dessa populagcao causou uma expressiva melhora na imunopatologia
pulmonar e foi associada com redugcédo da carga bacteriana e aumento na sobrevida. Além
disso, também mostramos que as vias do TLR2/MyD88/NFkB bem como a do STING/IFN-I
estdo envolvidas na inducao da expressao do gene Irg1 e producado do itaconato, importante
molécula que reduz a imunopatologia pulmonar mediada pelo recrutamento excessivo de
granuldcitos. Esse estudo revela novas possibilidades de abordagens terapéuticas que visam
atenuar as formas graves de TB, através da intervencdo em vias imunossupressoras, como
deplecdo de MDSCs ou inibicdo da interagcdo PD1/PDL1, ou ainda em vias que reduzam o

recrutamento de granulécitos, como a do itaconato.
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APENDICE A - Estratégia de gates utilizada para analise da populagéo de células

mieloides e linfoides
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APENDICE B - Presenca de mondcitos imaturos infiltrados no pulmao de

camundongos aos 28 dias p.i. com a cepa MP287/03
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APENDICE C - Frequéncia de mondcitos (maduros e imaturos) e linfécitos no
sangue de camundongos infectados tratados com anticorpos anti-GR1 ou com
controle isotipico
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APENDICE D - Viabilidade celular de BMDMs tratados com os inibidores MycB,

dynasore ou cultivados a 4°C
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APENDICE E — P2X7 receptor in bone marrow-derived cells aggravates tuberculosis

caused by hypervirulent Mycobacterium bovis. Frontiers in Inmunology, 2017
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P2X7 Receptor in Bone
Marrow-Derived Cells Aggravates
Tuberculosis Caused by
Hypervirulent Mycobacterium bovis
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Tuberculosis (TB) remains a serious public health problem despite the great scientific
advances in the recent decades. We have previously shown that aggressive forms of TB
caused by hypervirulent strains of Mycobacterium tuberculosis and Mycobacterium bovis
are attenuated in mice lacking the P2X7 receptor, an ion channel activated by extracellular
ATP. Therefore, P2X7 receptor is a potential target for therapeutic intervention. /n vitro,
hypervirulent mycobacteria cause macrophage death by a P2X7-dependent mechanism
that facilitates bacillus dissemination. However, as P2X7 receptor is expressed in both
bone marrow (BM)-derived cells and lung structural cells, several cellular mechanisms
can operate in vivo. To investigate whether the presence of P2X7 receptor in
BM-derived cells contributes to TB severity, we generated chimeric mice by adoptive
transfer of hematopoietic cells from C57BL/6 or P2X7-"~ mice into CD45.1 irradiated
mice. After infection with hypervirulent mycobacteria (MP287/03 strain of M. bovis),
P2X7-->CD45.1 mice recapitulated the TB resistance observed in P2X7-- mice. These
chimeric mice showed lower lung bacterial load and attenuated pneumonia compared
to C57BL/6>CD45.1 mice. Lung necrosis and bacterial dissemination to the spleen and
liver were also reduced in P2X7-->CD45.1 mice compared to C57BL/6>CD45.1 mice.
Furthermore, an immature-like myeloid cell population showing a Ly6G™ phenotype
was observed in the lungs of infected C57BL/6 and C57BL/6>CD45.1 mice, whereas
P2X7-"- and P2X7-->CD45.1 mice showed a typical neutrophil (Ly6G") population. This
study clearly demonstrates that P2X7 receptor in BM-derived cells plays a critical role in
the progression of severe TB.

Keywords: tuberculosis, hypervirulent mycobacteria, P2X7 receptor, bone marrow-derived cells, mouse models

INTRODUCTION

Nearly a quarter of the global population harbors bacteria of the Mycobacterium tuberculosis
complex, resulting in an estimated 10.4 million new cases of active tuberculosis (TB) in 2015
(1, 2). Infection typically occurs when an individual inhales aerosolized droplets containing
the mycobacteria (3). In the pulmonary alveoli, the mycobacteria may be ingested by alveolar
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macrophages that recruit inflammatory cells (4). Surviving
bacilli multiply within the macrophage and, in most cases, are
trapped inside primary granulomas. The equilibrium between
host defense and the mycobacteria leads to latent infection.
Active TB can develop through progression of recently acquired
infection (primary disease) or reactivation of latent infection.
Around 10% of active TB cases are due to progressive primary
TB, which is an aggressive form of the illness that affect mostly
immunodeficient patients and children under 5 years (5).
The rates of latent TB reactivation range from 3 to 10% per
lifespan in immunocompetent patients and increase markedly
in immunodeficient patients (6-8). By promoting a progressive
decline in cell-mediated immunity, co-infection with human
immunodeficiency virus (HIV) greatly enhances TB incidence
and severity. HIV co-infection was reported in 1.2 million (11%)
of the people who developed TB in 2014 (1). Therefore, TB
is the leading cause of death among individuals with acquired
immunodeficiency syndrome (9, 10).

Severe TB cases are distinguished by the fast increase of
granulomatous infiltrates that result in tuberculous pneumonia
and, eventually, in hematogenous bacillus dissemination, such
as in the miliary form of the disease. A hallmark of the serious
illness is the existence of pulmonary caseous granulomas in
which a central necrotic lesion contains many extracellular
mycobacteria (11). Intense necrotic death of macrophages
seems to result from the failure of host immune response to
control bacillus growth. Consequently, the respiratory function
is affected by the extensive tissue injury and causes the patient
death. Therefore, many efforts have been made to elucidate
how macrophages die following mycobacterial infection (12).
One of the main difficulties to understand the pathogenesis
of severe TB was the lack of animal models that develop
pulmonary necrotic granulomas, as these lesions are unusual
in murine models of TB, such as infection with mycobacteria
of the virulent H37Rv strain. Therefore, our research group
has established murine models in which C57BL/6 mice are
infected with a low dose of hypervirulent mycobacteria
(13, 14). Hypervirulent Beijing 1471 M. tuberculosis strain
and MP287/03 Mycobacterium bovis strain induce extensive
pulmonary inflammation, necrosis, high bacillus dissemina-
tion, and mouse death (13). These experimental models were
used to determine whether the recognition of damage signals
modulates the disease.

During necrotic cell death, ATP is released in the extracellular
environment (15-17). Extracellular ATP (eATP) is a damage
signal that is recognized by many cell types through different
P2 purinergic receptors. Among them, the P2X7 receptor leads
to release of proinflammatory cytokines and induces cell death
(18). This molecule is a ligand-gated ion channel that is activated
by high eATP concentrations, a characteristic of extensive tissue
injury (18, 19). P2X7 engagement causes changes in intracel-
lular ion balance that promotes the NLRP3 inflammasome
activation and secretion of active IL-1p and IL-18, as well as
cell death by pyroptosis (20). Furthermore, the stimulation of
P2X7 receptor induces the opening of large pores in the plasma
membrane, which allows the free flow of macromolecules. The
duration and intensity of the stimulus establish whether P2X7

receptor activation promotes cell necrosis or apoptosis (21). By
examining TB progression in mice deficient in P2X7 receptor
that were infected with H37Rv, Beijing 1471, and MP287/03
bacilli, we demonstrated that the crucial role of P2X7 receptor
in the aggressive forms of the disease (13). These mice showed
increased resistance to infection evidenced by diminished bacte-
rial load in the lungs, liver, and spleen. The lack of P2X7 receptor
also caused reductions of inflammatory cellular infiltrate and
tissue necrosis in the lung, which corroborated our hypothesis
of the involvement of damage signals in the pathogenesis of
severe TB.

To determine the mechanism involved in the deleterious role
of P2X7 receptor in severe TB, we performed in vitro experiments
using bone marrow (BM)-derived macrophages. We observed
that eATP induces the P2X7-mediated killing of intracellular
H37Rv bacilli and the P2X7-mediated release of viable hyper-
virulent Beijing 1471 and MP287/03 bacilli (13). Although this
finding suggests that P2X7 signaling in infected macrophages
facilitates the dissemination of hypervirulent mycobacteria,
several other mechanisms might also operate in vivo because
this receptor is expressed in many BM-derived cells and
structural cells of the lungs, such as vascular endothelial cells,
alveolar epithelial type I cells, and fibroblasts (22-25). Therefore,
in the present study, we sought to investigate in vivo whether
P2X7 receptor in BM-derived cells contributes to TB severity.
Clarifying this issue may help understand the pathophysiology
of aggressive forms of T'B and give the theoretical background to
develop new therapeutic approaches to ameliorate the outcome
of the disease.

RESULTS

P2X7 Receptor in BM-Derived Cells
Increases Lung Weight, Lung Relative

Mass, and Cellularity in Severe TB

To determine whether P2X7 receptor in BM-derived cells is
responsible for the deleterious role of this receptor in severe
TB, hematopoietic cells from C57BL/6 and P2X7~'~ mice were
transferred into irradiated CD45.1 mice (Figure 1A). After
90 days, chimeric C57BL/6>CD45.1 and P2X77=>CD45.1
mice showed high levels of BM-derived cell reconstitution in
the blood and lungs (over 95% of the CD45" cells) (Figure 1B).
These chimeric mice were then infected intratracheally (i.t.)
with ~100 MP287/03 bacilli. We used this mycobacterial strain
because it is more aggressive than Beijing 1471 strain, evidencing
more clearly the effects of P2X7 receptor (13). Recapitulating
the observations in infected C57BL/6 and P2X7~~ mice, the
lung tuberculous nodules were visually more numerous and
protuberant in C57BL/6>CD45.1 mice than in P2X7~~>CD45.1
mice at 28 days post-infection (p.i.) (Figure 2A). Accordingly,
lung weight, lung relative mass, and cellularity were higher
in infected C57BL/6 and C57BL/6>CD45.1 mice compared
to P2X77~ and P2X77->CD45.1 counterparts, respectively
(Figures 2B-D). In addition, the number of CD45" cells was also
higher in C57BL/6>CD45.1 mice than in P2X7~~->CD45.1 mice
(Figure 2E).
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P2X7 Receptor in BM-Derived Cells
Enhances Lung Pathology, Lung Bacterial
Burden, and Bacterial Dissemination to

the Liver and Spleen in Severe TB

Consistent with lung morphology, the histological analysis of
hematoxylin—-eosin (HE) stained tissue sections revealed a more
severe disease in infected mice expressing the P2X7 receptor
in BM-derived cells (Figure 3A). On day 28 p.i., C57BL/6 and
C57BL/6>CD45.1 mice showed intense pulmonary inflamma-
tion with intra-alveolar spaces containing widespread cellular
infiltrates accompanied by necrotic tissue injury. In contrast,
limited cellular infiltrates and no sign of necrosis were observed
in infected P2X7~'~ and P2X7~~>CD45.1 mice. Accordingly,
the areas of alveolar space were significantly lower in infected
C57BL/6 and C57BL/6>CD45.1 mice compared to infected
P2X77~ and P2X77->CD45.1 mice (Figure 3B). In addition,
Ziehl-Neelsen staining revealed the massive presence of acid-
alcohol-resistant bacillus (BAARs) in the lungs of infected
C57BL/6 and C57BL/6>CD45.1 mice, whereas less bacilli
were observed in P2X77~ and P2X7~~>CD45.1 counterparts,
respectively (Figure 3C). Compatibly, the numbers of colony-
forming units (CFUs) were higher in the lungs of infected mice
expressing the P2X7 receptor in BM-derived cells (Figure 4A).
Moreover, infected C57BL/6 and C57BL/6>CD45.1 mice
showed more bacillus dissemination to the liver and spleen
than P2X77~ and P2X77~>CD45.1 counterparts (Figure 4B).
These results confirm the important role of P2X7 receptor in

BM-derived cells in defining the increased resistance of P2X77/~
mice to severe TB.

P2X7 Receptor in BM-Derived Cells Leads
to Enrichment of Ly6G™ Cells into the

Lungs during Severe TB

As a hallmark of severe TB is the presence of massive neutro-
phil infiltrates in the lungs (26-28), we investigated whether
the absence of P2X7 receptor in BM-derived cells influences
the pulmonary myeloid cell populations in MP287/03-infected
chimeric mice. On day 28 p.i., C57BL/6 and C57BL/6>CD45.1
mice showed higher numbers of CD11b* cells compared to
P2X77~and P2X77->CD45.1 mice, respectively (Figures 5A,B).
Furthermore, an immature-like cell population expressing
intermediate levels of Ly6G predominated in infected C57BL/6
and C57BL/6>CD45.1 mice, whereas infected P2X77~ and
P2X77->CD45.1 mice presented a typical neutrophil Ly6Ghis"
population (Figures 5C-E). These data indicate that P2X7
expression in BM-derived cells contributes to TB severity, which
was characterized by the predominance of immature-like myeloid
cells infiltrating the lungs.

DISCUSSION

We have previously shown the deleterious role of P2X7 receptor
in severe TB caused by Beijing 1471 and MP287/03 bacilli (13).
In vitro, these hypervirulent mycobacteria induce macrophage
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mycobacterial components exhibiting the membrane-lysing
activity. This process leads to a vicious cycle that exacerbates
pneumonia, lung damage, and bacillus dissemination.

In vivo, various cell populations can contribute to the deleteri-
ousrole of P2X7 receptor in severe TB, as this receptor is expressed
in many BM-derived cells (i.e., monocytes, macrophages,
neutrophils, and T cells) and lung structural cells (i.e., alveolar
epithelial type I cells, lung endothelial cells, and fibroblasts)
(19, 22-25, 29, 30). By analyzing chimeric C57BL/6>CD45.1
and P2X77~>CD45.1 mice infected with MP287/03 bacilli, we
show here that the absence of P2X7 receptor in BM-derived cells
recapitulates the TB progression observed in mice lacking this
receptor. According to all parameters analyzed in this study,
P2X77=>CD45.1 mice developed a less severe TB compared to
C57BL/6>CD45.1 mice. Infected mice lacking the P2X7 receptor
in BM-derived cells showed lower lung bacterial load accom-
panied by attenuated pneumonia and no sign of lung necrosis.
Bacterial dissemination to spleen and liver was also reduced in
P2X77->CD45.1 mice compared to C57BL/6>CD45.1 mice.
Furthermore, a typical Ly6G"s" neutrophil population infiltrated
the lungs of infected P2X7~~>CD45.1 mice, whereas an imma-
ture-like myeloid cell population displaying a Ly6G™ phenotype
predominated in infected C57BL/6>CD45.1 mice.

These results are in line with our model in which P2X7
receptor of infected macrophages is decisive to aggravate the
disease (11, 12). Yet, the participation of other BM-derived cell
population is still an open possibility. Although neutrophils play
an important role in host defense against bacterial infections,
their involvement in TB is controversial (27, 28, 31). The excessive
accumulation of neutrophils in the lungs is very harmful and
usually associated with tissue damage during severe TB (27, 31).
In addition, immature myeloid cells, mainly neutrophil precur-
sors, are the main population infiltrating the lungs at advanced
TB stages (32, 33). Myeloid cells with an immature phenotype
can behave like myeloid-derived suppressor cells and make the
disease worse by suppressing the immune response (32-34).

This population has a CD11b*GR1™ phenotype and expresses
intermediate levels of Ly6G (32). Therefore, the accumulation of
Ly6G™ cells in the lungs of MP287/03-infected mice could be a
secondary consequence of the excessive tissue damage resulting
from P2X7 signaling.

Recently, it has been shown that neutrophils express the P2X7
receptor, which once activated by ATP, leads to K* efflux and,
consequently, to NLRP3 inflammasome activation and IL-1f
secretion (35). However, the detrimental effect of P2X7 receptor
during severe TB appears to be independent of NLRP3 inflamma-
some. The absence of NLRP3, ASC, and caspase-1 does not change
TB progression in MP287/03-infected mice (data not shown).
Moreover, differently from macrophages, P2X7 engagement does
not induce neutrophillysis (35). Therefore, it is unlikely that P2X7
receptor mediates lung injury by inducing neutrophil death.
Alternatively, it has been shown that P2X7 activation induced by
antibacterial protein LL-37 leads to suppression of spontaneous
apoptosis in neutrophils (36). As neutrophil apoptosis limits the
release of proinflammatory mediators and cytotoxic metabolites
(37), it is possible that, in severe TB, prolongation of neutrophil
life span mediated by P2X7 receptor could amplify the proinflam-
matory response and secondarily promote tissue injury.

In conclusion, this study helps to improve the knowledge
concerning the critical role of P2X7 receptor in severe TB by
demonstrating the importance of P2X7 receptor in BM-derived
cells. This finding brings us a step forward in understanding the
pathophysiology of aggressive forms of TB and reinforces the
P2X7 receptor as a potential target for new therapeutic approaches
to ameliorate the disease outcome.

MATERIALS AND METHODS

Mice

Specific pathogen-free C57BL/6, P2X77~ (B6.129P2-P2rx7tm1
Gab/J), and CD45.1 (B6.SJL-Ptprca Pepcb/Boy]) male mice (The
Jackson Laboratory, USA; generated by Pfizer Inc.) were bred

Frontiers in Immunology | www.frontiersin.org

April 2017 | Volume 8 | Article 435



Bomfim et al. P2X7 Receptor in Severe TB

A q ]
- iy o -
V] —
v Vi
Tl v
'_" T T T T T L. T T al T
FSC-A CD11b
B My sy
D 327 10° D 327 xq0°
= 284 S o8- "
< 4] EE CS7BLG < o4 |HE C57BL/6>CDAS.1 i
'E 20{ B3 P2X7 E 203 P2X74>CD45.1
E 16+ E 16+ -
B 121 g 121
o 8 g B
f | —— = ] o —
Q D-—_ Q o.-
Control Infected Control Infected
C  Gated from €D11b* calls Control Infected
C57BL/6 P2X7" C57BL/6 P2X7"
82.9 16.6 20.4 2.2 54.5 45.1 80.1 18.9
<
v}
a
Ly6G
Control
C57BL/e=>CD45.1 P2X7>CD45.1 C57BL/6>CD45.1 P2X7">CD45.1
1 85.1 14.7 1 936 6.18 | |65.4 34.4 1 68.3 31.4
o
2
LysG
D ]
B C57BL/6 Control | B C57BL/6>CD45.1 Control
P2X7 " Control 1 'ﬁ‘ P2X7' >CD45.1Control
1/
é B C57BL/6 Infected é Ir|[ W C57BL/6>CD45.1 Infected
s W P2X7" Infected 5 ( ﬂ | B P2X7">CD45.1 Infected
2 & ( II". ll\"
T o T - T .{:‘I
—_— —_— e
Ly6G Ly6G
FIGURE 5 | Continued

Frontiers in Immunology | www.frontiersin.org 7 April 2017 | Volume 8 | Article 435



Bomfim et al.

P2X7 Receptor in Severe TB

E e
150710

bgm_ B C578U/6
g:ﬂm- apax7r
LP
2 E 9
23
2%

8 25

0 1

Control MP287/03

FIGURE 5 | Phenotypic profile of lung neutrophils in chimeric and non-chimeric mice on day 28 p.i. C57BL/6, P2X7-"-, C57BL/6>CD45.1, and
P2X7-'->CD45.1 mice were infected with MP287/03 bacilli. Non-infected mice were used as controls. (A) Contour plots show the gate strategy used to
analyze lung neutrophils. (B) CD11b* cell numbers in the lungs are shown. (C) Contour plots show Ly6G expression and side scatter in lung CD11b* cells.

(D) Expression of Ly6G molecule and (E) numbers of Ly6G* cells in the lungs are shown. The cell numbers in C57BL/6 and C57BL/6>CD45.1 mice were not
calculated (ND, not done), as lung CD11b* cells express intermediate levels of Ly6G. Significant differences were observed for the indicated groups (o < 0.05 and
***p < 0.001). The data are representative of three separate experiments with three to five mice each (means + SEM).

x10°

I C57BL/B>CD45.1
I Pax7+>CD45.1

-
8
*

CD11b" Ly6G"
cell number { lung
g &

&

—

MP287/03

L=}

Control

at the Animal Facility of the Biomedical Science Institute, USP.
Six- to eight-week-old mice were infected and maintained in
microisolator cages at the Biosafety Level 3 Mice Facilities at
the Faculty of Pharmaceutical Sciences, USP, under controlled
temperature and humidity and were fed ad libitum.

Mycobacteria

Dr. José Soares Ferreira Neto (Veterinary Medicine Institute,
USP) provided the bovine M. bovis isolate (MP287/03—SB0295
spoligotyping). Mycobacteria were cultured in Middlebrook 7H9
medium (Difco, BD Biosciences, USA) with 0.4% sodium pyru-
vate (Sigma-Aldrich, USA), 0.05% Tween 80 (Sigma-Aldrich),
and 10% ADC (albumin-dextrose—catalase; Difco). Frozen
aliquots of 10® bacilli/ml, at -80°C, were thawed and cultured in
complete medium for 7 days at 37°C. The bacilli were sonicated
for 1 min, homogenized and maintained for 10 min at rest to
prevent bacterial clumps, which were monitored by microscopic
examination. The bacterial concentrations were determined by
spectrophotometry at 600 nm.

CFU Counting

The mycobacterial burden was quantified by sequential dilutions
and the culture of tissue homogenates (lung, spleen, and liver) in
Middlebrook 7H10 medium (Difco) with 0.4% sodium pyruvate
and 10% OADC (oleic acid—albumin-dextrose—catalase; Difco).
Three weeks after incubation at 37°C, the CFU numbers were
determined.

Mouse Infection

After anesthetizing mice with xylazine (Vetbrands, Brazil; 15 mg/
kg) and ketamine (Vetbrands, 100 mg/kg), a volume of 60 ul of the
mycobacterial suspension (~100 bacilli) was introduced in the
trachea through a short midline incision, which was then sutured
with sterile silk (38).

