GISLANE DE ALMEIDA SANTOS

EXPRESSAO DE CD39 EM LEUCOCITOS INFILTRANTES DO PULMAO
ATENUA A HIPERINFLAMACAO E NECROSE PULMONAR DURANTE A
TUBERCULOSE EM CAMUNDONGOS

Tese apresentada ao Programa de Poés-
Graduacdo em Imunologia do Instituto de
Ciéncias Biomédicas da Universidade de
Sdo Paulo, para obtencdo do Titulo de

Doutora em Ciéncias.

Sao Paulo, 2022



GISLANE DE ALMEIDA SANTOS

EXPRESSAO DE CD39 EM LEUCOCITOS INFILTRANTES DO PULMAO
ATENUA A HIPERINFLAMACAO E NECROSE PULMONAR DURANTE A
TUBERCULOSE EM CAMUNDONGOS

Tese apresentada ao Programa de POs-
Graduacdo em Imunologia do Instituto de
Ciéncias Biomédicas da Universidade de
Sao Paulo, para obtencdo do Titulo de

Doutora em Ciéncias.
Area de concentracdo: Imunologia
Orientadora: Maria Regina D’Império Lima

Coorientadora: Elena Lassounskaia

Versao original

Sao Paulo, 2022



CATALOGACAO NA PUBLICACAO (CIP)
Servico de Biblioteca e informagdo Biomédica
do Instituto de Ciéncias Biomédicas da Universidade de S&o Paulo

Ficha Catalografica elaborada pelo(a) autor(a)

de Al neida _Santos, Gslane

EXPRESSAO DE CD39 EM LEUCOCI TOS | NFI LTRANTES DO
PULMAO ATENUA A HI PERI NFLAMACAO E NECROSE PULMONAR
DURANTE A TUBERCULOSE EM CAMUNDONGOS / G sl ane de
Al nei da Santos; orientadora Maria Regi na
D\' I npério Linmm; coorientadora El ena Lassounskaia. -
- Sao Paul o, 2022.

114 p.

Tese (Doutorado)) -- Universidade de Sdo Paul o,
Instituto de G éncias Bi omedi cas.

1. Tubercul ose. 2. Sinalizagdo purinérgica. 3.
CD39. 4. Necrose. 5. Inflanacdo. |I. D\'Inpério