Lethal Irradiation and BM Reconstitution
Bone marrow cells were harvest from femur of C57BL/6 or
P2X77'~ mice by flushing with PBS. A single-cell preparation

was obtained by carefully cycling through a 26-gauge needle.
Recipient CD45.1 mice were irradiated with a dose of 12 Gy from
a "’Cs source. After irradiation, 2 X 107 BM cells from C57BL/6
and P2X7R~~ mice in a volume of 200 ul PBS were transferred
i.v. under anesthesia. The chimeric mice were housed for at least
12 weeks before infection and were fed with water containing
antibiotic (0.1 mg/ml of ciprofloxacin) in the first 4 weeks after
BM transplantation.

Macroscopic and Microscopic Analysis of
the Lungs

Lung relative mass was calculated (infected mouse lung weight/
control mouse lung weight). The superior lobes of the right
lungs were fixed with 10% buffered formalin, photographed, and
embedded in paraffin. Serial 4-5 pm sections were stained with
HE dye to analyze the tissue alterations and by the Ziehl-Neelsen
method to detected BAARs. The samples were examined with a
Leica microscope (Germany), and images were captured with a
Coolpix P995 Nikon camera (Japan).

Morphometric Analysis of Lung Tissue

The reduction in the percentages of pulmonary intralveolar space
was determined as described elsewhere (13, 39). Eight random
images of each lung HE-stained section (100X magnification)
were analyzed using the Image] software (National Institutes of
Health, USA).

Cell Phenotypic Analysis of Lung

Infiltrates

The left lungs were dissected and digested with Collagenase type
4 (Sigma-Aldrich; 0.5 mg/ml) at 37°C for 40 min. A syringe
plunger (BD Bioscience) was used to disperse the cells. Cell
suspensions were then filtered with a cell strainer (Corning
Inc., USA) and incubated with ACK lysing Buffer (Thermo
Fisher Scientific) at room temperature for 1 min to deplete
erythrocytes. Cells (1 x 10°) were stained using appropriate
combinations of FITC-, PercP-, Pecy7-, and APC-labeled
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monoclonal antibodies to CD11b (M1/70), CD45.1 (A20),
Ly6G (1A8) (BD Pharmingen, USA), and CD45.2 (104)
(eBioscience). Cells were fixed with 2% paraformaldehyde
and analyzed by flow cytometry (FACSCanto, BD Biosciences)
using the Flow]Jo software.

Statistical Analysis

Data were statistically analyzed by Mann-Whitney test with the
GraphPad Prism 5 software (GraphPad, USA) and were consid-
ered significantly different when p < 0.05 (5%).

ETHICS STATEMENT

All procedures were in accordance with the national regula-
tions of the National Board of Health and Brazilian College
of Animal Experimentation (COBEA, Brazil), with respect to
their ethical guidelines for mouse experimentation and welfare.
The protocol was approved by the Animal Care Committee of
the Biomedical Science Institute, University of Sdo Paulo, with
permit number 153/11.
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Background. Tuberculous pneumonia, necrotic granulomatous lesions, and bacterial dissemination characterize severe forms
of mycobacterial infection.

Methods. To evaluate the pulmonary CD4" T-cell response during severe tuberculosis, C57BL/6 mice were infected with approx-
imately 100 bacilli of 3 hypervirulent mycobacterial isolates (Mycobacterium tuberculosis strain Beijing 1471 and Mycobacterium
bovis strains B2 and MP287/03) or the H37Rv M tuberculosis strain as reference for mycobacterial virulence. Because high expres-
sion of both CD39 and CD73 ectonucleotidases was detected on parenchymal CD4* T cells, we investigated whether CD4" T-cell
suppression in the context of severe disease was due to the extracellular adenosine accumulation that resulted from tissue damage.

Results. Lowest expression of CD69, which is an activation marker implicated in maintaining cells in tissues, was observed in
lungs from mice displaying the most severe pulmonary pathology. Reduced interferon (IFN)y-producing CD4" T cells were also
found in the lung of these mice. Intranasal administration of the adenosine receptor antagonist caffeine substantially enhanced the

frequency and number of parenchymal CD4* T cells as well as both CD69 expression and IFNy production.

Conclusions. These results indicate that adenosine, which may be generated by extracellular adenosine triphosphate degrada-
tion, impairs the parenchymal CD4* T-cell response and contributes to the development of severe tuberculosis.

Keywords. adenosine; caffeine; CD4" T activation; immune response; severe tuberculosis.

Tuberculosis (TB) remains a major public health challenge,
despite great scientific advances in recent decades. In 2016,
6.3 million new cases (up from 6.1 million in 2015) of the esti-
mated incidence of 10.4 million cases and 1.3 million deaths
were reported worldwide [1]. The absence of an efficient vaccine
against TB largely contributes to this scenario [2]. Therefore,
many recent studies addressed the adaptive immune response
to Mycobacterium tuberculosis (Mtb) infection. Because of the
critical role of T helper (Th) 1 cells in TB protection [3-5],
the heterogeneity of pathogen-specific CD4" T cells has been
investigated using experimental mouse TB models. In the
lungs of mice infected with the virulent H37Rv mycobacteria,
the CX3CRI*KLRGIMCD4* and CXCR3*PD-1MCD69MCD4*
T-cell subsets are located in the intravascular and parenchy-
mal compartments, respectively [6]. Intravascular CD4" T cells
produced comparatively more interferon (IFN)y after antigen
stimulation, but parenchymal CD4" T cells showed higher
protective activity. The high expression of CD69 and PD-1 is a
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signature of protective CD4* T cells. The ability of CXCR3*"PD-
1MCD69MCD4" T cells to gain access to the lung parenchyma,
rather than produce high amounts of IFNy, has been consid-
ered as a key feature of protection against TB. This finding cor-
roborates with the evidence that CD4" T cells interact directly
with infected macrophages in lung tissue to control mycobacte-
rial growth [7]. In addition, it was shown that the Th1 program
orchestrates nonprotective CD4" T-cell accumulation in the
lung vasculature, and it is dispensable for CD4* T-cell migra-
tion into the lung parenchyma [8]. Clarifying the tissue condi-
tions that determine the protective CD4" T-cell accumulation
in the lung parenchyma is critical for improving immunological
strategies and protecting against TB. This knowledge is partic-
ularly important for preventing severe TB, which accounts for
1.5%-2% of all TB cases and primarily affect children under
5 years of age, immunocompromised patients, and immuno-
competent adults [9].

Using C57BL/6 mice infected with hypervirulent mycobac-
teria, we showed that the sensing of extracellular adenosine tri-
phosphate (eATP) by purinergic P2X7 receptors promotes the
development of severe TB [10]. The P2X7 receptor facilitates
the necrotic death of infected macrophages and the bacterial
dissemination. P2X7 expression in bone marrow-derived cells
is critical for the detrimental effect of this receptor in severe TB,
which implicates immunological cells in this process [11]. We
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proposed that the cell death provoked by intense intracellular
multiplication of hypervirulent mycobacteria causes the release
of high amounts of ATP. This process triggers a vicious cycle in
which P2X7-induced macrophage necrosis and the consequent
ATP release exacerbate pneumonia, lung damage, and bacterial
dissemination.

Once released to extracellular milieu, ATP can be rapidly
hydrolyzed by the ectonucleoside triphosphate diphospho-
hydrolase-1 (NTPDasel or CD39) into adenosine mono-
phosphate, which is converted into adenosine by CD73
ecto-5-nucleotidase. CD39 and CD73 are expressed in a
variety of tissues, including the lung [12]. Thus, the shift from
a proinflammatory milieu induced by ATP to an anti-inflam-
matory environment driven by adenosine may contribute
to disease progression during severe TB. Four G-protein-
coupled P1 receptors, designed A1, A2A, A2B, and A3, medi-
ate the immunomodulatory effects of adenosine [13]. The
engagement of A2A receptors in effector T cells is partially
responsible for the immune suppressive activities of regula-
tory T (Treg) cells, which constitutively express CD39 and
CD73 on the surface [14, 15]. Adenosine inhibits the produc-
tion of effector cytokines by Th1, Th2, and Th17 cells [16, 17].
Th17 cells also express ectonucleotidases and suppress the
Th1-cell response via A2A signaling [18]. Suggesting that this
pathway regulates the immune response to TB, an increase
in blood CD25"CD39*CD4* T-cell population is associated
with a decrease in interleukin (IL)-17 production in healthy
adults immunized against Mtb [19]. Furthermore, the eATP
consumption by peripheral cells from vaccinated subjects
correlates directly with the percentage of CD39" Treg cells
[20].

This study investigated the effects of parenchymal and intra-
vascular CD4" T-cell populations on TB severity and the role
of adenosine signaling on CD4* T-cell responses in the most
aggressive form of TB. To assess the various spectra of TB
severity, C57BL/6 mice were infected with H37Rv and Beijing
1471 Mtb strains and B2 and MP287/03 Mycobacterium bovis
(Mbv) strains. An inverse correlation between disease severity
and CD69 expression in pathogen-specific CD4* T cells from
lung parenchyma was observed. The activation marker CD69
is implicated in tissue retention, metabolism, and functional
phenotype of effector T cells [21]. CD69 retains T cells into the
tissue by blocking sphingosine 1-phosophate receptor-1 (S1P1)-
regulated tissue egress [22, 23], and it is required for establish-
ment of tissue-resident memory T cells [24, 25]. To investigate
whether adenosine modulates the parenchymal CD4" T-cell
response to severe TB, MP287/03-infected mice received intra-
nasal caffeine when body weight loss was noted. The inhibition
of adenosine receptors with caffeine promoted the accumula-
tion of pathogen-specific CD69*CD44*CD4" T cells in the lung
parenchyma, increased IFNy production, and prolonged mouse
survival. This study implicates adenosine in the suppression of

the parenchymal CD4" T-cell response, which impacts the out-
come of severe TB.

MATERIALS AND METHODS

Mice

Eight- to ten-week-old C57BL/6 male mice were bred under
specific pathogen-free conditions at the Isogenic Mice Facility
of the Biomedical Science Institute at USP, Brazil. Experimental
groups were maintained in microisolator cages under con-
trolled temperature and humidity and fed ad libitum at the
Biosafety Level 3 Mice Facility. All experimental procedures
were performed in accordance with national regulations of eth-
ical guidelines for mice experimentation with permit number
0026/20009.

Mycobacteria and Mouse Infection

Dr. Eliana Roxo (Biological Institute, Sdo Paulo, Brazil) and
Dr. José Soares Ferreira Neto (Veterinary Medical Institute,
University of Sdo Paulo, Sao Paulo, Brazil) provided the Mbv
strains, B2 and MP287/03 (SB0295 spoligotyping), which were
isolated from buffalo and cattle, respectively. The Beijing 1471
Mtb strain (Beijing genotype) was isolated from a patient with
pulmonary TB in Russia [26]. Dr. Philip Suffys (Fiocruz, Rio
de Janeiro, Brazil) provided the H37Rv (ATCC) strain. Frozen
mycobacterial aliquots at —80°C were thawed, sonicated, and
cultured as described [10]. The bacillus concentration was
determined using spectrophotometry at 600 nm. The bacte-
rial suspensions (approximately 100 bacilli) were inoculated
intratracheally (i.t.) in mice anesthetized with 100 mg/kg ket-
amine (Vetbrands, Vinhedo, Brazil) and 15 mg/kg xylazine
(Vetbrands). Colony-forming units were determined after a
3-week incubation at 37°C [10].

Intravascular Staining and Drug Treatments

For intravascular staining, mice were given intravenous (i.v.)
injections of 2.5 pg of a fluorophore-labeled monoclonal anti-
body (mAb) against CD45 (30-F11), and the lungs were har-
vested after 3 minutes, as described previously [27]. In some
experiments, mice were treated intranasally (i.n.) with 10 mg/
kg 8-(3-chlorostyryl)caffeine (Sigma-Aldrich) or 25, 115,
and 400 pg/kg 5°-(N-ethylcarboxamido)adenosine ([NECA]
Sigma-Aldrich).

Lung Cell Preparation

Left lung lobes were digested with 100 U/mL Type IV collage-
nase (Sigma-Aldrich) at 37°C for 45 minutes. Cell suspensions
were homogenized using a 10-mL syringe (BD Biosciences), fil-
tered using a cell strainer (Corning), and incubated with ACK
Lysing Buffer (Thermo Fisher Scientific) at room temperature
for 1 minute to deplete erythrocytes.

Flow Cytometry Analysis
Lung cells (1 x 10°) were stained using fluorochrome-labeled
mAbs to CD4 (GK1.5), CD44 (IM7), CD69 (H1.2F3), IFNy
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(XMG-1.2), PD-1 (J43), CD39 (24DM51), and CD73 (Ty/11.8)
(BD Pharmingen). I-APESAT-6, .
complex tetramers were produced in the National Institute of
Allergy and Infectious Diseases Tetramer Core Facility (Emory
University, Atlanta, GA). For ex vivo intracellular IFNy stain-
ing, lung cells (1 x 10°) were incubated with monensin (2 uM)
for 5 hours at 37°C in 5% CO, atmosphere, fixed, and permeabi-
lized with BD cytofix/cytoperm kit (BD Biosciences). Cells were
analysed using a FACSCanto flow cytometer (BD Biosciences)
and the FlowJo software.

major histocompatibility

Supernatant Interferon-y Quantification

Lung cells (5 x 10*) were cultured in Roswell Park Memorial
Institute 1640 medium (Gibco) with 1 mM sodium pyruvate,
2 mM glutamine, 0.05% gentamicin, and 10% fetal calf serum
at 37°Cin 5% CO, atmosphere for 48 hours. The IFNYy levels in
cell culture supernatants were measured using a Fluorokine kit
(R&D Systems).

Statistical Analyses

Statistical analyses were performed using GraphPad Prism 5
software. Simultaneous effects of 2 factors were analysed using
2-way analysis of variance (ANOVA) test. One-way ANOVA
test and Tukey’s post hoc test were used to assess the effects of
only 1 parameter between more than 2 groups. Mann-Whitney
U test was performed to compare 2 groups. Survival curves
were analysed with the log-rank test of the Kaplan-Meier
method. Differences between groups were considered signifi-
cant when P < .05.

RESULTS

High PD-1/CD69 Expression Ratio in Lung CD4* T Cells Is Associated With
Reduced Interferon-y Production During Severe Tuberculosis

To investigate the CD4" T-cell response during severe TB,
C57BL/6 mice were infected i.t. with approximately 100 bacilli
of the Beijing 1471, B2 and MP287/03 hypervirulent strains, or
the H37Rv strain as a reference of virulent mycobacteria. We
previously showed that Beijing 1471 and MP287/03 infections
caused extensive cellular infiltration in the lung tissue and intra-
bronchiolar space, which led to the development of pulmonary
necrotic areas, bacterial dissemination, and anticipated animal
death [10, 28]. On day 28 postinfection (p.i.), B2-infected mice
displayed lung bacillus count approximately 100-fold higher
than H37Rv-infected mice, similar to Beijing 1471-infected
mice, and 100-fold lower than MP287/03-infected mice
(Figure 1A). Body weight loss directly correlated with the
lung bacterial load (Figure 1B). Macroscopically, in severe
TB, the lungs had white nodules that were more prominent in
MP287/03-infected mice (Figure 1C). Lung weight and relative
mass were also greater in MP287/03-infected mice than Beijing
1471- and B2-infected mice (Figure 1C and D). These parame-
ters were similar to the controls in H37Rv-infected mice. Large

lung necrotic areas were observed for the MP287/03 and Beijing
1471 strains (Supplementary Figure S1).

Because protective CD4* T cells express high levels of CD69
and PD-1 in TB [6], these molecules were analysed in lung CD4*
cells of mice infected with hypervirulent mycobacteria. CD69 is
implicated in T-cell activation and retention in the tissue [21-25].
PD-1 signaling suppresses T-cell inflammatory activity [29]. On
day 28 p.i., most lung CD4* cells in infected mice had an expe-
rienced phenotype because of the high CD44 expression, and
some also expressed CD69 and PD-1 (Figure 1E). An associa-
tion between CD4" T-cell suppression and disease severity was
demonstrated in the PD-1/CD69 mean fluorescence intensity
(MEFI) ratios of 0.9 (H37Rv), 1.5 (Beijing 1471), 2.3 (B2), and 3.8
(MP287/03). Consistently, the CD69*CD44*CD4" cell percent-
age was lower in MP287/03-infected mice than in B2- and Beijing
1471-infected mice (Figure 1F and G). Considering the lung
cellularity, the CD69*CD44*CD4" cell population was smaller
in B2- and MP287/03-infected mice compared with Beijing
1471-infected mice. CD69"CD44"CD4" cells also showed higher
PD-1 levels in B2- and MP287/03-infected mice (Figure 1H).
In addition, these mice presented lower numbers of IFNy-
producing CD44*CD4" cells than did Beijing 1471-infected mice
(Figure 1I). Therefore, high expression of PD-1 and low expres-
sion CD69 in lung CD4* cells were associated with reduced IFNy
response during severe TB.

Small Proportion of Parenchymal Pathogen-Specific CD4* T Cells
Expresses CD69 in MP287/03-Infected Mice

To analyze the activation pattern of parenchymal and intravascular
CD4" T cells in the lungs during severe TB, fluorophore-labeled
anti-CD45 antibodies were inoculated i.v. 3 minutes before mouse
sacrifice, as previously reported [27]. On day 28 p.i., intravascu-
lar and parenchymal CD44*CD4" cells were clearly distinguished
by CD45ivP** and CD45iv™*¢ staining, respectively (Figure 2A).
Intravascular CD44*'CD4" cells predominated in noninfected
mice and H37Rv-infected mice, but most CD44"CD4" cells were
found in the lung parenchyma of mice infected with hyperviru-
lent mycobacteria. As previously reported [6], pathogen-specific
CD44*CD4" T cells were primarily located in the lung vasculature
of H37Rv-infected mice (Figure 2B). In contrast, these cells were
predominantly found in the lung parenchyma of mice infected
with hypervirulent mycobacteria. It is remarkable that despite
the small pathogen-specific CD44*CD4* cell population infiltrat-
ing the lung parenchyma of H37Rv-infected mice, approximately
half of the cells expressed CD69 (Figure 2C). This proportion was
approximately 30% in Beijing 1471- and B2-infected mice and 15%
in MP287/03-infected mice. Mice from the latter group also pre-
sented a small population of pathogen-specific CD69*CD44*CD4*
cells in the lung parenchyma. Therefore, the lowest level of CD69
expression in pathogen-specific parenchymal CD4* T cells was
associated with weak IFNYy response and the most severe pulmo-
nary pathology in MP287/03-infected mice.

966 « JID 2019:219 (15 March)  Amaral et al

610Z Aey €1 uo Jesn 4SN/TvHLNID YOI LOINgIg/dHING Ad 90692 1L S/¥96/9/6 L Z/Aoelisqe-s|oiue/pil/wod dnoolwepeoe//:sdjy woly papeojumoq



>
@)

Gated on CD1™ T cells

x10?
Mib Mby o D44 12.5 4 ke ek i
= 0 X — 10,0 **
& o g =
&) 8 k7 = 75
= ; Ix’ =
0 6 i 5 5.0 1
3 4 ~ 95
N H
~ Q =
— ‘: 0 -
= = = )
S 0+————r1 0 —r—r & x10 *
5 10 15 20 25 30 5 10 15 20 25 30 CD69 7 =
Days post infection e i
OF Control =0 H37Ry =0 Beijing 1471 =& B2 == \P287/03 Z 29 s e
(,Z
a
c
B D e
Mib Mby e
m— e i
120 120 0.7 T
_ *_ kR i ® W PDI
<110 110 » o
< % Z 05 N 4 -
= 100 100 =) % haad =
.2 P04
:QQ@ 13} =
2 90 S 2 Z 03 ﬁ =
5 ) =
g £ 02 % 2
=2 80 80 3 41 & =
70 + T T 70 od—
1 2 3 4 > & N QD e T
. PR 006 ﬂg\% o\b‘ ® C{ \\Q Control
Weeks post inlection (SR i Qq,’ .HJ‘??RV B2
<O H37Rv =0 Beijing 1471 =k B2 %= \[P287/03 Pt K B Beijing 147101 MP287/03
F i _ * 2 5 wedk 1 ki
Gated on H37Rv Beijing 1471 . T ?j 0o %100 o % : %107 —
CDA4*CDA™ T cells 1 30.6 g =~ e ww
Z 40 : )
E 2 10 +5
t\ 30 ed o ' U 3 ek
2 % = 3 = ek
o 2 20 4
= 10 > I
o = #
e P —— 0 2 0.0 20
U ~
z H
f‘j Control B2 MP287/03 Gated on CD69™CDA* T cells
] 1 326 11 23.0
1 1 = BJ
s = MP287/03
1 1 g D Control
3 [ us7ry
® W Beijing 1471
3 2
- R R LS IR R W \iv2s7/03
PDI1 >

Figure 1. CD44, CDBY, and PD-1 expression in lung CD4* T cells during virulent and hypervirulent mycobacterial infections. C57BL/6 mice were infected intratracheally with
approximately 100 bacilli of H37Rv, Beijing 1471, B2, and MP287/03 strains. Noninfected mice were used as controls. (A) At 0, 5, 15, 28, and 60 days postinfection (p.i.), the
numbers of colony-forming units/gram (CFU/g) of lung tissue were determined in the left lung lobes. (B) Mouse body weights were determined weekly. (C) Representative
lung macroscopic images and relative lung masses (circles) at 28 days p.i. are shown. Relative lung mass was calculated as the ratio of mean values of lung weights in
indicated groups and control group. (D) Lung weights at 28 days p.i. are shown. Mean values are represented in the horizontal lines. (A-D) The data are expressed as the
means + standard deviation ([SD] n=9-13 mice per group) from 1 of 3 independent experiments. Asterisk represents significant differences between Mtb- and Mbv-infected
mice (A and B), between infected and control mice, or between indicated groups (*, P<.05; **, P<.01; and ***, P<.001). (E-I) Lung cells were harvested at 28 days p.i. and
analyzed using flow cytometry. (E) Histograms show CD44, CD69, and PD-1 expression in CD4* cells. The mean fluorescence intensity (MFI) is shown in the column bar graphs.
(F) Contour plots show PD-1 and CD69 expression in CD44*CD4* T cells. (G) Percentages of CD69* cells in CD44*CD4* cells and the numbers of CD69*CD44*CD4* cells in the
lungs are shown. (H) Histograms show PD-1 expression in CD63*CD4* cells. The MFl is shown in the column bar graphs. (1) Numbers of interferon (IFN)y-producing CD44+CD4*
cells in the lungs are shown. The data are expressed as the means + SD (n=4-5 mice per group) of 1 representative experiment of at least 3. Asterisk represents significant
differences between infected and control mice or between indicated groups (*, P<.05; **, P<.01; and ***, P<.001).

Parenchymal CD4* T Cells From MP287/03-Infected Mice Express High of ATP released by necrotic tissue, could facilitate the sur-
Levels of CD39 and CD73 Ectonucleotidases vival of hypervirulent mycobacteria [10]. Because adenosine
We had previously proposed that the suppressive environ- is rapidly degraded, the autocrine activity of ectonucleoti-

ment resulting from an excess of adenosine, as a byproduct  dases may ensure adenosine generation in the CD4* T-cell
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Figure 2.

1471

Intravascular and parenchymal CD4* T cells in the lung during virulent and hypervirulent mycobacterial infections. C57BL/6 mice were infected intratracheally

with approximately 100 bacilli of H37Rv, Beijing 1471, B2, and MP287/03 strains. Lung cells were harvested at 28 days postinfection 3 minutes after intravenous (i.v.) inoc-
ulation of fluorophore-labeled anti-CD45 monoclonal antibodies and were analyzed using flow cytometry. Noninfected mice were used as controls. (A) Contour plots show
CD45,, and CD44 expression in CD44*CDA4* cells. Plots from noninfected mice are shown in green. The scatter plot graphs show the percentages of CD45, *and CD45, - cells
in CD44*CD4* cells and the numbers of CD45, * and CD45, “CD44*CD4* cells in the lungs. Lines connect data from the same mouse. (B) Contour plots show CD45, and
I-A*'ESAT-BL,,17 tetramer expression in CD44*CD4* cells. Plots from noninfected mice are shown in green. Scatter plot graphs show the percentages of CD45,  and CD45, " cells
in I-APESAT-6, ., tetramer-specific CD44*CD4* cells and the numbers of CD45, * and CD45, - -A°ESAT-6, ,, tetramer-specific CD44*CD4* cells in the lungs. (C) Contour plots
show CD69 and CD44 expression in CD45, - I—AbESAT—64_W tetramer-specific CD44*CD4* cells. The column bar graphs show the percentages of CD63*CD44* cells in CD45, -
I-A*'ESAT-BL,,17 tetramer-specific CD4* cells and the numbers of CD45, - I-A"ESAT-BL,,17 tetramer-specific CD69*CD44*CD4* cells in the lungs. Lines connect data from the same
mouse. Data are expressed as the means + standard deviation (n=4 mice per group) from 1 of 3 independent experiments. Asterisk represents significant differences between
indicated groups (¥, P<.05; **, P<.01; and ***, P<.001).

vicinity. Indeed, increased proportions of lung CD44*CD4*
cells expressing CD39 and CD73 were observed in infected
mice compared with uninfected controls (Figure S2). Thus,
to specifically address whether adenosine may interfere on
parenchymal CD4" T-cell response to severe TB, MP287/03-
infected mice were herein used as a model of tissue damage.
On day 28 p.i.,, CD39 and CD73 were expressed preferentially
in CD44*CD4" cells located in the lung parenchyma compared
with those in the vasculature (Figure 3A and B). Infection

induced CD39 expression (Figure 3A), whereas CD73 was con-
stitutively expressed at high levels in parenchymal CD44*CD4*
cells (Figure 3B). To inhibit the effects of adenosine on CD4"*
T-cell response to infection, mice were treated from 20 to
28 days p.i. with i.n. caffeine, which is a well known antagonist
of adenosine receptors (Figure 3C). Caffeine treatment did not
interfere on CD39 expression but slightly decreased the CD73
levels (Figure 3D). These results suggest that eATP released
from damaged lung tissue in MP287/03-infected mice may be
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Figure 3. CD39 and CD73 expression in intravascular and parenchymal CD4* T cells from the lungs of MP287/03-infected mice treated or not with caffeine. C57BL/6 mice
were infected intratracheally with approximately 100 MP287/03 bacilli. Lung cells were harvested at 28 days postinfection (p.i.) 3 minutes after intravenous (i.v.) inoculation
of fluorophore-labeled anti-CD45 monoclonal antibodies and analyzed using flow cytometry. Noninfected mice were used as controls. (A and B) Histograms show CD39 (A)
and CD73 (B) expression in CD45,," and CD45, ~ cells in CD44*CD4* cells. The mean fluorescence intensity (MF) is shown in the scatter plot graphs. Lines connect data from
the same mouse. (C) Schematic illustration of the experimental protocol for caffeine treatment is shown. Infected mice were treated with caffeine (10 mg/kg per body weight)
intranasally every other day starting 20 days p.i. for 8 days. (D) Histograms show CD39 and CD73 expression in CD45, * and CD45, “CD44‘CD4* cells of caffeine-treated and
untreated mice. The MFl is shown in the column bar graphs. Data are expressed as the means + standard deviation (n=4-5 mice per group) from 1 of 3 independent exper-
iments. Asterisk represents significant differences between indicated groups (**, P<.01 and ***, P<.001). ns, nonsignificant.

degraded to adenosine in the environment surrounding paren-
chymal CD4* T cells.

Inhibition of Adenosine Receptors Promotes Pathogen-Specific
CD69*CD4+* T-Cell Accumulation in the Lung Parenchyma During Severe
Tuberculosis

The next experiments evaluated how adenosine receptor signal-
ing modulates CD4" T-cell accumulation in the lung compart-
ments of MP287/03-infected mice. On day 28 p.i., intravascular
CD4* cell proportion was smaller in caffeine-treated mice
than in untreated controls, but no difference was observed for
intravascular CD44*CD4" cells (Figure 4A). In addition, CD69
expression in parenchymal CD4" cells increased drastically
after caffeine administration, which was observed in MFI lev-
els and percentage of positive cells (Figure 4B and C). Caffeine
treatment resulted in a 5-fold increase in the number of paren-
chymal CD44*CD4* cells expressing CD69. A similar effect was
observed for pathogen-specific CD4* cells (Figure 4D). Thus,
adenosine receptor signaling suppressed CD69 expression and

prevented pathogen-specific CD69*CD4" T-cells accumulation
in the lung parenchyma of MP287/03-infected mice.

To investigate whether adenosine inhibits CD4* T-cell migra-
tion to the lung parenchyma in TB, H37Rv-infected mice were
treated i.n. from day 20 to 28 p.i. with the nonselective aden-
osine receptor agonist NECA. We were surprised to find that
H37Rv-infected mice treated with 400 and 115 ug/kg NECA
succumbed during the 24 hour-period after drug administra-
tion (Supplementary Figure S3A), possibly due to the bron-
choconstrictor effect of adenosine [30-32]. Using 25 pg/kg
NECA, CD44*CD4" cells accumulated in the lung vasculature,
but no difference occurred in the lung parenchyma compared
with untreated mice (Supplementary Figure S3B). Thus, low
stimulation of adenosine receptors increased the intravascu-
lar CD44*CD4" T-cell population in H37Rv-infected mice. An
increase in lung bacterial burden was consistently observed in
NECA-treated mice (Supplementary Figure S3C). These data
show that adenosine signaling is detrimental for the host during
mycobacterial infection.
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Figure 4.  Effects of caffeine treatment on parenchymal CD4* T-cell activation and accumulation in the lungs during MP287/03 infection. C57BL/6 mice infected intratra-
cheally with approximately 100 MP287/03 bacilli were treated with caffeine (10 mg/kg per body weight) intranasally every other day, starting at 20 days postinfection (p.i.),
as illustrated in Figure 3C. Lung cells were harvested at 28 days p.i. 3 minutes after inoculating intravenously (i.v.) fluorophore-labeled anti-CD45 monoclonal antibodies and
analyzed using flow cytometry. Noninfected mice were used as controls. (A) Contour plots show CD45, and CD69 expression in CD4* cells (top graph) and CD44CD4* cells
(bottom graph). Percentages of CD45,*CD69™ cells in lung CD4* cells and CD44CD4* cells are shown. (B) Histograms show CDB9 expression in CD45, "CD4* cells. The mean
fluorescence intensity (MFI) is shown in the column bar graphs. (C) Percentages of CD63*CD44* cells in CD45, ~CD4* cells and the numbers of CD45, "CD63*CD44*CD4* cells
in the lungs are shown. (D) Contour plots show I—AbESAT—64_17 tetramer and CD69 expression in CD45, ~CD4* cells. Percentages of I—AbESAT—ESA_17 tetramer-specific CD69* cells
in CD45,7CD4* cells and numbers of I-A"ESAT-GA_17 tetramer-specific CD45, ~CD63*CD4* cells in the lungs are shown in the column bar graphs. Data are expressed as the
means + standard deviation (n=4-5 mice per group) of 1 representative experiment of 3. Asterisk represents significant differences between infected and control mice or

between indicated groups (**, P<.01 and ***, P<.001).

Caffeine Treatment Improves Interferon-y Production by Parenchymal
CD4* T Cells and Prolongs Mouse Survival

Next, we investigated the effects of caffeine treatment
on IFNy production and disease progression. On day
28 p.i., a 5-fold increase in the numbers of parenchymal
CD4" cells producing IFNy was observed after caffeine
administration in MP287/03-infected mice (Figure 5A
and B). The IFNy levels in lung cell supernatants were
drastically enhanced in caffeine-treated mice compared
with untreated controls (Figure 5C). No statistical signif-
icance was observed between these groups in lung bacte-
rial burden (Figure 5D), but long-term caffeine treatment
increased mouse survival (Figure 5E and F). These data
show that adenosine receptor signaling suppresses IFNy
production by parenchymal CD4* T cells and contributes
to TB severity.

DISCUSSION

Our study took advantage of the variability in the pathogenicity
of mycobacterial strains in mice [10, 28] to unravel the molecular
basis of the immunosuppression associated with severe TB. The
balance between PD-1 and CD69 expression in lung CD4* T cells
is likely a key event that shapes the pulmonary immune response
to mycobacterial infection. This was suggested by our results
showing an association between the PD-1/CD69 expression ratio
in lung CD4" T cells with TB severity. Furthermore, the low IFNy
production by lung CD4* T cells displaying high PD-1/CD69
expression ratios evidenced the immunosuppression in B2- and
MP287/03-infected mice. Effector CD4" T cells in the lung paren-
chyma exhibit the PD-1%CD69" phenotype, which may influence
their interaction with infected macrophages in tissue [6, 8]. PD-1
suppresses CD4* T-cell effector functions, including IFNy pro-
duction [33]. During mycobacterial infection, PD-1 expression in
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Figure 5.  Effects of caffeine treatment on interferon (IFN)y production and tuberculosis progression. (A—D) C57BL/6 mice infected intratracheally with approximately 100
MP287/03 bacilli were treated with caffeine (10 mg/kg per body weight) intranasally every other day, starting 20 days postinfection (p.i.), as illustrated in Figure 3C. Lung
cells were harvested at 28 days p.i. 3 minutes after intravenous (i.v.) inoculation of fluorophore-labeled anti-CD45 monoclonal antibodies and analyzed using flow cytometry.
Noninfected mice were used as controls. (A) Dot plots show intracellular interferon (IFN)y (x-axis) and CD4 (y-axis) expression in CD45, -CD44*CD4* cells. (B) Numbers of
IFNy-producing CD45, ~CD44*CD4" cells in the lungs are shown. (C) The IFNvy levels in lung cell supernatants from mice described in A were determined using enzyme-linked
immunosorbent assay. (A—C) The data are expressed as the means + standard deviation ([SD] n= 4-5 mice per group) from 1 of at least 2 independent experiments. (D) Lung
bacterial load was determined using colony-forming unit (CFU) quantification. The data are expressed as the means + SD (n=9-10 mice per group, pooled from 2 independent
experiments with 4-5 mice per group each). (E) Schematic illustration shows an alternative experimental protocol in which the caffeine treatment described in Figure 3C was
extended by daily administration until mouse death. (F) Survival curves of mice submitted to the experimental protocol described in E are shown. The data are expressed as
the means + SD (n =10 mice per group, pooled from 2 independent experiments with 5 mice per group each). Asterisk represents significant differences between indicated

groups (**, P<.01 and ***, P<.001). ns, nonsignificant.

CD4* T cells inhibits the accumulation of IFNy-producing CD4*
T cells in the lung parenchyma [34]. Thus, the high PD-1 expres-
sion in CD4" T cells could suppress IFNy production in B2- and
MP287/03-infected mice, and the low CD69 expression could
promote the egress of these cells from lung tissue.

The tissue location, population frequency, and activation state
of lung CD4* T cells varied considerably in mice infected with
bacilli from the different strains. Most pathogen-specific CD4* T
cells were present in the lung parenchyma during hypervirulent
mycobacterial infections, and this cell subset predominated in the
lung vasculature in H37Rv-infected mice, as previously reported
[6]. Of note, CD69 was expressed in approximately half of patho-
gen-specific CD44*CD4" T cells located in the lung parenchyma of
H37Rv-infected mice, but this proportion decreased as the disease
became more aggressive in hypervirulent mycobacterial infec-
tions. MP287/03-infected mice, which exhibited a very high bac-
terial load and massive inflammatory lesions with necrosis in the
lung, displayed low numbers of parenchymal pathogen-specific
CD69*CD4* T cells. These findings suggest that the pulmonary
environment in certain forms of severe TB exhibits impairment in
effector CD4* T-cell accumulation in the lung parenchyma.

To explore this possibility, we examined the effects of adenos-
ine, which is an important purine metabolite associated with
inflammatory homeostasis [35], on parenchymal CD4" T cells in
MP287/03-infected mice. The ability of parenchymal CD4" T cells
to generate adenosine in their vicinity is suggested by the high
CD39 and CD73 expression, as observed for other T-cell subsets
[15]. In addition to T cells, these ectonucleotidases are expressed
in monocytes, neutrophils, dendritic cells, and myeloid-derived
suppressor cells [15, 36-40], which can promote ATP degradation
in the lung tissue. The excess of ATP released from necrotic cells
may be determinant to increase extracellular adenosine levels. The
presence of high amounts of eATP in the lungs during severe TB is
suggested by our previous studies showing the detrimental effect
of the P2X7 receptor in Beijing 1471- and MP287/03-infected
mice [10, 11, 41]. Caffeine administration at the time of infection
where weight loss was already noted demonstrates that adenos-
ine impaired the parenchymal accumulation of pathogen-specific
CD69*CD4* T cells and inhibited IFNy production. Caffeine
antagonizes all types of adenosine receptors but exhibits a higher
affinity to A2A receptors, which are expressed on most immune
cells, including T cells [35]. The absence of CD73 exacerbates the
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production of proinflammatory cytokines, such as tumor necrosis
factor-a, IL-6, and KC, and promotes the recruitment of neutro-
phils in the lung during mycobacterial infection, which is likely
due to the low adenosine generation [42].

Interferon-y secretion from CD4" T cells is a key element to
control mycobacteria [43, 44], but its overproduction is detri-
mental under some circumstances. For example, PD-1 expres-
sion in parenchymal CD4" T cells is required to prevent the IFNy
overproduction that leads to host death, despite the decrease in
bacterial load [34]. These data are consistent with the hypothe-
sis that the simultaneous reduction of the damage caused by the
microbe and the host immune response leads to the best host
benefit [45]. Therefore, the outcome of adenosine receptor inhibi-
tion in mice with severe TB may be to prevent or promote animal
death. Our data show that caffeine administration for 8 days did
not affect the pulmonary bacterial load, but mice that received

additional treatment until death survived longer. Our interpre-
tation of these results is that the protective effects of higher IFNy
production became apparent only after longer caffeine treatment.
Thus, restoring the parenchymal CD4" T-cell response during
the late stage of severe TB benefits the host. However, we cannot
exclude the possibility that caffeine treatment improves disease
tolerance without affecting host resistance [46].

CONCLUSIONS

Asamodel to explain the suppressive role of adenosine in the paren-
chymal CD4* T-cell response during severe TB (Figure 6), we pro-
pose that the massive destruction of macrophages by hypervirulent
mycobacteria leads to the release of large amounts of ATP into the
extracellular milieu. Extracellular ATP engages the P2X7 receptor
and potentiates macrophage necrotic death [10] or is hydrolyzed by
CD39 and CD73 into adenosine. In the lung parenchyma, CD4* T
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Figure 6.  Schematic illustration of a hypothetical model explaining the role of adenosine in parenchymal CD4* T-cell activation and accumulation in the lung during severe
tuberculosis. The necrosis of infected macrophages promotes the bacterial spread and the release of large amounts of adenosine triphosphate (ATP) in the extracellular
milieu. The recognition of extracellular ATP (eATP) by the P2X7 receptor contributes to the necrotic death of infected macrophages by inducing P2X7-mediated pore formation
[10]. Extracellular ATP also sensitizes neighboring cells to die via P2X7-mediated necrosis or is degraded by CD39 and CD73 ectonucleotidases. In the lung parenchyma, CD4*
T cells express CD39 that hydrolyses ATP into adenosine diphosphate and adenosine monophosphate (AMP). The CD73 converts AMP into adenosine, which activates P1
receptors, such as the A2A receptor. Engagement of adenosine receptors leads to suppression of parenchymal CD4' T-cell response, which directly impacts host resistance by
facilitating mycobacterial survival. The inhibition of adenosine receptors by caffeine (A2a, A1, A3, and A2b, in order of efficiency) promotes CD69 expression. This activation
is a key event for CD4* T-cell activation and retention in the lung parenchyma, which allows the release of interferon (IFN)y in close vicinity to infected macrophages, and

it is crucial for host defence against mycobacteria.
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cells express ectonucleotidases and contribute to increase adenos-
ine concentrations. The engagement of P1 receptors, such as the
A2A receptor, downregulates CD69 and impairs pathogen-specific
CD4* T-cell accumulation in the lung parenchyma and the release
of IFNY in the vicinity of infected macrophages, which is a crucial
event for host defence against mycobacteria. This novel insight into
TB pathogenesis, in which the sensing of damage signals by the
immune system dictates the outcome of severe TB, provides a new
perspective for the development of adjuvant therapies using drugs
designed to inhibit P2X7 and adenosine receptors.
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APENDICE G — Human CD40 ligand deficiency dysregulates the macrophage
transcriptome causing functional defects that are improved by exogenous IFN-y.

Journal of Allergy and Clinical Inmunology, 2017



13/05/2019

- L - T [—
immune disorders

Human CD40 ligand deficiency dysregulates the

@ CrossMark

macrophage transcriptome causing functional
defects that are improved by exogenous IFN-y

Otavio Cabral-Marques, PhD,*” Rodrigo Nalio Ramos, PhD,” Lena F. Schimke, MD,*” Taj Ali Khan, PhD,**

Eduardo Pinheiro Amaral, PhD,? Caio César Barbosa Bomfim, MSc,? Osvaldo Reis Junior, MSc¢,¢

Tabata Takahashi Franca, MSc,” Christina Arslanian, BSc,” Joanna Darck Carola Correia Lima, MSc,”

Cristina Worm Weber, MD,' Janaira Fernandes Ferreira, MD,? Fabiola Scancetti Tavares, MD," Jing Sun, MD,’

Maria Regina D'Imperio Lima, PhD,? Marilia Seelaender, PhD,® Vera Lucia Garcia Calich, PhD,? Jose Alexandre Marzagao
Barbuto, MD, PhD,*I Beatriz Tavares Costa-Carvalho, MD, PhD,* Gabriela Riemekasten, MD,? Gisela Seminario, MD,'
Liliana Bezrodnik, MD,' Luigi Notarangelo, MD,™ Troy R. Torgerson, MD, PhD," Hans D. Ochs, MD," and

Antonio Condino-Neto, MD, PhD?

Sao Paulo, Caxias do Sul, Fortaleza, and Brasilia, Brazil; Litheck, Germany; Kohat,

Pakistan; Cincinnati, Ohio; Buenos Aires, Argentina; Boston, Mass; and Seartle, Wash

Background: CD40 ligand (CD40L) deficiency predisposes to
opportunistic infections, including those caused by fungi and
intracellular bacteria. Studies of CD40L.-deficient patients reveal
the critical role of CD40L-CD40 interaction for the function of T,
B, and dendritic cells. However, the consequences of CD40L
deficiency on macrophage function remain to be investigated.
Ohjectives: We sought to determine the effect of CD40L absence
on monocyte-derived macrophage responses.

Methods: After ohserving the improvement of refractory
disseminated mycobacterial infection in a CD40L-deficient
patient by recombinant human IFN-y (rhIFN-y) adjuvant
therapy, we investigated macrophage functions from CD40L-
deficient patients. We analyzed the killing activity, oxidative
burst, cytokine production, and in vitro effects of rhIFN-y and
soluble CD40 ligand (sCD40L) treatment on macrophages. In
addition, the effect of CD40L absence on the macrophage
transcriptome before and after rhIFN-vy treatment was studied.
Results: Macrophages from CD40L-deficient patients exhibited
defective fungicidal activity and reduced oxidative burst, both of
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which improved in the presence of rhIFN-y but not sCD40L. In
contrast, rhIFN-y and sCD40L ameliorate impaired production
of inflammatory cytokines. Furthermore, rhIFN-y reversed
defective control of Mycobacterium tuberculosis proliferation by
patients’ macrophages. The absence of CD40L dysregulated the
macrophage transcriptome, which was improved by rhIFN-y.
Additionally, rhIFN-y increased expression levels of pattern
recognition receptors, such as Toll-like receptors 1 and 2, dectin
1, and dendritic cell-specific intercellular adhesion molecule
3—grabbing nonintegrin in macrophages from both control
subjects and patients.

Conclusion: Absence of CD40L impairs macrophage
development and function. In addition, the improvement of
macrophage immune responses by IFN-y suggests this cytokine
as a potential therapeutic option for patients with CD40L
deficiency. (J Allergy Clin Immunol 2017;139:900-12.)
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Abbreviations used
CD40L: CD40 ligand
CFU: Colony-forming units
CCD: Chronic granulomatous discase
CLR: C-type lectin receptor
DC: Dendritic cell
DEG: Differentially expressed gene
G-CSF: Granulocyte colony-stimulating factor
GO: Gene Ontology
IP-10: IFN-y-induced protein 10
M-CSF: Macrophage colony-stimulating tactor
MDM: Monocyte-derived macrophage
PMA: Phorbol 12-myristate 13-acetate
PRR: Pattern recognition receptor
rhIFN-y: Recombinant human [FN-y
sCD40L: Soluble CD40 ligand
TLR: Toll-like receptor

The CD40 ligand (CD40L)-CD40 interaction was initially
described to play an essential role during membrane-membrane
interactions between activated CD4' T lymphocytes and
B cells,' " as well as between CD4' T cells and antigen-
presenting cells.”” However, further studies showed that soluble
CD40 ligand (sCD40L) produced by T cells and platelets” '
can also exert an important role in immune system regulation,
including myeloid progenitor cell development. Bone marrow
stromal cells, hematopoietic progenitors, and myeloid progeni-
tors express CD40). Furthermore, the CD40L-CD40 interaction
has been shown to influence differentiation of these cells directly
and indirectly through regulation of cell proliferation and matura-
tion or through control of the cytokine milieu in the bone marrow,
respectively,' ™' * 1

Macrophages are essential myeloid cells. exhibiting micro-
bicidal activity and regulating inflammatory immune responses.
Thus macrophages comprise a pivotal component of the innate
immune system. Macrophages express CD40 constitutively,'™'®
but their functional capability in patients with CD40L deficiency
has not been investigated.

Patients with X-linked hyper-IgM syndrome caused by muta-
tions in the gene encoding CD40L (CD40LG) have a broad spec-
trum of opportunistic infections caused by intracellular bacteria
and fungi. These infections resemble infections seen in patients
with abnormal myeloid cells, such as those in patients with
chronic granulomatous disease (CGD).'"'? Although CD40L-
deficient patients can experience intermittent neutropenia, they
are also susceptible to fatal opportunistic infections, even when
neutrophil counts are normal or when receiving granulocyte
colony-stimulating factor (G-CSF) and immunoglobulin replace-
ment tI'\v.:rapy.""“‘j'I These observations indicate that absence of
CD40L might impair macrophage function in human subjects
and that new therapeutic approaches need to be investigated for
optimal treatment of these patients.

Failure to produce IFN-y has been reported in patients with
CDA40L deficiency.” " This cytokine primes and activates mature
phagoeytes. Additionally, IFN-y affects development of progenitor
cells to generate mature phagocytes capable of efficiently elimi-
nating opportunistic pathogens. " For this reason, recombinant hu-
man [FN-y (rhIFN-v) has been used as an adjunctive therapy for
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patients with CGD™™*" and patients with defects in the IL-12/IFN-
+y axis to prevent and treat invasive mycobacterial or fungal infec-
tions. However, IFN-v has not been broadly used to treat patients
with adaptive primary immunodeficiency disorders.” "'

Here we aimed to analyze the in vitro macrophage response in
patients with CD40L deficiency with respect to macrophage killing
activity, oxidative burst, and production of inflammatory cytokines.
Furthermore, we investigated the effects of rhIFN-y and sCD40L
treatment on macrophages from CD40L-deficient patients. In addi-
tion, we assessed the effect of CD40L deficiency on the macro-
phage transcriptome before and after rhIFN-y treatment.

METHODS

Case report

An Argentinian CD40L-deficient patient included in our collaborative Latin
American Society for Immunodeficiencies (LASID) studies'” was treated with
adjuvant rhIFN-vy at the Dr Ricarde Gutierrez Children’s Hospital. The hospital
is in Argentina, where thlFN-y (Imukin: Bochringer Ingelheim. Ridgefield.
Conn} is already approved for clinical use (Disposicion no. 1263-12). The pa-
tient was born to nonconsanguineous family and recetved BCG vaccine in the
first month of life without complication. At9 months of age, he was given a diag-
nosis of dysgammaglobulinemia (hyper-1gM syndrome), chronic neutropenia,
and pneumonia caused by Pseudomonas species. Conventional treatment for
CD40L deficiency (trimethoprim/sulfamethoxazole prophylaxis, intravenous
immunaglobulin, and Granulokine) was initiated, and the patient was given a
diagnosis of the mutation Q174X in CDYOLG (details have been previously re-
|10nedm), At 5 years of age. he had cervical adrenomegaly caused by mycobac-
terial disease. The extent and severity of this mycobacterial infection were
assessed by means of hiopsy, which showed granulomas. Additionally, the
PCR result was positive for M tubercudosis complex.

Conventional antituberculosis therapy with a 4-drug regimen (ethambutol,
levofloxacin, 1soniazid, and rifampicin} was initiated, but the patient had
typhlitis requiring surgery. Abundant caseating aranulomas were observed in the
bowel mucous membrane, requiring colostomy for 6 months, and the paticnt
continued o have refractory mycobacterial disease despite antituberculosis
treatment. Therefore simultancous with the conventional CDGOL deficiency and
antituberculosis therapy, subcutansous rhIFN-y (50 ;;g!ml administered 3 times
a week) was administrated for 6 months, Under this therapeutic regimen, the pa-
tient improved clinically. After that. rhIFN-y therapy was discontinued and
isoniazid and rifampicin was continued for 1 additional year until no symptoms
of mycobacterial disease were observed. Currently, the patient is 9 years old. has
no stem cell donor available, and has had hepatic cryptococeosis.

Subjects

We enrolled 6 CD40L-deficient patients (age range, 3-21 years) lrom 6
unrelated Brazilian families. Except for the occurrence of M iuberculosis
infection in P, the clinical, immunologic, and genetic characteristics of these
patients have been previously described'” and are summarized in Table E1 in
this article’s Online Repository at www.jacionline. org. For each experiment, a
healthy subject (age range, 23-3() years) was included for comparison.
Informed consent was obtained from the paticnts or their parents and from
healthy control subjects. The blood was collected under institutional guide-
lines, and the study was performed in accordance with the Declaration of
Helsinki and approved by the Ethics Committee of the Institute of Biomedical
Sciences, University of Sao Paulo.

Generation of monocyte-derived macrophages
Human monocyte-derived macrophages (MDMSs) were obtained, as previ-
ously described, with minor modifications.™ In summary, CD14 " monocytes
were obtained from PBMCs by using the Monocyie Isolation Kit I (Miltenyi
Biotec, Bergisch Gladbach, Germany), according to the manufacturer’s in-
structions. Monocytes were cultured in RPMI 1640 containing 0% FBS at

https://reader.elsevier.com/reader/sd/pii/S0091674916308053?token=BEF0534BE57112E77B7A0DFB8C3D93CBCD6528AAA966FDF8102F59...

Human CD40 ligand deficiency dysregulates the macrophage transcriptome causing functional defects that are improved by exoge...

2/20



13/05/2019

902 CABRAL-MARQUES ET AL

A M-CSF (6 days) M-CSF (6 days)

Control

Patient - marked
B Control - marked
@ Patient - Isotype control
O Control - Tsotype control

» B

_L‘A

Count

4 -A

CDl14 HLA-DR CD64 CDl163 CD86
Fluorescence
B 3 Controls
LS *
r y B Patients
= 2001 —NS
a —~ 1804 r—t—
> 1601
2 B 140
<} § 120 E
8 100 mem——
=g 804 E
g =) 60+
X S 404
oAl !
Q" G T T T T T T
- ) - sCD40L
- - + IFN-y
¢ %
1 e |
300000 ™~
250000+ 2y '
= 200000
: 1500001
100000
500001 Q l
0 E e
- + - - + - sCD40L
- - + - - + IFN'T
- - - + + +  PMA

FIG 1. rhIFN-v, but not sCD40L, improves the defective fungicidal activity and oxidative burst of MDMs fram
CD40L-deficient patients. A, Cell morphology (top) was assessed by means of phase contrast (Axio Vert.A1)
after 5 days in the presence of M-CSF. Flow cytometric analysis (bottom) was used to characterize expression
of CD14, HLA-DR, CD&4, CD163, and CD86 on the surfaces of MDMs. B, After challenging MDMs with P bra-
siliensis, fungicidal activity was assessed by determining CFU values. Before assay, MDMs were untreated
() or treated with (+ ) sCD40L (500 ng/mL} or rhlFN-v (100 U/mL) for 48 hours. CFU values (as percéntages
of control values) were determined in relation to the CFU number of untreated MDMs from healthy control
subjects. The results in scatter plots and raw data in CFU per milliliter are shown in Fig E2. C, MDMs remained
untreated or were cultured for 48 hours in the presence of sCD40L (500 ng/mL) or rhIFN-v (100 U/mL}; the res-
piratory burst of MDMs was induced by PMA (90 mmol/L). Ceils were analyzed with the luminol-enhanced
chemiluminescence assay, and values are expressed as relative light units (RLU). A significant difference is
denoted as follows: ¥P < .05 [n = 6 patients and 6 control subjects), Mann-Whitney test. NS, Not significant.
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FIG 2. Impaired cytokine production by macrophages from CD40L-deficient patients. Patients’ macro-
phages secrete abnormal levels of IL-6, TNF-a, IL-1B, macrophage inflammatory protein 13 [MIP-14], IP-10,
and G-CSF in responsge to M tuberculosis and P brasiliensis. After 48 hours of sCD40L (500 ng/mL) or rhIFN-y
(100 W/mL) treatment, cytokine preduction by patients” macrophages achieved a pattern similar to that
observed in healthy control subjects. Significant differences are denoted as follows: *P<.05 (n = 6 patients

and 6 control subjects), Mann-Whitney test,

37°C in a humiditied 5% CO» atmosphere for 5 days in the presence of 50 ng/
mL macrophage colony-stimulating factor (M-CSF: PeproTech, Princeton,
NJ). Afterward, the cells underwent phenotypic charucterization, including
analysis of HLA-DR, CD14. CD4(), CD64. CD86. CDE(. and CD163. They
were also characterized for the following patiern recognition receptors
(PRRs): Toll-like receptors (TLRs; TLR 1, TLR2, and TLR4) and C-type lectin
receptors (CLRs; dectin- 1, dectin-3, mannose receptor, CD206, and dendritic
cell-specific intercellular adhesion molecule 3—grabbing nonintegrin [DC-
SIGN]). Phenotypic expression was analyzed by using flow eyiometry (BD
FACSCanto I Cytometer). The data obtained were analyzed with Flowlo soft-
wire (TreeStar, Ashland, Ore). When indicated, MDMs were incubated for 2
more days in the presence of 100 U/mL rhIFN-vy (Immukine. Boehringer In-
gelheim), 20 ng/mL IL-4 (PeproTech), or 500 ng/mL sCD40L (Life Technol-
ogies, Frederick, Md).

Fungicidal activity

MDMs were challenged with Paracoccidioides brasiliensis (Pb18, a highly
virulent isolate). and the microbicidal activity was determined by counting
colony-forming units (CFU), as previously described. ™ Briefly, 0.2 X 17
MDMs were cultured in 200 pL of RPMI 1640 in 96-well flat-bottom plates
and challenged with P brasiliensis (ratio 1:10, fungus/MDMs) for 48 hours,

https://reader.elsevier.com/reader/sd/pii/S0091674916308053?token=BEF0534BE57112E77B7A0DFB8C3D93CBCD6528AAA966FDF8102F59...

Five days after seeding and challenging, P brasiliensis CFU were counted,
and CFU values (percentage of control values) were determined in relation
to the CFU numbers of untreated MDMs from healthy control subjects.

Analysis of respiratory burst by means of
chemiluminescence

MDM oxidative burst was measured by using Tuminol-dependent chem-
iluminescence, as previously deseribed.” Luminol (1 mmol/L; Sigma Labo-
ratorics. St Louis, Moj-preloaded MDMs (0.2 % 10°7300 L) were
activated with phorhol 12-myristate 13-acetate (PMA; 90 nmol/L, Sigma Lab-
oratories), and chemiluminescence was monitored for 2 hours with a micro-
plate luminometer reader (EG&G Berthold LB96V. Bad Wildbad,
Germany). Results were expressed as relative light units.

Analysis of cytokine production

Supernatants of macrophages treated or untreated with thIFN-y or sCD40L
were harvested 48 hours after P brasiliensis or M tuberculosis Iysatﬂ}'ls incu-
bation. Cytokine levels were evaluated by using a HCYTMAG-60K-PK30
Cytokine Kit (Millipore. Bedford, Mass), and data obtained were analyzed
with a Luminex instrument, according to the manufacturer’s instructions,
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FIG 3. Defective control of the proliferation of M tuberculosis by MDMs from
CD40L-deficient patients is improved by rhiIFN-y. A, Macrophages were chal-
lenged with M tuberculosis (H37Rv strain), and the phagocytosis index was
determined on day 0 based on CFU counts. B, The bacterial proliferation in-
dex on day 6 was determined based on the ratio of CFU numbers on day 6 to
CFU numbers on day 0. Data were normalized according to the average
mycobacterial growth of untreated MDMs from healthy control subjects.
Significant differences are denoted as follows: *P< .05 (n = 6 patients and
6 control subjects), Mann-Whitney test. NS, Not significant.

Phagocytosis and control of M tuberculosis
proliferation by MDMs

Analyses of M tuberculosis (H3TRy strain) phagocytosis and proliferation
control by MDMs were carried out, as previously described. ™ In brief, MDMs
were challenged at a 1:1 ratio (M tuberculosissMDMs) for 3 hours (day 0) and
washed to remove extracellular mycobacteria. On day () and 6 days later. the
MDMs were lysed with 0.1% saponin treatment, and the homogenates were
diluted and plated in Middlebrook TH1(0) medium supplemented with 10%
OADC (Difco: acidfalbumin/dextrose/catalase). The resultant colonies were
assessed after 21 days of incubation at 37°C. M tuberculosis uptake (phagocy-
tosis index) data were obtained from CFU counts performed on day 0, and the
M tuberculosis growth index was determined based on the ratio of CFU
numbers on day 6 to CFU numbers on day 0.

In addition to MDMs, to gain evidence about the role of CD40L-CD40
interaction in myeloid cell development, we analyzed the ability of the
promyelocytic HL-60 cell line to control M rubereultosis proliferation by chal-
lenging the cells at a 131 ratio (M tubercidosis/tHL-60 cells). HL-60 cells were
only challenged for 3 hours because of rapid HL-60 proliferation. After this,
HL-60 cells were lysed, and M 1uberculosis proliteration was assessed based
on CFU values, as performed for MDMs.,

RNA sequencing and data processing

Macrophage transcriptome profiles from 3 CD40L-deficient patients and 3
healthy control subjects were analyzed, as previously described.”™"" Total
RNA was obtained by using TRIzol (Invitrogen, Carlsbad. Calif), according
to the manufacturer’s instructions, RNA integrity and concentration were

J ALLERGY CLIN IMMUNOL
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assessed by using the Agilent 2100 Bioanalyser RNA Nano chip (Agilent
Technologies. Santa Clara, Calil) and orthogonally validated by means of
visualization of the integrity of the 28S and 18S band on an agarose gel.
cDNA libraries were obtained with the Hlumina CBot station and HiScanSQ
using the Humina TruSeq RNA Sample Preparation Kit (Illumina, San Diego,
Calif), according to the manufacturer’s instructions. Sequencing was carried
out with the Illumina HiSeq 2000 paired-end 100-bp (PE 100) system.

Bioinformatic analysis

After quality assessment with FastQC (www.bioinformatics. babraham.ac.
uk/projects/fastge/), reads were aligned with the human cDNA transcriptome
from Ensernbl 82 by using Kallisto,™ Data were further processed by using
Sleuth (pachterlab.github.io/sleuth/). and the read values were expressed as
transcripts per million. The transcripts with more than 5 reads in each sample
for at least 47% of the sample and false discovery rate—adjusted P values (org
values) of less than .05 were considered ditferentially expressed genes
(DEGs). Hierarchical clustering analysis was performed with Perseus (Max-
Quant, v1.11, Martinsried, Germany). Gene Ontology (GO) functional enrich-
ment analysis was performed with STRING™ and DAVID™™*! 10 categorize
and group DEGs hased on a known functional association, as detined by the
Gene Ontology Consortium.~ GeneMANIA/Cytoscape™ was used to predict
interactions between DEGs by using GO biological process and source organ-
ism Homo sapiens as additional parameters.

Statistical analysis

Statistical significance was assessed by using the nonparametric Mann-
Whitney test. Data were expressed as medians and 25th and 75th percentiles.
Statistical analyses were performed with GraphPad Prism 4.03 software
(GraphPad Software, San Diego, Calif), and P values of .05 or less were
considered significant.

RESULTS
MDMs from CD40L-deficient patients have defective
fungicidal activity and oxidative burst that are
reversed by rhlIFN-y but not sCD40L

Based on the morphologic characteristics and expression
patterns of the CDI4, HLA-DR, CD64, CDI163, and CD86
molecules, a homogeneous population of MDMs from CD40L-
deficient patients and healthy control subjects was successfully
generated (Fig 1, A). When challenged with P brasiliensis, mac-
rophages from patients demonstrated reduced fungicidal activity
compared with those from healthy control subjects (Fig 1, B, and
see Fig E1 in this article’s Online Repository at www jacionline.
org). Although sCD40L treatment did not significantly increase
the killing activity of macrophages from CD40L-deficient pa-
tients, rhIFN-y improved the fungicidal activity of macrophages
from patients. This finding is consistent with IFN-vy’s established
beneficial therapeutic effect for patients with opportunistic infec-
tions and its well-known role as a phagocyte activator.

Considering the essential role of the oxidative burst during
macrophages killing activity,”* we evaluated the production of reac-
tive oxygen species by PMA-activated MDMs from CD40L-
deficient patients. Patients” macrophages did not trigger the oxidative
burst after activation in comparison with those from healthy subjects
(Fig 1, ©). Although sCD40L showed a slight increase in macro-
phage responses, no significant enhancement was achieved. Howev-
er, thIFN-y statistically enhanced the oxidative burst of macrophages
in both patients and control subjects. After thIFN-y treatment, pa-
tients’ MDMs displayed no significant difference compared with un-
treated or rhIFN-y—treated MDMs from healthy control subjects,

https://reader.elsevier.com/reader/sd/pii/S0091674916308053?token=BEF0534BE57112E77B7A0DFB8C3D93CBCD6528AAA966FDF8102F59...
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FIG 4. Hierarchical cluster analysis showing MDM gene signature in patients with CD40L deficiency and the
subsequent effects of IFN-y. A, RNA from MDMs was sequenced, and the transcripts per million (TPM)
values are represented on a log; scale, where green shows low expression and red shows high expression.
The results of untreated (left panel) and rhiFN-—y-treated (right panel) cells are shown in the heat map. B,
Interaction networks for the DEGs in CD40L deficiency are shown. Networks are shown as predicted by Gen-
eMania and visualized with Cytoscape.
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FIG 5. Heat map of genes not dysregulated in patients with CD40L deficiency but affected by rhIFN-y
treatment. Results for untreated and rhIFN-y-treated cells are shown in the heat map. RNA from MDMs were
sequenced, and the transcripts per million (TPM)values are represented on a log; scale, where green shows
low expression and redshows high expression. Genes significantly upregulated or downregulated are listed.

Defective production of inflammatory cytokines by
macrophages from CD40L-deficient patients is
reversed by rhiFN-y and sCD40L

In addition to responding to invading pathogens by inducing
microbicidal activity, macrophages produce inflammatory cyto-
kines in response to CD40L-CD40 interaction.”” Therefore we
analyzed inflammatory cytokines released by MDMs from pa-
tients or control subjects treated or untreated with rhIFN-vy or

from CD40L-deficient patients had significantly impaired
production of IL-6, TNF-a, 1L-1B, macrophage inflammatory
protein 1, IFN-v—induced protein 10 (IP-10), and granulocyte-
colony stimulating tactor (G-CSF) compared with those of
healthy control subjects (Fig 2). With few exceptions, the
impaired cytokine production in CD40L-deficient patients was
significantly improved by both rhIFN-y and sCD40L..

sCD40L in response to P brasiliensis. In addition, considering
the increased susceptibility to mycobacterial diseases reported
in patients with CD40L deficiency. ™" we also challenged
the macrophages with M tuberculosis. After 48 hours of culture
in the presence of P brasiliensis or M tuberculosis, macrophages

Impaired control of M tuberculosis proliferation by
macrophages from CD40L-deficient patients is
reversed by rhiFN-vy

Considering the essential role of IFN-vy in the response to
mycobacteria " and the increased susceptibility to mycobacteria
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TABLE L. Biological process dysregulated in patients with CD40L deficiency
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Dysregulated genes

Genes not affected by the CD40L deficiency but

GO term GO category in patients with CD40L deficiency modulated by rhiFN-y treatment
GO:0002376  Immune system process ACTR2, ADAM IO, ADAMIS, AP2A2, APP. BAG6H, AOAH, APOBEC3G, APOLI, APOL2Z, APOLS,
CANX, CD44, CD46, CTSB, FCGR2B, FLII, BCL3, BNIP3L, CI1QA, CIOB, CI0C, CIR,
IGLLS, INPPLI, LGMN, LILRA6, MAP2K3, CIS, C2, C4A, C4B, C5AR], CALCOCO?2,
MATK, MITE, MYOIF, OSBPLIA, PPP2R4, CCLS, CDI63, CDI80, CD40, CD74, CEBPG,
TCF12, UBB, ZFP36L1 CFB, CIITA, CLICI, CXCLI0, CXCLII,
CXCLY, DHXSS, FCGRIA, FCGRIC, GCHI,
HIFIA, HIST2H2BE, HIA-B, HMOX1, 1D,
IFTHI, IL15, IL27, IL3IRA, IL32, IRF7, ITGAL,
LY75, LYN, MMP25, MXi, MX2, NCF1,
NCFIC, NFAMI1, NMI, NOD2, P2RX7, PRDX],
PTX3, RSAD2, SERPING 1, SIGLEC],
SLAMF?, SLCIIAL TAPI, TAPZ, TICAM2Z,
TLRS, TNF, TNFAIP6
GO:0048002  Antigen processing and AP2A2, CANX. HFE, IGLL5, LGMN. OSBPLIA, B2M, CD74, ERAP2, FCERIG, HLA-B, HLA-
presentation of peptide UBE DMB, HLA-DOA, HLA-DPAI, HIA-E, HLA-F,
antigen ICAMI, PSMBS, PSMBY, PSMEI, SLCIIAI,
TAP2, TAPBPL
GO:0045087 Innate immune response ACTR2, ADAM15, APF, CD44, CD46, CTSB., APOBEC3G, APOLI. CI0OA, C10B. CIOC, CIR,
IGLLS, LGMN. MAP2K3, MATK, UBB, XRCC5 CIS, C2, (44, C4B, CALCOCO2, CDI&0,
CEBPG, CFB, CHTA, DHX58, FCGRIA,
FCGRIC, GCHI, IFIHI, IL27, NCFI, NCFIC,
NOD2, PRDX], SERPINGI, SLAMF7,
SLCHAI, TICAM2, TLRS
GO:0080134  Regulation of response to stress AP2A2, CD44, CD46, CTSE, DDX3YB, DNAJICT, —
LGMN, MAPZK, MYOIF, TARBP2, UBR,
XRCCS, ZEB2
GO:0007259 JAK-STAT cascade = IL3IRA, JAK2, NMI, SOCSI, STATI, STAT2

GO:00551 14

GO:0006897

GO:0030335
GO:0007264

GO:0016192

GO:0007599

GO:0010628

GO:0045892

GO:0030154

GO:0002521

GO:0030099

Oxidation reduction process
Endocytosis
Positive regulation of cell migration

Small GTPase-mediated signal
transduction

Vesicle-mediated transport

Hemostasis

Positive regulation of gene
expression

Negative regulation of transcription,
DNA templated

Cell differentiation

Leukocyte differentiation

Myeloid cell differentiation

ALDH6AI, CYB3RI, GNAS, KIAALIYI, PPPIR2,
UBB

ACTR2, AP2A2, APE, CLINTI, IGLLS, INPPLI,
RIN2, SNX6

ADAMI0, ARHGAP3, MYOIF
ACTR2, ARHGAP25, ARHGEFI, CLIPI,
CTNNAI, G3BPI, PPP2R4. RIN2

ACTNI, ACTRZ, AFF, CLINTI, IGLL, INPPLJ,
MYQIFE, OSBPLIA, RIN2, SNX6, TAPEP

ACTNI, APP, ATP2A2, CD44, FLII, GNAS,
PPP2R4

APE. DDX39B, FLII, HEXB. MAP2K3, MEDI6.
SAFB, UBB

BASFI, HDGF, JAZFI, MITF, MXDI1, MX11,
SMAD4, SNX6, UBB, XRCC5

ACTR2, ADAM IO, ADAMI5, ALDH6AI AP2A2,
APE, ARHGEF 1. BAGS, BASPI, CD74, CTSH,
EPHRB2, FLII, GIMAPS, HEXB, HIFIA, ILK,
JAKZ, KITLG, LPL. LYN. MATK, NAFA,
PRPFI9, SEMA4D, SMAD4, TCFI2, TNFAIP2,
UBB, XRCCS, ZER2, ZFP36L]

ZFP36L1

FLII, GNAS, MITF

CDC425E2, CLECIOA, FCERIG, FCGRIA,
FCGRIC, FNBPI, LY75, MERTK, P2RX7,
PTX3, SCARFI, SLCHIAI

CXCLIO. HIFIA, ICAMI, ILK, JAK2. PDGFB

FARP2, HMOXI, 10GAP3, LRRK2, MAPKI3,
RAB24, RAB7B, RALB, RAPGEF2, RHOU,
RSUT

CCLS, CDC425E2, CHMPS, CLECIOA,
FCERIG, FOGRIA, FCGRIC, FNBPI, LY73,
LYN, MERTK, OPTN, P2RX7, PLEK, PTXJ,
RHOBTBI. SCARF!, SLCHIAL STX11,
VAMPS

CD40, CDY, FBINS, PLEK, SERPINGI, THBD

BCL3, CHTA, HIFIA, IL3IRA, IRFI, PRDM1,
SLCIIAI, TNF, TNFSFI3B
CHTA, IRF7, MECPZ, PRDMI, RFX5, TNF

CD46, CD74, CTNNAL EPHBZ, GIMAPS, GNAS,
HIFIA, ILK, JAK2, KITLG, LPL, LYN,
PRPFIY, SEMA4D, TCFi2, XRCCS

BAKI, BCL3, CASPS, CD74, CEBPG, FASL,
GIMAPS, GPR183, IL15, IL3IRA, IRFI,
NFAMI, TNF

CASPS, CEBPG, GIMAPS, IL3IRA, JAK2, LYN,
PML, TNF

{Continued)
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TABLE . (Continued)
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Dysregulated genes

Genes not affected by the CD40L deficiency but

GO term GO category in patients with CD40L deficiency modulated by rhIFN-y treatment

GO:0010608  Posttranscriptional regulation of APP BCL3, EIF5A, FBXO7, MOVI0, PML, SLCI1IAI
gene expression INF

GO:0006417  Regulation of translation APP,. TARBPZ, ZFP36L]1 BCL3, EIF5A, PML, TNF

GO:0031401  Positive regulation of protein

modification process

GO:0045859  Regulation of protein kinase activity

CD44, HDGF, HFE, PPP2R4, UBE, ZEB2

APP, GPSI, HDGF, SNX6, TARBFP2, UBB, ZEB2

CCNBI, CDKI, CULI, IL3IRA, JAKZ, KITLG,
LRRK2, LYN, NOD2, P2RX7, FLKI, PML,
PSMA2, PSMA4, PSMAS PSME2, PSMA®6,
PSMBI10, PSMB2, PSMBS, PSMBY, PSME],
TNF

AKTISI, C5ARI, CD74, CDKNIA, CDEN2C,
GADDESB, ILK, JAK2, KITLG, P2RX7, PAKI,
PDGFB, RGS3, SLCHIAL TNF TRAF2

in patients with CD40L deficiency, """ we asked whether mac-

rophages from CD40L-deficient patients have normal capacity to
control the growth of M tuberculosis. Macrophages from CD40L-
deficient patients phagocytosed M tuberculosis normally
compared with macrophages from healthy control subjects
(Figz 3. A) but did not control the intracellular proliferation of M
fuberculosis. Most importantly, in accordance with the observa-
tion that refractory mycobacterial disease improves with rhIFN-
v treatment (case report), thIFN-v significantly increased the con-
trol of M tuberculosis proliferation in vitro by macrophages from
patients and healthy control subjects (Fig 3, B).

rhiIFN-y improves dysregulation of the macrophage
transcriptome in patients with CD40L deficiency

Based on the multiple macrophage functional defects observed
in CD40L-deficient patients, we hypothesized that macrophages
from CD40L-deficient patients have systemic dysregulation at the
gene expression level. Therefore we analyzed the transcriptome
of MDMs from CD40L-deficient patients using RNA sequencing
and evaluated the effect of ThIFN-y on gene expression. Because
it was not possible to collect enough macrophages to stimulate
them with both rhIFN-y and sCD40L., we focused on the effect of
rhlFN-v because it had the most potential as a new therapeutic
option for patients with CD40L deficiency. We based this decision
on the previously observed success of thlFN-vy therapy for certain
infections,” "' its approval by the US Food and Drug Administra-
tion, and its feasibility for clinical use.

We obtained sufficient numbers of MDMSs from 3 patients (P1,
P2, and P3). Before rhIFN-y treatment, we identified a total of 109
dysregulated genes (DEGs; 48 downregulated and 61 upregulated
genes) when macrophages from CD40L-deficient patients were
compared with those from healthy control subjects (Fig 4. A. left
panel). The functional association network of the DEGs in pa-
tients with CD40L deficiency is demonstrated in Fig 4, B. Dysre-
gulation of the macrophage transcriptome in patients with CD40L
deficiency was not due to M-CSF-induced CD40L effects during
MDM generation because M-CSF was unable to induce CD40L
expression on MDMs (see Fig E2 in this article’s Online Repos-
itory at www jacionline.org). Furthermore, no CD40L transcript
was undetectable by using RNA sequencing. On the other hand,
sCD40L increased the capacity of the promyelocytic HL-60 cells
to control M tuberculosis proliferation (see Fig E3 in this article’s
Online Repository at www,jacionline.org), indicating a role of

CD40L-CD40 interaction on myeloid cell development.
A detailed investigation about the effect of the CD40L-CD40
interaction on promyelocytic HL-60 cells will be published else-
where (manuscript in preparation).

It is noteworthy that rhIFN-y restored the gene expression
profile of the majority of DEGs in patients” macrophages. After
rhIFN-vy treatment, only 11 of 109 genes remained differentially
expressed in comparison with results seen in healthy control
subjects (Fig 4, A, right panel). In addition to improving the
expression of 109 DEGs, rhlFN-vy influenced the expression of
526 additional genes (133 downregulated and 393 upregulated
cenes) compared with that seen in healthy control subjects
(Fig 5). The subsets of 109 DEGs and the additional 526 genes
that were affected by the rhlFN-vy treatment are shown within
GO categories (Table I). The main subsets of genes are directly
involved with the immune system (GO0002376), including the in-
Aammatory response (GO0D006954) and wound response
(GO0009611). Moreover., genes responsible for regulation of
transcription (GO:0010628 and GO:0045892) and cell ditferenti-
ation (GO:0030154, GO:0000904, GO:0045597, GO:0002521,
and GO:0030099) were also affected.

rhiIFN-y increases TLR and CLR expression levels

Production of proinflammatory cytokines, oxidative burst, and
cffective microbicidal activity are essential functions of Ml
macrophages, which contrast with M2 macrophages (called
alternatively activated macrophages).”’** Despite the functional
defects we observed, no phenotypic alteration was identified on
macrophages from CD40L-deficient patients. The normal expres-
sion of CD86, CD163, and CD206 molecules is shown in Fig E4
in this article’s Online Repository at www jacionline.org, all of
which are markers that have been used to distinguish M 1/M2 sub-
populations.”””" Moreover. macrophages from patients with
CD40L deficiency expressed TLRs and CLRs normally (Fig 6).
Remarkably. rhIFN-y significantly increased expression of
TLRI1. TLR2, dectin-1, and CD209 molecules in macrophages
from patients and healthy control subjects.

DISCUSSION

Here we show that human CD40L deficiency impairs innate
immune responses by affecting macrophage differentiation and
function. Macrophage defects associated with impaired dendritic

https://reader.elsevier.com/reader/sd/pii/S0091674916308053?token=BEF0534BE57112E77B7A0DFB8C3D93CBCD6528AAA966FDF8102F59...

Human CD40 ligand deficiency dysregulates the macrophage transcriptome causing functional defects that are improved by exoge...

9/20



13/05/2019 Human CD40 ligand deficiency dysregulates the macrophage transcriptome causing functional defects that are improved by exoge...

J ALLERGY CLIN IMMUNOL CABRAL-MARQUES ET AL 909

VOLUME 139, NUMBER 3

A
[ Conirol Resting
Em FPatient Resting
[ Control = IFN-y
B Patient + IFN-y
h
E
o
)
Fluorescence (MFI)
B
l_*|
10000 16000 * [ Controls
14000 T I Patients
8000 12000 E
% 6000- e lgﬁ —
. *
4000+ = 6000 @ i "
| 4000+ —
2000 i 2000{ & = =L e
T G 1 L I
CD40 TLR1 TLR2 TLR4
- - IFN-y _ P Lk a o IFN-y
50000- =l'(—*1
40000+
30000+ Q i
13000+ 2
[
8000 E EI g
E 3000;59 I i % e
a0 Suln =
0

Dectin-1 Dectin-3 DEC-205 MR CD209
- + - + - + - + - + I[FN-y

FIG 6. Effect of rhIFN-y on expression of CD40, TLRs, and CLRs by macrophages. Representative histograms
(A) and graphics (B) showing CD40, TLR (TLR1, TLRZ, and TLR4), and CLR (dectin-1, dectin-3, mannose re-
ceptor or MR, DEC-205, and CD209) expression, as analyzed by means of cytometry. MDMs were analyzed
after 5 days in the presence of M-CFS, followed by 2 additional days in the presence or absence of rhiFN-y,
Mo significant differences in MDMs from patients versus healthy subjects were observed. *P < .05 (n = &
patients and 6 control subjects), Mann-Whitney test. NS, Not significant; MF/, Mean fluorescence intensity.

cell (DC) response in patients with CD40L™" and CD40™ defi-  immunopathologic mechanism underlying the increased suscep-
ciencies point to an essential role of the CD40L-CD40 interaction  tibility of CD40L-deficient patients to opportunistic infections,
during differentiation of myeloid cells, This fact clarifies a new  which might explain the increased rate of deaths observed in
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patient with CD40L deficiency despite the current treatment
armamentarium.' " The possibility that the differences observed
between CD40L-deficient patients and young adult control sub-
jects are age related is unlikely. It is well known that innate im-
mune cells, such as macrophages. from neonates and infants
less than 2 years of age have inherent defects: however, older chil-
dren display immune responses comparable with those of
adults.”™ " In our diagnostic laboratory we have routinely
observed that infants in the first years of life with undefined pri-
mary immunodeficiency disorders, in whom the diagnosis of
CGD has been ruled out by demonstrating normal NADPH activ-
ity, have normal phagocyte responses compared with those in
healthy control subjects (data not shown).

Macrophages have to undergo maturation to a stage that allows
normal clearance of invading pathogens through different mech-
anisms, including generation of a fully potent oxidative burst. The
importance of this pathway is illustrated by CGD, which is caused
by defects affecting components of the phagocyte NADPH
oxidase complex that are crucial in oxidative burst. Patients
with CGD face life-threatening infections, even when oxidative
burst is only slightly reduced or partially inhibited.'" "' There-
fore the partially defective oxidative burst observed in macro-
phages from CD40L-deficient patients might contribute to the
abnormal microbicidal activity that we demonstrated in our ex-
periments and might be a risk factor for the increased susceptibil-
ity to opportunistic fungal and intracellular bacterial infections.
However, it seems unlikely that defective fungicidal activity in
macrophages from CD40L-deficient patients is solely due to
reduced reactive oxygen species production because additional
nonoxidative killing mechanisms might also be affected.

The impaired microbicidal activity, oxidative burst, and
defective production of cytokines (eg, 1L-6, TNF-«, 1L-1pB,
macrophage inflammatory protein 13, IP-10, and G-CSF) by
patients” macrophages suggest that the absence of CD40L not
only impairs effector function of macrophages but also initiation
of inflammatory responses. These results are in accordance with
the proinflammatory role of CD40L-CD4() interaction on activa-
tion of macrophages from healthy subjects.”"” The multiple de-
fects identified in macrophages from patients with CD40L
deficiency indicate that more than 1 aspect of the macrophage im-
mune response can be affected in these subjects. In accordance
with the numerous functional defects displayed by patients” mac-
rophages, we also observed a dysregulated gene expression signa-
ture, which was improved in the presence of rhlFN-y.
Considering the high number of DEGs in macrophages from
CD40L-deficient patients, multiple other functions of these cells
remain to be investigated further.

Contradictory results regarding IFN-y production by CD40L-
deficient T cells have been reported. However, such incongru-
ences might be explained by the fact that PBMCs/T cells from
CD40L-deficient patients are intrinsically capable of producing
TL.- 12 and TFN-y but do not respond to certain stimuli. We found
that PBMCs from CD40L-deficient patients normally produce
I1L-12 in response to IFN-y and release IFN-y in response to 1L-12
stimulation (see Fig ES in this article’s Online Repository at
www.jacionline.org). These findings contrast with our previous
observation of a significantly impaired 1L-12/IFN-y axis™~ in
DC/T-cell cocultures stimulated by Candida albicans or P
brasiliensis. Both Jain et al”’ and Subauste et al”* described
impaired 1FN-y production by PBMCs from CD40L-deficient
patients after anti-CD3 stimulation and Toxoplasma gondii

J ALLERGY CLIN IMMUNOL
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exposure, respectively. In contrast, Uronen and Callard™ reported
normal IFN-v release by T cells from CD40L-deficient patients in
response to PMA plus ionomycin. In turn, Felipe-Santos et al™
observed decreased production of 1L-12 and IFN-v in response
to PHA: however, normal generation of 1L-12 by LPS and IEN-
v by PMA/ionomycin was seen in PBMCs from CD40L-
deficient patients compared with generation in healthy control
subjects.

The treatment of opportunistic infections in CD40L-deficient
patients with rhIFN-y might reduce the high mortality rate
associated with CD40L deficiency. despite currently available
treatment nptions"ﬂ'm"”"t’j This possibility has been illustrated
by the response of one of our CD40L-deficient patients who,
despite all the treatment available, had refractory disseminated
mycobacterial infection that was improved after rhIFN-y adju-
vant therapy. Taken together, our data point to rhIFN-y as a
possible adjunct immunotherapy, in combination with conven-
tional therapy, for cases of disseminated opportunistic infections
in CD40L-deficient patients. Furthermore, this cytokine is
already available and licensed for clinical use.””

Another mechanism by which rhIFN-y might potentiate
macrophage immune responses of macrophages from CD40L-
deficient patients is by increasing the expression of TLRs and
CLRs, both of which are essential for immune responses against
different pathogens.”” rhIFN-y treatment of macrophages from
both patients and control subjects caused significantly increased
expression of TLR1, TLR2, dectin-1, and CD209. The potential
of IFN-y influencing PRR expression might explain how
rhIFN-y can restore microbicidal activity in macrophages from
CD40L-deficient patients. However, we did not observe signifi-
cant changes in TLRI1, TLR2, dectin-1, and CD209 mRNA
expression after in vitro thIFN-y treatment in our transcriptome
analysis (data not shown). Whether IFN-y regulates the protein
expression of these PRRs by modulating mRNA expression at a
different time point than those we assessed or whether it acts at
a posttranscriptional level requires further investigation.

In conclusion. our data demonstrated that in the absence of the
CD40L-CD40 interaction, macrophages from CD40L-deficient
patients exhibit impaired function and differentiation because of
dysregulation of zene expression that might contribute to their
susceptibility to opportunistic infections. Furthermore, rhlFN-y
might represent a new therapeutic option for patients with CD40L
deficiency by restoring certain functions to macrophages.

5254

We thank all the patients and their families for participation in this study. We
also thank Dr Eunice Duarte from the Lab Alfa LTDA and Lusincte Tavares
from the Federal University of Sio Paulo for blood sample collection.

Clinical implications: The absence of CD40L impairs macro-
phage differentiation and function, and its lack contributes to
increased susceptibility of CD40L-deficient patients to life-

threatening infections. Furthermore, rhIFN-y improves the
function of macrophages from CD401-deficient patients, indi-
cating this cytokine as a potential new adjuvant therapy.
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TABLE E1. Isolated pathogens and mutations of CD40L-deficient patients

CABRAL-MARQUES ET AL 912.e7

Isolated pathogens

Patient’s Intracellular Infections with Predicted
Patient Birth age at study bacteria and unidentified effect on
no. year date (y) Fungi protozoa Virus pathogens cDNA mutation® protein
Pl 2007 8 — M tuberculosis — Prneumonia, ofitis, c.475 G=A p- WI40X
P2 2005 10 Preutnocystis — HPV, herpes  Otitis, sinusitis, c.213_216del ATAG p.I53FsX65
Jiroveci simplex pneumonia
P3 2007 8 P jirovecit, Cryptosporidium — Otitis. sinusitis, c.213_216del ATAG p.153fsX65
C albicans parviam pneumonia
P4+ 1993 22 P brasiliensis, M tuberculosis Pneumonia, otitis, €.345_402del Exon 3 skipping
P jiravecii sinusitis
P5 2004 11 Aspergillus C parvim — Diarrhea 170-bp Deletion in 5°  Absence of RNA and
species. UTR (promoter) protein expression
P jirovecii
Pa 2006 9 — M tuberculosis — Prneumonia, otitis c.633_634insAGCC p-L193f:X201

urinary tract infection

JAK-STAT, Janus Kinase—signal transducer and activator of transcription: UTR, untranslated region.
*The nomenclature for the description of mutations is in accordance with guidelines of Human Genome Variation Soc:ety.“ -
FPatient P4 recently died in a cachectic state after recurrent diarrhea caused by Cryprasporidium species infection and concomitant severe mycobacterial tuberculosis infection.
Therefore his macrophages were not analyzed for CDE6. CD163, and CD206 or PRR expression. respectively. as shown in Fig B4 and Fig 6.
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1 | INTRODUCTION

X-linked anhidrotic ectodermal dysplasia with immunodeficiency (XL-
EDA-ID) is a primary immunodeficiency disorder (PID) characterized
by the absence of sweat glands, sparse scalp hair, defective tooth for-
mation, and susceptibility to infections. XL-EDA-ID is caused by hypo-
morphic mutations in the nuclear factor-kappa B (NF-xB) essential
modulator (NEMO) gene (also known as IKK gamma or IKKG). NEMO
is the regulatory subunit of the inhibitor of the NF-xB-1xB kinase
complex. In resting cells, dimers of the pleiotropic transcription

deficient patient by IFN-y.

X-linked ectodermal dysplasia with immunodeficiency (XL-EDA-ID) is caused by mutations in the
nuclear factor-kappa B essential modulator (NEMO) gene. Here, we report the clinical and genetic
features of a XL-EDA-ID patient who developed bacillus Calmette-Guérin infection. Patient
lymphocytes failed to degrade IxB-«, and sequencing of NEMO identified the novel mutation
¢.1238A>C/p.H413P. Furthermore, patient monocyte-derived macrophages ingested Mycobac-
terium tuberculosis normally, but failed to control the intracellular proliferation of bacilli, a defect
which was improved in the presence of interferon-gamma (IFN-y). This work expands the genetic
spectrum of XL-EDA-ID and demonstrates improvement in macrophage function in a NEMO-

BCGitis, ectodermal dysplasia, NEMO

factor NF-«B are retained in the cytoplasm in an inactive form by inter-
action with the inhibitory «B (IxB) proteins such as IxB-a, 1xB-8, and
lxB-¢. Upon cell activation, NEMO promotes |I«B phosphorylation and
its proteasomal degradation through polyubiquitination. This allows
NF-xB nuclear translocation and transcriptional activation of target
genes.!

Patients with XL-EDA-ID are susceptible to recurrent infections by
opportunistic pathogens, including pyogenic bacteria and fungi. These
patients are also susceptible to mycobacteria infections, including the
weakly virulent bacillus Calmette-Guérin (BCG).2 Both in vitro and in

Pediatr Blood Cancer 2016;63: 1863-1866

wileyonlinelibrary.com/journal/pbc
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FIGURE 1 Pedigree, phenotype, and molecular analysis of NEMO from a Brazilian patient with XL-EDA-ID. (A) Conical teeth (left panel), spars
scalp hair (middle panel), and BCGitis scar on the right arm of the patient (right panel). (B) Family pedigree of our index patient, indicated by arrow.
(C) Histograms showing defective IkBa degradation in response to PMA/PHA, TNF-«, and BCG. (D) Chromatogram of NEMO complementary DNA

(cDNA) showing the novel misssense mutation (c.1238A>C/p.H413P).

vivo studies demonstrated that NF-xB signaling plays an essential role
in the regulation of the macrophage immune response.3* However, the
control of M. tuberculosis proliferation in macrophages from NEMO-
deficient patients remains to be investigated.

Here, we describe the occurrence of disseminated BCG disease
(BCGitis) in a patient with XL-EDA-ID induced by a novel hypormorphic
NEMO mutation. Moreover, we demonstrate the therapeutic effect
of recombinant human interferon-gamma (rhIFN-y), which effectively
inhibits the proliferation of M. tuberculosis in the patient’s monocyte-
derived macrophages (MDMs).

2 | RESULTS

2.1 | Casereport

A male child born to a nonconsanguineous Brazilian family with
positive history of PID was selected. The patient’s brother died of
pneumonia followed by septic shock in the first year of life, and a
maternal uncle died due to an unidentified infectious disease in child-

hood (Fig. 1B). The child was born with ectodermal dysplasia and
in the first months of life developed BCGitis characterized by axil-
lary adenopathy and a suppurative scar that evolved to necrotiz-
ing pneumonia (Fig. 1A), which required treatment with isoniazid,
rifampicin, and ethambutol. The patient was admitted at 2 months
of age with simultaneous occurrence of a popliteal abscess from
S. aureus, E. coli infection of urinary tract, bacteremia caused by
K. pneumoniae, and interstitial pneumonia. Later on, at 6 months of
age, he developed S. aureus and C. parapsilosis suppurative acute oti-
tis media with secondary facial palsy and bilateral pneumonia with
lung abscess followed by septic shock caused by S. aureus. From 15
months onward, the patient lived with urinary tract infection, bac-
teremia, chronic diarrhea with blood, eczema, hypohydrosis, hyper-
thermia, and recurrent mucocutaneous candidiasis. Routine labora-
tory evaluation showed normal blood cell counts, hyper-IgM pheno-
type, and absence of antipneumococcal antibodies following vaccina-
tion. However, memory T- and B-cell subpopulations were not evalu-
ated. The patient was treated with intravenous human immunoglobulin
(800 mg/kg/month) and received trimethoprim-sulfamethoxazole for

P. jiroveci prophylaxis. The patient received a matched unrelated donor
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FIGURE 2 Defective control of M. tuberculosis proliferation by MDMs from the NEMO-deficient patient is improved by rhIFN-y. (A) Phagocytosis
of M. tuberculosis and (B) control of intracellular proliferation by MDMs were evaluated after 24 hr of culture in the presence of rhIFN-y (100 [U/ml).
The results are representative of two independent experiments performed in triplicate. Results from the patient were compared to seven healthy

controls.

transplant at 27 months of age without relevant GVHD, and after 3
months, he had over 80% of engraftment. Immunosuppressive treat-
ment was discontinued. However, his lymphocytes number dropped
dramatically. He would have received a booster transplant, but he
developed overwhelming sepsis by S. aureus 4 months after HSCT and
died.

The study was approved by the Ethics Committee at the Insti-
tute of Biomedical Sciences, University of Sdo Paulo, according to the
Helsinki Convention and the Ministry of Health of Brazil. The patient
presented a normal karyotype (46,XY) and based on the family his-
tory and clinical findings suggesting XL-EDA-ID, he was investigated
for NEMO deficiency. Lymphocytes from the patient displayed normal
NEMO expression by flow cytometry when compared to healthy con-
trols (Fig. S1A in the Supporting Information). However, unlike healthy
controls, the patient’s lymphocytes failed to degrade IxB-« in response
to synergistic treatment with phorbol myristate acetate (300 ng/ml;
Sigma Laboratories, St. Louis, MO) and ionomycin calcium ionophore
(ionomycin, 1 ug/ml; Sigma Laboratories), tumor necrosis factor alpha
(TNF-, 20 ng/ml; R&D Systems Europe), or BCG stimulation (1 lym-
phocyte:10 BCG) (Fig. 1C). Sequencing of the NEMO gene identified
a novel missense mutation (c.1238A>C/p.H413P) (Fig. 1D) localized
at the C-terminal region of the protein (Fig. S1B in the Supporting
Information). In silico analysis demonstrated that the p.H413 amino
acid is conserved among different species (Fig. S1C in the Supporting
Information). Polyphen (http://genetics.bwh.harvard.edu/pph2/) and
MutationTaster (www.mutationtaster.org) analysis indicated that the
p.H413P substitutionis likely pathogenic (Figs. 52A and S2B in the Sup-
porting Information). In addition, the mutation was not found in 600
healthy Brazilian controls, suggesting that this missense mutation is
not a single-nucleotide polymorphism.

NF-xB activation has been shown to be important for the activa-
tion of macrophages, which are essential for the immune response
against Mycobacteria.’ Considering the activating properties of rhIFN-
y on phagocytes and its beneficial therapeutic effect for patients with
susceptibility to mycobacterial infections,® we assessed the capac-
ity of macrophages from our patient to phagocytose and control
the proliferation of M. tuberculosis in response to rhIFN-y (Imukin,
Boehringer Ingelheim, Viena, Austria) treatment in vitro, as previ-

ously described.” MDMs from the patient displayed a normal capac-
ity to phagocytose M. tuberculosis in comparison to healthy controls
(Fig. 2A), which was not significantly increased by rhIFN-y. However,
MDMs from the patient failed to inhibit the proliferation of M. tubercu-
losis, a functional defect that was improved in the presence of rhIFN-y
(Fig. 2B).

3 | DISCUSSION

Here, we report a patient with XL-EDA-ID phenotype who developed
infections early in life, including severe BCGitis. BCG complications,
ranging from regional lesions to disseminated and life-threatening
infections, can be developed by patients with XL-EDA-ID, or other
PIDs, including severe combined immunodeficiency, chronic granu-
lomatous disease, CD40L deficiency, and defects of the IL-12/IFN-y
axis.8 The incidence of mycobacterial infections in NEMO deficiency,
usually by atypical mycobacteria, has been reported in 39% of patients
with hypomorphic mutations.” However, the actual incidence of BCG
complications in NEMO deficiency in Latin America is unknown. For
this propose, the expansion of specialized centers is required to enable
NEMO sequence analysis in Brazil and other countries 1© where BCG
vaccine is routinely administered.

The clinical spectrum of patients with hypomorphic NEMO muta-
tions is hugely diverse, hindering our ability to determine a precise
genotype-phenotype correlation. Approximately 80 different pheno-
types with 32 different NEMO mutations have been described so far,
of which only 77% developed EDA-ID while others developed EDA-
independent immunodeficiency. The former is the case of our patient
whose XL-EDA-ID phenotype was associated with defective 1xB-a
degradation due to a novel missense mutation. The p.H413P substitu-
tion is located within the zinc finger domain of NEMO, a hotspot muta-
tion region.1?

Because of the pleiotropic role of NF-xB in the immune system,
patients with NEMO deficiency develop multiple immunopatholog-
ical defects.!2 The impaired ability to control the proliferation of
M. tuberculosis by patient-derived MDMs suggests a novel mechanism
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that induces increased susceptibility to mycobacterial infections in XL-
EDA-ID. The cytokine rhIFN-y is able to activate phagocytes and has
been used successfully to treat patients with chronic granulomatous
disease. In accordance, rhIFN-y improved the defective control of M.
tuberculosis proliferation by MDMs from our NEMO-deficient patient.
Taking together, our data suggest that rhIFNy can be an adjunctive
therapeutic option for NEMO-deficient patients. In contradiction, pre-
vious work with a single NEMO-deficient patient reported that the
patient remained chronically ill despite adjuvant rhIFN-y treatment.13
Thisfact indicates that in vivo rhIFN-y is not able to compensate for the
multiple immunological functions affected in NEMO deficiency. How-
ever, studies with a greater number of patients are required to demon-
strate the clinical effect of rhIFN-y in patients with different NEMO
mutations.

In conclusion, our data expand the genetic spectrum of NEMO
deficiency and highlight the important role of NF-«B signaling in the
immune response of macrophages against M. tuberculosis.
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Abstract: Background: The Morita-Baylis-Hillman reaction is an organocata-
lyzed chemical transformation that allows access to small poly-functionalized
molecules and has considerable synthetic potential and promising biological pro-
files. The Morita—Baylis—Hillman adducts (MBHA) are a new class of bioactive
compounds and highlight its potentialities to the discovery of new cheaper and ef-
ficient drugs, e.g. as anti-Leishmania chagasi and Leishmania amazonensis, anti-
Trypanosoma cruzi, anti-Plasmodium falciparum and Plasmodium berghei, lethal
against Biomphalaria glabrata, antibacterial, antifungal, herbicide and others.
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Results: The conventional or microwave-assisted syntheses of MBHA, derived from substituted

aromatics or Isatin, were performed in good to excellent yields (70-100%) in short reaction times, us-
ing protocols recently developed by us. Isatin derivatives, MBHA 31 and 32, were the most active in
this congener series of compounds, with IC50 values of 10.8 uM and 7.8 uM, respectively. The pri-
mary cytotoXxic activities against chronic leukemia cells (K562) were also evaluated to these two
most active compounds (MBHA 31 and 32), presenting ICsy values of 53 uM and 43 uM respec-
tively. QSAR study was performed considering 3D, 2D and constitutional molecular descriptors.
These were selected from Ordered Predictor Selection algorithm and submitted to Partial Least
Squares Modeling.

Conclusion: We present an interesting investigation about cytotoxic activities on human leukemia
cell line (HL-60) for 34 synthetic MBHA. In a good way we discovered that the most cytotoxic
compounds (31-32, 10.8 uM and 7.8 uM respectively) were also prepared quantitatively (100%
yields) in a short reaction time using microwave irradiation. We demonstrate that 31 and 32 induced
apoptosis and not necrosis in HL-60 cells, observed by externalization of PS and increase Anexin-V
positive cells. Quantitative Structure-Activity Relationships considering 3D, 2D and constitutional
descriptors provided a robust and predictive PLS model, in accordance with SAR observations.

Keywords: Morita-Baylis-Hillman adducts, cytotoxic activities, leukemia, QSAR.

INTRODUCTION of densely functionalized products in a highly atom eco-

. A . . nomic manner [1-3]. It involves alkenes coupling containing
The Morita—Baylis—Hillman reaction (MBHR) is one of electron-withdrawing groups (EWG) using tertiary amines as
the most synthetically valuable reactions for the construction

nucleophilic catalysts, which of 1,4-diazabicyclo [2.2.2] oc-
tane (DABCO) is the most widely used (Scheme 1). The
electrophiles used in the MBHR are mostly aldehydes and
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Scheme 1. General Morita-Baylis-Hillman reaction.

various heterocycles and carbocycles [1]. Furthermore, Mo-
rita-Baylis-Hillman adducts (MBHA) also emerged as poten-
tial bioactive compounds by showing various biological ac-
tivities [4].

Recently, MBHA have been described as anticancer
compounds [5], and our research group published antimitotic
activity against sea urchin embryonic cells. Inhibition of cell
division is a match point in cancer pharmacology [6].

Drug discovery is an area of research that demands high
cost and comparatively long time to generate new chemicals
entities. In the early stages of this process and to optimize
the pharmacokinetic and/or pharmacodynamic profiles,
Computer Assisted Drug Design (CADD) has shown a
promising strategy, whether in structure or ligand-based drug
design (molecular docking, virtual screening, Quantitative
Structure-Activity Relationship - QSAR, among others) [7-
9.

In connection with our continuing interest in organic syn-
thesis of biological active MBHA [4], we prepared thirty-
four aromatic MBHA using the same protocol described re-
cently by us [10] (Fig. 1) in very good yields, and short reac-
tion times. After this, we present in vitro cytotoxicity evalua-
tions of all thirty-four MBHA (Figs. 2 and 3) against HL-60
human leukemia lines [11]. The more active compounds (31
and 32) were also tested against chronic leukemia cells
(K562). Moreover, a Quantitative Structure-Activity Rela-
tionship (QSAR) model is presented to verify the influence
of some molecular descriptors in MBHA cytotoxic activity,
directing future synthesis of potentially most active ana-
logues.

MATERIAL AND METHODS
Chemistry

General

All commercially available reagents and solvent were ob-
tained from commercial providers and used without further
purification. Reactions were monitored by TLC using Silica
gel 60 UV254 Macherey-Nagel pre-coated silica gel plates
and detection was made using an UV lamp. Flash column
chromatography was performed on 300-400 mesh silica gel.
Organic layers were dried over anhydrous MgSO, or Na,SO4
prior to evaporation on a rotary evaporator. Reactions requir-
ing microwave irradiation were performed in a microwave
reactor CEM® model system Discover benchmate with tem-
perature monitored by built-in infrared sensor. 'H NMR and

C NMR spectra were recorded using Varian Mercury Spec-
tra AC 20 spectrometer (200 MHz for 'H, 50 MHz for "*C).
Chemical shifts were reported relative to internal tetra-
methylsilane (80.00 ppm) for 'H, using CD;0D or DMSO-
ds as solvent. FTIR spectra were recorded on a Shimadzu
spectrophotometer model IRPrestige-21 in KBr pellets.

General Procedure for Synthesis of 1 — 30

Reactions were carried out using the corresponding alde-
hydes (0.5 mmol), acrylonitrile (0.2 mL, 3.1 mmol) or
methyl acrylate (0.5 mL, 5.3 mmol) and DABCO (56 mg,
0.5 mmol) at 0 °C. After that, the reaction media was directly
filtered through silica gel, using hexane/ethyl acetate (7:3) as
solvent and the reaction products were concentrated under
reduced pressure [10]. Molecules were obtained as racemic
mixture.

General Procedure for Synthesis of 31 — 34 (Method A)

Isatin (73.5 mg, 0.5 mmol) or N-methylisatin (80.5 mg,
0.5 mmol), acrylonitrile or methyl acrylate, THF (1 mL) and
DABCO (56 mg, 0.5 mmol) were placed in a 10 mL glass
microwave tube with magnetic stirrer at 80 °C for the time
indicated in Table 1. After completion, the mixture was con-
centrated under reduced pressure and the product was iso-
lated from the crude reaction by column chromatography
through silica gel, using EtOAc:hexane as solvent.

General Procedure for Synthesis of 31 - 34 (Method B)

To a stirred solution of isatin (73.5 mg, 0.5 mmol) or N-
methylisatin (80.5 mg, 0.5 mmol) and acrylates 3a-3e in
THF (1 mL) was added DABCO (56 mg, 0.5 mmol) and
stirred at room temperature for the time indicated in Table 1.
After completion, the mixture was concentrated under re-
duced pressure and the product was isolated from the crude
reaction by column chromatography through silica gel, using
EtOAc:hexane as solvent.

General Procedure for Synthesis of 31 - 34 (Method C)

To a stirred solution of isatin (73.5 mg, 0.5 mmol) or N-
methylisatin (80.5 mg, 0.5 mmol) and acrylates in THF
(1 mL) was added DABCO (56 mg, 0.5 mmol) and stirred at
0 °C for the time indicated in Table 1. After completion, the
mixture was concentrated under reduced pressure and the
product was isolated from the crude reaction by column
chromatography through silica gel, using EtOAc:hexane as
solvent.

2-(3-hydroxy-2-oxoindolin-3-yl)acrylonitrile  (31): IR
(KBr): 3348, 3264, 2226, 1708, 1620, 1474 cm™; '"H NMR
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(200 MHz, DMSO-dy): 8 10.67 (s, 1H); 6.86-7.32 (m, 4H);
6.32 (s, 1H); 6.21 (s, 1H). *C NMR (50 MHz, DMSO-dy): 5
175.2, 142.0, 132.1, 130.4, 129.0, 124.5, 122.8, 122.4, 116.3,
110.3,76.1.

2-(3-hydroxy-1-methyl-2-oxoindolin-3-yl)acrylonitrile
(32): IR (KBr): 3306, 2229, 1713, 1620 cm™; "H NMR (200
MHz, DMSO-d,): § 7.09-7.47 (m, 4H); 6.36 (d, J 3.2 Hz,
1H); 6.23 (d, J 3.4 Hz, 1H); 3.17 (s, 3H). °C NMR (50
MHz, DMSO-d;): & 173.5, 143.3, 132.5, 130.7, 128.4, 124.3,
123.2,122.6,116.3,109.4, 75.8, 26.2.

Methyl 2-(3-hydroxy-2-oxoindolin-3-yl)acrylate (33): IR
(KBr): 3421, 3232, 1717, 1697, 1620, 1470 cm™; '"H NMR
(200 MHz, CD;0D): § 6.88-7.28 (m, 4H); 6.57 (s, 1H); 6.53
(s, TH); 3.54 (s, 3H). >C NMR (50 MHz, CD;0D): & 180.5,
166.4, 1442, 141.1,132.7, 130.9, 128.1, 124.6, 123.4, 111.3,
77.3,52.2.

Methyl 2-(3-hydroxy-1-methyl-2-oxoindolin-3-yl)acrylate
(34): IR (KBr): 3225, 1716, 1697, 1616, 1496 cm™ ; '"H NMR
(200 MHz, DMSO-dy): 8 7.26-7.35 (m, 1H); 6.93-7.04 (m,
3H); 6.46 (d, J 1.2 Hz, 1H); 6.44 (d, J 1.2 Hz, 1H); 3.48 (s,
3H), 3.13 (s, 3H). *C NMR (50 MHz, DMSO-d;): & 180.6,
169.6, 149.7, 144.9, 136.0, 134.7, 132.5, 128.1, 127.2, 113.7,
80.1,56.9,31.2.

Pharmacology
Cell Culture

Human promyelocytic leukemia (HL-60) cell line was
acquired from Rio de Janeiro Cell Bank (Federal University
of Rio de Janeiro, RJ, Brazil). Leukemia cells were main-
tained in RPMI 1640 medium supplemented with 10% FBS,
2 mM glutamine, 100 U/ml penicillin, and 100 pg/ml strep-
tomycin at 37°C with 5% CO,.

MTT Assay

The cytotoxicity of compounds to leukemic cells
was evaluated using the original enzymatic reduction of 3-
(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT) assay to produce formazan crystals [12]. The MTT
viability assay is a widely used method to evaluate cancer
cells chemosensitivity and antiproliferative capacity. Cells
were seeded at 5 x 10" cells/well in 96-well tissue culture
plates and were exposed to different concentrations (from 3
to 100 pM), which were dissolved in the RPMI medium
(three wells per concentration) with 10% FBS. After 24
hours of incubation, plates were centrifuged (500 x g, 5 min)
and the supernatant was removed, followed by the addition
of MTT solution (0.5 mg/mL in PBS) and incubation at
37°C. After 3 hours, the MTT formazan product was dis-
solved in SDS/HCI 0,01N and absorbance was measured at
570 nm in reader plate ELISA (Biotek ELx800, USA).

QSAR Studies

A Quantitative Structure—Activity Relationship (QSAR)
approach was performed. The objective was to find out a
model to relate some molecular descriptors to the cytotoxic
activity of MBHA, and guide future syntheses seeking more
promising optimized compounds [13]. Molecular descriptors
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are numerical values that describe structure or shape of
molecules, some of which can be directly related to activity
of analogous series [14, 15]. For our QSAR studies, about
1,666 descriptors were generated using E-Dragon online
platform [13]. The E-Dragon descriptors are subdivided into
20 logical blocks, representing constitutional, topological,
2D autocorrelations, 3D descriptors among others [16].

Preparation of Data Set

For holding QSAR approach, initially 3D geometries of
the compounds were constructed using GaussView5" [17]
and submitted to a Relaxed Potential Energy Surface Scan
(RPESS) using Gaussian09W®™ software [18] at AMI
semiempirical level [19]. The RPESS procedure consists to
select rotational degrees of freedom (sigma bonds), which
are submitted to variations on dihedral angles (10° to 360°).
At each step of 10° the angle is fixed and the remained por-
tion of molecule is optimized. The objective of RPESS ap-
proach is to generate curves of energy to find out the most
stable geometries on conformational equilibrium. After this
step, the most stable conformational minima for each MBHA
was selected and completely optimized on ab initio Hartree-
Fock 6-31+(d) level of calculation. 3D geometries were then
converted to .sdf format and used on E-Dragon platform to
calculate molecular descriptors.

After E-Dragon calculations, a matrix with 34 com-
pounds and about 1,666 descriptors was generated. The val-
ues of ICs, obtained for HL-60 were converted to —LogICs,
(pICsp) to reduce the standard deviation and conveniently the
highest values correspond to the most active compounds
[13]. These large numbers of generated data were reduced
using a selection variable method. In this step, the Ordered
Predictor Selector (OPS) algorithm was applied using QSAR
modeling program [20]. The essence of OPS consists in sort-
ing the most important variables for an initial informative
vector (correlogram, regression coefficients, etc.) and to in-
vestigate these ordered variables from the most relevant [21].
Thus, Partial Least Squares (PLS) regression models [22] are
systematically constructed from an initial window of most
relevant variables and incremented by others less relevant.
At each step, quality parameters are evaluated (Standard
Deviation of Prediction Error Sum of Squares — SPRESS,
Coefficient of Determination for Cross-Validation Q?, etc.)
[21] and finally, models are presented in order of the best
parameters. Our research group has successfully used the
OPS-PLS methodology in the development of QSAR models
[13,23].

PLS analysis is a regression method which allows work-
ing with large number of variables, including correlated. The
initial matrix is reduced to a fewest factors (latent variables)
similar to Principal Component Analysis (PCA) scheme, but
during this construction the best correlations between de-
pendent and independent variables are searched [22]. An
important step on PLS method applied to QSAR is the pre-
treatment of variables, where the autoscaling is commonly
applied [24].

After a general OPS procedure, 17 variables were se-
lected as the most relevant to activity of MBHA. The 34
compounds were then subdivided in training and test sets,
being 27 corresponding to training and 7 to test (20%). The
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Fig. (1). Structures of thirty-four AMBH studied in this work.

test set was chosen to represent the variability of structural
and activity of different analogues and corresponds to 7, 12,
18, 22, 23, 27, and 28. These compounds were used in exter-
nal validation step. Considering observations about the im-
portance of presence of nitrile and nitro group on MBHA
analogues (results and discussion about cytotoxity), the
fragment based descriptors to CN and NO, (where 1 means
presence and 0 absence of these groups) were included, total-
izing 19 descriptors. The training set was submitted to a new
OPS variable selection and the matrix were reduced to 7 de-
scriptors, representing tridimensional aspects, 2D autocorre-
lations and constitutional characteristics.

Calculation of Validation Parameters

A QSAR study needs parameters certifying the quality of
the model. The Validation parameters used are: Root Mean
Square Error for Cross Validation (RMSECYV), Coefficient
of determination for calibration (R?), for leave-one-out cross
validation (Qzloo) and leave-n-out cross validation (Qzlm),
Y-scrambling [24, 25].

The RMSECYV values were used to choice the number of
Latent Variables (LV) of final PLS modeling. This parame-
ter is calculated from the following equation:

prev _ _exp2
RMSECY = |20 3T
n

where yi""*" is the activity forecast for the sample "i" with the
built model without this sample, and y;"*" matches the
experimental value (true) activity.
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The R? and generic Q° parameters are calculated from the
expression:
S =y’

Z(yfxp _ yimean )2

where y;"*" is the mean of the experimental data. The differ-
ence is that in R” all samples used in the model building are
used in the forecasts. In Q2|00, a sample is taken every con-
struction stage model and forecast the value of this sample.
Q%o in turn, is calculated by taking “n” samples of each
construction, calculating its value.

RorQ*=1-

mean

For leave-n-out internal validation, after choosing the op-
timal number of LV, QSAR modeling program allows to
generate different M/n block of test samples for each “n”
(where M is a total number of compounds in training set),
initialing with n = 2 until a specified number (in general 30%
of compounds) [26]. Thus, in this procedure, we generated
ten values of anoz (with different compounds in each M/n
blocks) to each eight values of “n” (2-9, max. 30%). The
mean for ten values to each “n” may be close to the value of
Quoo” and not present a deviation greater than 0.1 [26].

Y-scrambling was performed to test the possibility of
chance correlations between the dependent variable and se-
lected descriptors. This procedure consists in developing
parallel models with the values of descriptors maintained and
the values of dependent variable exchanged. If a true correla-
tion exists, the value of R? and sz,o must be higher than val-
ues of parallel models. In general, models with exchanged Y
should have R* and Q" values less than 0.4 [26].
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EWG
o HO,
rEWG DABCO (1 Equiv.) o
I}I 1 mL de THF I;I
R Method A, Bor C R
36a: EWG =CN (MBHA in Figure 4)

A 35a: R=H
! 35b: R=CH;

—

36b: EWG = COOCH3

Scheme 2. i- (a) NaH, DMF (b) CH;I (100%); MBHR between Isatin (35a) or N-Methylisatin (35b) and Michael acceptors 36a—b under A,
B or C methods; method A: Mw irradiation, 80 °C; method B: conventional room temperature; method C: conventional 0 °C, as described on

Table 1.

Table 1. Preparation of MBHA from isatin (35a) or V-Methylisatin (35b) under microwave irradiation or conventional condition.

Time/ Isolated Yields (%)
Entry MBHA Microwave Reaction Room Temperature 0°C
Method A* Method B Method C*
1 314 20 min. / 100 150min. / 100 300min. / 100
2 32¢ 45 min. / 100 90 min. /95 90min. / 96
3 33¢ 60 min. /78 18h/93 18h/62
4 34° 120 min. /24 (73)" 5 days /93 6 days / 85

*The reactions were carried out at 80 °C under microwave irradiation; PThe reactions were carried out at conventional room temperature; “The reactions were carried out at conven-
tional 0°C; “Excess of Michacl acceptors were used as reagent and solvent (0.2 mL ,3.1 mmol) ; “Excess of Michacl acceptors were used as reagent and solvent (0.5 mL,5.3 mmol); *

Yield obtained by microwave irradiated at 120 °C, using | mL of dioxane;

RESULTS AND DISCUSSION
Chemistry

Initially, thirty aromatics MBHA 1-30 (Fig. 1) were pre-
pared using the same procedures recently described by us
[10].

In sequence, N-Methylisatin was prepared by reacting
Isatin (35a) with NaH in dry DMF as solvent followed by
addition of methyl iodide, producing 35b in quantitative
yield (Scheme 2). Thereafter, three different methods (A, B
or C) were investigated to prepare the four MBHA shown in
Fig. 1 (see Scheme 2 and Table 1).

Some aspects of reactions shown in Table 1 deserve
comments. Initially, we noticed that the MBH reactions with
isatin (35a) or with N-Methylisatin (35b) are faster and oc-
curs in quantitative yield when acrylonitrile is the Michael
acceptor (Entry 1 and 2 versus 3 and 4). Another point to
emphasize is that use of microwave irradiation was effective
for all reactions. These reactions were also successfully per-
formed at low temperature (0°C). In accordance with the
unified mechanism presented by Cantilo and Kappe [27] and
supported by our research group results [10], the reversibility
on the MBH reaction is temperature dependent. We believe
that in these cases, lowering temperature prevents reaction
reversibility, leading efficiently to products. Another rele-
vant point to notice is that in all cases shown in Table 1, the
reactions with isatin (35a) are faster than reactions with N-
Methylisatin (35b) (see Table 1). Cantilo & Kappe also em-
phasized in their unified mechanism article [27] that when

phenol (pKa=10) is present as additive on reaction, there is a
significant acceleration on the MBH reaction. They proposed
that phenol makes the hydrogen transfer to be a fast-step in
the mechanistic cycle of reaction. In this case, the aldol addi-
tion becomes a slow-step reaction in this mechanism [27].
Considering that the acidic hydrogen of isatin (pKa=10.34)
is as acid as the acidic hydrogen of phenol (35a), we propose
that it may also serve as a hydrogen donor, accelerating reac-
tions.

Cytotoxic Activity

The cytotoxic activities of all MBHA were first evaluated
on human promyelocytic leukemia (HL-60) cell line using
the original enzymatic reduction of 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT) assay to pro-
duce formazan crystals [28]. The results are shown in Table
2.

It is observed that most MBHA presenting the nitrile
group (CN) are more active than the analogous car-
boxymethylester. In addition, MBHA showing the nitro sub-
stituent on the aromatic ring are significantly more active (3-
8). Adducts presenting o-naphthyl, B-naphthyl substituents
also show a low ICsy (25-28). Adducts where the aromatic
rings are unsubstituted (1-2), presenting CH; (16-17) and
oxygen substituents (29-30) have higher 1Cs, values. In gen-
eral the trend of structure—activity relationships obtained in
this work is in accordance with what was reported by Kohn
etal. [5].

Continuing the analysis of table data, we can also ob-
serve that the compounds 31, 32, 33 and 34, which are the
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Table 2. Cytotoxic effects of aromatics MBHA on HL-60 cells.
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MBHA ICs) (M) MBHA ICs (UM)

1 103.5 18 106.2
2 158.3 19 250.3
3 243 20 131.8
4 45.7 21 88.10
5 17.3 22 159.1
6 39.4 23 73.7
7 22.4 24 63.4
8 29.1 25 16.4
9 74.1 26 30.6
10 105.9 27 25.4
11 213.8 28 30.3
12 403 29 103.9
13 27.2 30 125.2
14 73.8 31 10.8
15 104.9 32 7.8

16 120.9 33 69.6
17 143.1 34 69.0

Table 3. Effect of compounds 31 and 32 on the growth of cell lines by 24 hours.”

Cell Line 31 SI 32 SI
HL-60 10.8 123 7.8 14.4
K562 53 2.5 43 2.6
MCEF-7 65.7 2.0 61.1 1.8
HT-29 199 0.7 133 0.8
L-929° 133 - 112 -

“Results are reported as ICsq values (concentration required to inhibit cell growth by 50%) values in micromolar. Data represent the means of three independent experiments, with

each concentration tested in triplicate. "Non tumorigenic cell line. SI = selective index.

only ones with a 3-hydroxy-oxindole scaffold, proved to be
cytotoxic on the tumoral cell line. In this sense, this study
highlights the largest activity of 31 and 32, which the nitrile
group is present in contrast of carboxymethylester. The
importance of the 3-hydroxy-oxindole architecture has been
demonstrated in the recent literature [29, 30], displaying di-
verse activities such as potent antioxidant, anticancer, anti-
HIV, and neuroprotective properties. Thus, the novel activi-
ties shown by MBHA based on 3-hydroxy-oxindoles privi-
leged scaffold represent promising results. Additionally there
is a wide variety of literature describing the bioactivities of
isatin derivatives [31, 32].

The most bioactive compounds under HL-60 cell line
(MBHA 31 and 32) were also evaluated other Multidrug-
resistant Cell Line. The results are present in Table 3. Al-
though the compounds were not as effective as expected in
this point, the rationalization of presented activities, espe-
cially data set of thirty-four compounds in HL-60, may lead
to the design and synthesis of more promising future ana-
logues.

Induction of Apoptosis

This method is used as a good anti-cancer strategy. It is
well known that the externalization of phosphatidylserine
(PS) is early events leading to apoptosis. Then, it was inves-
tigated whether compounds incubated with HL-60 cells for
24 h were able to induce apoptosis. We demonstrate that the
most active compounds 31 and 32 induced apoptosis and not
necrosis in HL-60 cells, observed by externalization of PS
and increase Anexin-V positive cells (Fig. 2).

QSAR Studies

The selected descriptors by OPS method and values of
plICs for all 34 compounds are shown in Table 4.

The best number of LV for PLS modelling was 3, based
on RMSECYV, R? and Q2100 values (Table 5). These last two
validation parameters fulfill what is expected of a good
QSAR model. The regression vector to selected PLS model,
considering original non scaling variables [33], can be visu-
alized in equation (1).
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Fig. (2). AMBH molecules (31-32) inducing apoptosis in HL-60 cells after 24 hours. Representative dotplots of cells double stained with
annexin V-FITC/PI double. Cells (5x10° per well) were treated with respective ICsq for 24 h washed with PBS and stained with annexin V-
FITC/PI for flow cytometry analysis. In the control cells without any treatment (A). Treatment with adducts 31 10 uM (B), 32 8 uM (C). In
graph (G) data shown represent means = SEM of three different experiments done in duplicate. The dates were analyzed by ANOVA fol-

lowed posttest Newman Keuls. **p<0.01, ***p<0.001 versus the control.
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Table 4. pICsy values and molecular descriptors selected after OPS algorithm.

MBHA pICso RDF065u RDF025v NO2 E2m R4p nN Réu+
1 3.99 1.418 9.007 0 0.389 0.491 1 0.062
2 3.80 5911 9.51 0 0.273 0.476 0 0.044
3 4.61 1.151 9.802 1 0.493 0.55 2 0.082
4 4.34 6.888 10.305 1 0.32 0.529 1 0.06
5 4.76 3.641 9.865 1 0.311 0.49 2 0.052
6 4.40 7.101 10.489 1 0.206 0.498 1 0.041
7 4.65 2.544 10.003 1 0.374 0.534 2 0.058
8 4.53 3.123 8.532 1 0.196 0.508 1 0.043
9 4.13 1.126 8.846 0 0.321 0.486 1 0.062
10 3.97 4.656 11.057 0 0.246 0.468 0 0.043
11 3.67 2.534 8.694 0 0.268 0.515 1 0.062
12 439 3.791 10.845 0 0.191 0.498 0 0.043
13 4.57 1.25 8.669 0 0.175 0.533 1 0.063
14 4.13 4427 9.281 0 0.11 0.519 0 0.043
15 3.98 3.003 10.864 0 0.37 0.53 1 0.06
16 3.92 7.901 11.401 0 0.263 0.515 0 0.042
17 3.84 4.487 9.776 0 0.318 0.533 1 0.057
18 3.97 9.792 10.263 0 0.217 0.517 0 0.04
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Table 4. contd...

MBHA pICso RDF065u RDF025v NO2 E2m R4p nN Réu+
19 3.60 3.56 6.515 0 0.365 0.464 2 0.069
20 3.88 3.994 7212 0 0.245 0.452 1 0.049
21 4.05 0.656 7.498 0 0.387 0.484 2 0.069
22 3.79 4.736 8.865 0 0.287 0.464 1 0.051
23 4.13 0.668 8.133 0 0.357 0.5 2 0.06
24 4.19 5.19 8.163 0 0.266 0.481 1 0.046
25 4.78 6.273 15.05 0 0.293 0.516 1 0.048
26 451 7373 15.76 0 0.249 0.54 0 0.041
27 4.59 4.647 15.222 0 0.199 0.533 1 0.05
28 4.52 11.271 15.653 0 0.184 0.589 0 0.038
29 3.98 6.607 9.561 0 0.328 0.525 1 0.056
30 3.90 9.444 9.999 0 0.248 0.492 0 0.044
31 4.97 1.285 9.705 0 0.277 0.635 2 0.059
32 5.11 2.1 12.282 0 0.176 0.626 2 0.041
33 4.16 4.727 10.387 0 0.327 0.574 1 0.049
34 4.16 7.074 12.552 0 0.257 0.596 1 0.045

Table S. Some validation parameters of PLS modeling.
N°LV RMSECY R’ Quo’
1 0.2603 0.73 0.55
2 0.2213 0.78 0.67
3 0.2287 0.80 0.65
4 0.2306 0.81 0.64
5 0.2355 0.81 0.63
6 0.2377 0.81 0.62
7 0.2384 0.81 0.62

pICso=—0.052(RDF065u) +0.078(RDF025V) + 0.423(NO2) -
1.497(E2m) + 2.269(R4p) + 0.219(nN) — 5.806(R6u+) +
2918 1

The leave-n-out cross validation results are present in
(Fig. 3). As can be observed, the graphic profile satisfies the
acceptance criteria for this evaluation parameter.

The Y-scrambling for the best OPS-PLS model shows
that the model presents tolerable chance correlation (Fig. 4).
The graph was construct considering 50 randomizations.

External validation considering test set showed a Qzext =
0.88 (coefficient of determination for external validation)
which indicates, together with other internal validation pro-
cedures, that a robust and predictive QSAR model was ob-
tained.

The main goal of QSAR modeling is to rationalize the
structure-activity relationships, providing a mathematical
model which allows predicting the trend of activity for a
compound not tested, knowing only the molecular descrip-
tors, as well as to visualize the general influence of each de-
scriptor on activity. However, interpreting a QSAR model in
terms of the specific contribution of substituents and other
molecular features is always a difficult work [34]. The 7
descriptors selected in this work, which proved to be impor-
tant for the cytotoxic activity, are described below.

RDF065u: Radial Distribution Function unweighted, a
3D descriptor. The Radial Distribution Function (RDF) of an
ensemble of 4 atoms can be interpreted as the probability
distribution of finding an atom in a spherical volume of ra-
dius r, weighted or not by an atomic property [35, 36]. The
equation that represents the Radial Distribution Function is:
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A1 4 X
RDF(rw)= f zz wiw_/.e_B(y_r’/ ) @
i=1 j=1

where f'is a scaling factor and 4 is the number of atoms. By
including characteristic atomic properties w of the atoms i
and j, the RDF codes can be used in different tasks to fit the
requirements of the information to be represented. The
exponential term contains the distance r; between the atoms i
and j and the smoothing parameter B, which defines the
probability distribution of the individual distances [34]. A
typical RDF descriptor is denoted by RDFrw, where r take
the values 1.0 < » < 15.5 in units of 0.5 A and w denotes an
atomic property as mass (m), van der waals volume (v), po-
larizability (p) or unweighted (u). As can be seen in Table 4
and molecular representations, MBHA with CO,CH; moiety
have highest values of RDF065u. This descriptor contributes
negatively to pICsy value. Since no property of atoms is con-
sidered (unweighted), in general we can interpret that this
property is related directly with presence of CO,CH; group
impairing the activity, in accordance with previous SAR
observations.

RDF025v: Radial Distribution Function weighted by van
der Waals volume. This differs from previous about the
sphere radius (2.5) and weighting (v). In general higher val-
ues enhance the activity. Thus, specific contribution of this
descriptor can be interpreted as atoms near with highest van
der waals volumes to enhance the cytotoxic activity (3, 4, 31,
and 32).

E2m: 2nd component accessibility directional WHIM
index / weighted by mass. WHIM descriptors are based on
the statistical indices calculated on the projections of atoms
along principal axes [37, 38]. They are built in such a way as
to capture relevant molecular 3D information regarding the
molecular size, shape, symmetry, and atom distribution. The
algorithm consists of performing a Principal Components
Analysis on the centered Cartesian coordinates of a molecule
by using a weighted covariance matrix obtained from differ-
ent weighing schemes for the atoms (mass, van der Waals
volumes, etc.) [37]. Mathematically WHIM accessibility
descriptors calculated as Emw = 1/km, where m is principle
axes (m =1, 2, 3), w is weighting scheme and k is Kurtosis
value. Kurtosis values are related to the atom distribution
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and density around the origin and along the principal axes.
[39]. Thus E2m related to the quantity of unfilled space in
atomic masses term per projected atom in 2 principle axes.
In general, a highest value of E2m decrease pIC50 and re-
veals that branched and dense substitution at 2nd principle
axes favor for the activity.

R4p: R autocorrelation of lag 4 / weighted by po-
larizability. Is a GETAWAY descriptor (GEometry, Topol-
ogy, and Atom-Weights AssemblY) [40]. These descriptors
seek to combine three-dimensional molecular geometry
(provided by the molecular influence matrix H) with chemi-
cal information by using different atomic weighting schemes
w (mass, polarizability, electronegativity) [37]. The matrix of
molecular influence H is calculated from the coordinate ma-
trix M (consisting of three columns representing the coordi-
nates X, y, z of all atoms):

H=MM" MM 3)

The diagonal elements 4; represents the leverage of each
atom in determining the shape of the molecule. The off-
diagonal elements, 4; represents the degree of accessibility to
interactions between the atoms j and i separated by a lag &
(number of bonds between i and j). For Rkw descriptor, an
additional matrix Rj; is definited by diagonal elements:

Jihy, 11y where r;is the geometric distance between the

atoms 7 and j. The general way to calculate this descriptor,
submitted to a weighting function w, is:

wr o Jhoh, I,
Rkw=22 r—ﬂrf ew,ew «8(k;d,)

i=l j>1 i ' 4

where, o(k; dy) = 1 if dj = k (in the Topological Level Ma-
trix), and zero otherwise. In general, isatin moiety and nitrile
provide highest value of this descriptor, weighted by po-
larizability. This groups provides interactions between rela-
tively polarizable atoms (nitrogen-oxygen) at a lag of 4
bonds. Considering Eq. 1, R4p contributes positively to the
activity.

Ré6u+: R maximal autocorrelation of lag 6 / unweighted.
[38] The Rkw+ descriptor represents the highest value of

((hh,)/ 7’,-,-)~W,-~W,-~5(k§d,-j) for any particular lag k£ and w.
This descriptor contributes negatively to the activity.

NO2: Fragment based descriptor. This descriptor was
chosen a priori from SAR observations and denotes presence
(1) or absence (0) of nitro group in MBHA structure. The
regression coefficient in Eq. 1 show that the presence of this
group increases the activity, as previously discussed.

nN: Number of nitrogen atoms. Regression coefficient
indicates that the greater number of hydrogens presents, the
better activity. These constitutional indices may be related to
the presence of CN, NO, and isatin groups, which proved to
be important on SAR discussion.

CONCLUSION

We present an interesting investigation about cytotoxic
activities on human leukemia cell line (HL-60) for 34 syn-
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thetic MBHA. In a good way we discovered that the most
cytotoxic compounds (31-32, 10.8 uM and 7.8 WM respec-
tively) were also prepared quantitatively (100% yields) in a
short reaction time using microwave irradiation. We demon-
strate that 31 and 32 induced apoptosis and not necrosis in
HL-60 cells, observed by externalization of PS and increase
Anexin-V positive cells. Quantitative Structure-Activity Re-
lationships considering 3D, 2D and constitutional descrip-
tors provided a robust and predictive PLS model, in accor-
dance with SAR observations. Evaluations of other cancer
cell lines and further studies on the biological mechanism of
action of 31 and 32 are now under investigation.
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Abstract Curine is a natural alkaloid isolated from
Chondrodendron platyphyllum and it has been reported that
this alkaloid has vasodilatory and anti-inflammatory
effects. The aim of this study is to analyze the cytotoxic
effects of curine in cancer cell lines HL-60, K562, and HT-
29, and in primary cultures of peripheral blood mononu-
clear cells (PBMC). Cells were treated with curine (from 3
to 15 uM) for 24 and 48 h. Cell viability was analyzed by
the 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) test and flow cytometry with propidium
iodide (PI) assay. To assess the type of cell death induced
in HL-60, the cell cycle, morphological, and biochemical
alterations were analyzed, which were determined by dif-
ferential staining with acridine orange/ethidium bromide,
and annexin V/PI double-labeling and change in mito-
chondrial membrane potential assays. Curine demonstrated
a potent cytotoxic effect on leukemic cell lines (HL-60 and
K562). Its cytotoxic effects in HL-60 cells was related to
plasma membrane damage and cell cycle arrest at the Gl
phase from 43.4 4+ 1.0 to 56.7 &= 1.4 % (p < 0.05). Curine
(15 uM) also increased the apoptotic cells number by
around 60 % in HL-60 cells and caused phosphatidylserine
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externalization, inducing about 57 % of apoptosis. More-
over, this alkaloid provoked 20 % of mitochondrial mem-
brane depolarization. We conclude that curine presented a
cytotoxic effect and induced apoptosis in HL-60 cells.
Thus, it can be considered a promising pharmacological
drug.

Keywords Apoptosis - Curine - Cytotoxicity -
Cytometry - HL-60 cells

Introduction

Cancer is a high-mortality disease caused mainly by
environmental factors that mutate genes or induce epige-
netic alterations causing critical change in important cell-
regulatory proteins. The resultant aberrant cell behavior
leads to uncontrolled growth and spread of abnormal cells
that destroy surrounding normal tissue and can spread to
vital organs, generating metastase [1, 2]. The search for
new anticancer therapies has increased and natural pro-
ducts or their structural derivatives have always been an
important source due to their diverse pharmacological
properties [3].

The bisbenzylisoquinoline alkaloid (BBA) curine is a
natural product isolated from Chondrodendron platyphyl-
lum plant [4, 5]. The chemical structure of curine is shown
in Fig. 1. Recent studies demonstrated that curine did not
demonstrate toxicity in mice. Its alkaloid showed a vaso-
dilator effect associated with the inhibition of calcium
influx and an anti-inflammatory effect related with alter-
ation in eosinophil functions [6-8].

The aim of the present study was to determine the
antiproliferative activity of curine on cancer cell lines, such
as human leukemia cells, HL-60 and K562, and human
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Fig. 1 Chemical structure of curine

colon adenocarcinoma cells, HT-29, as well as the human
peripheral blood mononuclear cells (PBMC).

Materials and methods
Chemicals and reagents

3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) (Amresco, USA), annexin V-Alexa Fluor
(Invitrogen, USA), carbonyl cyanide 3-chlorophenylhyd-
razone (CCCP; Sigma-Aldrich, USA), RPMI-1640,
DMEM (Himedia, USA), r-glutamine (Amresco, USA),
penicillin/streptomycin (Sigma-Aldrich, USA), HEPES
(Amresco, USA), DNase-free RNase (Amresco, USA),
fetal bovine serum (FBS) (Cultilab, Brazil), propidium
iodide (PI) (Sigma-Aldrich, USA), tetramethylrhodamine
(Invitrogen, Sigma-Aldrich, USA), 3-methyladenine
(Sigma-Aldrich, USA), Ficoll-Paque (GE Healthcare,
Sweden), ethidium bromide (10 mg/ml), and trypan blue
(Sigma-Aldrich, USA).

Drug preparation

Spectroscopically pure curine was isolated from the root
barks of Chondrodendron platyphyllum, as described
previously [8]. The curine was dissolved in DMSO at a
concentration of 30 mM for stock solution and dilutions
were made to adjust the appropriate concentrations for
the experiments. The highest DMSO concentration used

was 0.5 % and we did not observe any effect of this
dispersant.

Cell culture

Human acute promyelocytic leukemia cells (HL-60),
human chronic promyelocytic leukemia cells (K562), and
colon adenocarcinoma cells (HT-29) were obtained from
the Cell Bank Rio de Janeiro (Brazil). HL-60 and K562
cells and PBMC were grown in RPMI-1640 medium and
HT-29 cells were grown in DMEM medium. Both media
were supplemented with 10 % FBS, L-glutamine (300 mg/
1), 100 IU/ml penicillin, and 100 pg/ml streptomycin, and
placed in humidified air at 37 °C with 5 % CO,
atmosphere.

Human PBMC isolation

Blood samples were obtained from healthy donors. PBMC
were isolated with Ficoll-Hypaque as described by the
manufacturer. Collected cells were washed twice in PBS
and were kept in culture medium consisting of RPMI-1640
medium and 10 % FBS. All procedures were in agreement
with the Committee of Ethics in Research with Humans
from the Federal University of Paraiba (CEP/HULW/
UFPB), protocol #655/10-318119.

Cytotoxic assays
MTT reduction

Curine cytotoxicity was determined by MTT [9]. HL-60
and K562 (5 x 10° cells/well), HT-29 (3 x 10° cells/
well), and PBMC (1 x 10° cells/well) were seeded on
96-well plates and incubated for 24 and 48 h at 37 °C in
5 % CO, with different concentrations of curine. After-
wards, the medium was replaced with free medium con-
taining 5 mg/ml of MTT for 4 h. The supernatant was
aspirated and formazan crystals were dissolved in 100 pl
SDS/HCI solution. Absorbance was measured at 570 nm.
Cell growth was calculated by comparing the absorbance
of treated and untreated cells.

Analysis of membrane integrity: flow cytometry

Cells (5 x 10° cells/ml) were incubated in 24-well plates
with different concentrations of curine during a period of
48 h. Subsequently, the cells were transferred to tubes,
centrifuged at a speed of 450g for 5 min at room temper-
ature, the supernatant was then discarded, and the cells
were resuspended in a PI solution, diluted in PBS, and then
assayed in a flow cytometer (Becton-Dickinson, USA)
using ten thousand events by analysis.
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Cell cycle phase distribution

HL-60 cells (5 x 10° cells/ml) were seeded in 24-well
plates and incubated with different concentrations of curine
during a period of 48 h. Subsequently, the cells were col-
lected in tubes and centrifuged at a speed of 450g for 5 min
at room temperature. The supernatant was then discarded
and cells were incubated with 1 U/ml RNase A (DNase-
free) and PI solution (0.1 % sodium citrate, 0.1 % triton
X-100, and 50 mg/1 PI) for 30 min at room temperature in
the dark. After that, samples were analyzed in a flow
cytometer (Becton-Dickinson, USA). Sample acquisition
was performed using the CellQuest software, and ten
thousand events were acquired for each sample.

Ethidium bromide/acridine orange staining

HL-60 (2 x 10° cells/ml) cells were grown in 24-well
plates and treated with different concentrations of curine
during a period of 48 h. After incubation, cells treated with
fluorescent dyes, ethidium bromide (50 pg/ml) and acri-
dine orange (10 mg/ml). Cells were observed in the dark in
an inverted fluorescence microscope using UV excitation.

Evaluation of apoptosis

The apoptotic cells were quantified using annexin V/PI
dual staining. HL-60 cells (5 x 10’ cells/ml) were exposed
to curine (3, 7, or 15 pM) or etoposide (2.5 uM). After
48 h of incubation, the cells were centrifuged (450g,
5 min) and stained with 1 pl of annexin V-Alexa Fluor 488
and 2 pl of 50 pg/ml PI in 100 pl binding buffer (10 mM
HEPES, 140 mM NaOH, and 2.5 mM CaCl,, pH adjusted
to 7.4) for 15 min at room temperature in the dark. The
analysis was performed in a flow cytometer (Becton-
Dickinson, USA). Sample acquisition was performed using
the CellQuest software, and ten thousand events were
acquired for each sample.

Analysis of mitochondrial membrane potential

HL-60 cells (5 x 10° cells/ml) were seeded in 24-well
plates and incubated with different concentrations of curine
during a period of 48 h. Subsequently, the cells were col-
lected in tubes and centrifuged at a speed of 450g for 5 min
at room temperature. The supernatant was then discarded
and the cells incubated with tetramethylrhodamine, at a
concentration of 10 uM at 37 °C for 30 min in the dark,
and then washed with PBS and resuspended in PBS and
fluorescence was also measured by flow cytometry. Ten
thousand events were evaluated for each sample. CCCP
was used as a positive control for inducing mitochondrial
depolarization.

@ Springer

Results
Cytotoxic effects of curine

In order to determine the anticancer effect of curine
in vitro, it was tested for cell growth inhibition in different
cancer cell lines at various concentrations for 24 and 48 h.
As shown in Table 1, curine exhibited low cytotoxicity
towards PBMC. However, curine showed a strong inhib-
itory effect against HL-60 cells with a ICs, values of
9.7 uM and 8.9 uM for 24 and 48 h of incubation,
respectively. K562 cells were more sensitive to curine
after 48 h of exposure, with an ICsy of 3.8 uM. HT-29
cells were shown to be more resistant to curine cytotoxic
effect. Therefore, HL-60 cells were used for the next
investigations.

Analysis of membrane integrity

The PI penetrates cells with damaged membranes and it
was excluded in normal membrane. To discover if the

Table 1 Cytotoxic effects of curine in HL-60, K562, and HT-29
cancer cell lines and in PBMC using the MTT assay

Cells Curine Etoposide

24 h 48 h 24 h 48 h
HL-60 9.7 +£5.1 89+ 6.4 65+ 5.6 23+54
K562 178 £ 52 3.8 £6.9 >100 445 + 4.8
HT-29 51.73 £ 6.7 324 +£53 >100 ND
PBMC 532 +£5.1 562 £ 5.6 >100 ND

The ICsq values are expressed as mean =+ standard deviation, in pM,
and were obtained by nonlinear regression using the GraphPad soft-
ware package (Intuitive Software for Science, San Diego, USA)

ND not determined
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Fig. 2 Effect of curine on membrane integrity in HL-60 cells after
48 h of incubation. Data, expressed as mean =+ standard error, are the
average of three independent experiments performed in duplicate.
*p < 0.01, **¥p <0.001 compared with control by ANOVA
followed by the Newman—Keuls post-test. ETO etoposide (5 pM)
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Table 2 Curine effect on cell cycle phases in HL-60 cells

Cell phase Control 3 uM 7 uM 15 uM ETO

Sub-G1 1.6 £09 1.1 £0.6 1.0 £ 0.6 1.5+ 09 63.8 £ 1.1%%*
Gl 434+ 1.0 45.0 £ 2.2 469 £ 1.7 56.7 £ 1.4* 4.6 £ 0.9%%*
S 22.09 £ 1.3 2143 £ 1.1 2151 £ 1.2 27+19 9.7 £ 0.7
G2/M 2501 £1.5 247 £09 224 £ 1.1 19.6 £ 1.5%* 11.5 £ 1.2%%*

Data, expressed as mean =+ standard error, show perceptual values of three independent experiments. The results were obtained during 48 h of

incubation

*p <0.05, ** p <0.01, *¥** p <0.001 compared with control by ANOVA followed by the Newman—Keuls post-test

ETO etoposide (2.5 uM)

cytotoxic effect of curine is related to cell membrane
damage, the PI assay was performed using flow cytometry.
Figure 2 shows that curine had little effect on the HL-60
cell membrane, which was shown only after 48 h of
exposition.

Effect of curine on the HL-60 cell cycle distribution

To verify an inhibitory effect of curine on the growth of
HL-60 cells being related to its effect on the cell cycle,
these cells were treated with curine and assessed by flow
cytometry. After 48 h of incubation, 15 pM of curine
induced cell cycle arrest in the G1 phase with a concomi-
tant decrease of G2/M. However, even at high concentra-
tions used, curine failed to increase the sub-G1 population
(Table 2; Fig. S1).

Morphological analysis by fluorescence microscopy

To discover whether curine induced apoptosis or necrosis,
double-staining using acridine orange/ethidium bromide
(AO/EB) was performed. After 48 h, HL-60 cells treated
with different concentrations of curine showed an increase
in the acridine orange cell population in a concentration-
dependent manner (Fig. 3), suggesting that curine can be a
potent inducer of apoptosis in HL-60 cells.

Annexin V/PI double-labeling

This double-labeled test allowed viable cells, apoptotic
cells, and necrotic cells to be distinguished. When phos-
phatidylserine is externalized during apoptosis, it interacts
with annexin V, while the PI fluoresces when interacting
with DNA, which happens only in cells with cell mem-
brane damage. We showed that curine reduced cellular
viability, inducing cell death mainly by an apoptosis effect.
At 15 pM, curine shows an induction of around 57 % of
apoptotic cells, compared to 51 % of apoptosis induction
caused by 2.5 uM ETO (Table 3; Fig. S2).

300 -
) [ Control
° * 8 3uM
8 200 - z 0 7uM
5 ] = 5
5 g ETO
2 7
7
€ 100 - g
z %
%
Z
0 7

Viable Apoptotic Necrotic

Fig. 3 Effect of curine in apoptosis induction in HL-60 cells after
48 h of incubation. The results were obtained using the AO/EB
staining assay. Data, expressed as mean =+ standard error, are the
average of three experiments. *p < 0.05, ***p < 0.001 compared to
control. ETO etoposide (2.5 uM)

Analysis of mitochondrial membrane potential

Mitochondrial remodeling and release of apoptotic factors
are characteristics for the activation of pathway intrinsic
apoptosis [10]. To determine whether the mitochondrial
pathway was involved in the curine inhibitory effect, we
examined the effect of curine on mitochondrial membrane
depolarization. HL-60 treated cells showed mitochondrial
membrane depolarization at high concentrations of curine
after 48 h of incubation (Fig. 4).

Discussion

Various patients with cancer conditions fail to respond to
chemotherapy because of the resistance mechanism of
cancer cells and also due to cytotoxicity of drugs on normal
cells [11, 12]. Therefore, it has been an important task to
find new compounds with antineoplastic activity and more
selectivity to cancer cells. In recent years, significant
attention has been focused on identifying natural products
that can retard or reverse the process of multistage carci-
nogenesis [13]. In the present study, we showed that curine
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Table 3 Curine induces externalization of phosphatidylserine in HL-60 cells

Cell Control 3 uM 7 uM 15 uM ETO

Viable (%) 94.8 £ 0.6 95.2 £ 0.6 86.4 + 04 28.3 £ 4.4%** 11.5 £ 0.7*
Apoptosis (%) 45+£05 3.0+ 0.6 11.7 £ 05 56.9 £ 8.4 51.3 £ 0.6%%*
Necrosis (%) 04 £ 0.1 1.8 £0.2 1.9+03 14.5 £ 5.1%* 33.8 £ 1.6%%*

Data, expressed as mean =+ standard error, show perceptual values of three independent experiments. The incubation time was 48 h
*p <0.05, *** p < 0.001 compared with control by ANOVA followed by the Newman—Keuls post-test

ETO etoposide (2.5 uM)
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Fig. 4 Assessment of mitochondrial depolarization in HL-60 cells
treated with curine for 48 h of incubation. Data, expressed as
mean =+ standard error, were the average of two experiments in
duplicate. **p < 0.01; ***p < (0.001 compared with control by
ANOVA followed by the Newman—Keuls post-test. CCCP carbonyl
cyanide 3-chlorophenylhydrazone (15 pM)

induced inhibition of cancer cells and had little effect on
normal PBMC (Table 1). Medeiros and colleagues dem-
onstrated that 300 uM curine produced a vasorelaxant
effect without damage in endothelial cells [8]. The balance
between the therapeutic and toxicological effects of a
substance is an important parameter for drug discovery.
Many cytotoxic drugs tend not to be selective in their
actions, acting and damaging noncancerous cells [3].

The plasma membrane integrity is a characteristic of cell
death. The loss of membrane integrity occurs in the late
stages of apoptosis or necrosis [14, 15] and we verified that
curine caused slight damage to the plasma membrane
(Fig. 2).

Cell cycle arrest has been shown to increase the sensi-
tivity of cancer cells to different cytotoxic drugs, which can
lead to an important factor for inhibiting cellular multi-
plication [16]. Our results showed that curine induced cell
cycle arrest at the G1 phase in HL-60 cells. Furthermore,
subsequent decrease of cell numbers in the S phase and the
G2/M phase were detected, as expected (Table 2). That
way, the growth inhibitory effect of curine in HL-60 cells
was associated with the G1 phase cell cycle arrest. This
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effect was consistent with the results of other investigators,
showing that antiproliferative effects of alkaloids were
linked to G1 phase cell cycle arrest [17, 18]. It was also
noted that BBA inhibited growth and induced G1 arrest in
cancer cells [19]. Cell cycle progression is tightly regulated
by the cyclin/CDK complex and curine possibly interfered
with the expression of cyclins involved in the regulation of
the G1 phase of the cell cycle. Subsequent studies can
confirm this possibility.

Apoptosis was confirmed as the main mechanism of cell
death induced in cancer cells. The clinical applicability of
chemotherapeutic drugs is dependent on their ability to
trigger cancer cell death, and activation of apoptosis is one
of the well-studied mechanisms involved in this process
[4]. Therefore, analysis of apoptotic cells was carried out
by differential staining with ethidium bromide and acridine
orange to elucidate the type of cell death induced by curine
in HL-60 cells. Figure 3 showed that curine increased the
apoptotic cells number in a concentration-dependent
manner after 48 h of treatment in HL-60 cells. Actually,
the data showed in Table 3 corroborate the idea that curine
is inducing cell death mainly by apoptosis.

It has been reported that activation of the apoptotic
pathway is a key mechanism by which cytotoxic drugs kill
cancer cells. The advantage of apoptosis induction by
anticancer drugs is that the formation of apoptotic bodies
could be eliminated by the immune system without
inducing inflammation [20]. Many studies have reported
the ability of BBA to induce apoptosis in tumor cells [4, 16,
21] and it is known that apoptosis is induced mainly by
triggering the death receptor and/or mitochondrial, leading
to the activation of caspases [20]. This study demonstrated
that curine induced depolarization of the mitochondrial
potential at a concentration of 15 uM after 48 h of expo-
sition (Fig. 4). This result suggests that curine triggered
apoptosis in HL-60 cells through the intrinsic pathway.

In conclusion, curine inhibited HL-60 cells proliferation
that was mediated by cell cycle arrest and apoptosis, and
this alkaloid also showed a cytotoxic effect on K562 and
HT-29 cells, with less cytotoxicity on PBMC. Thus, curine
can represent a potential drug candidate for acute myeloid
leukemia treatment. Obviously, it is necessary to conduct
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further experiments to better elucidate this mechanism of
cell death.
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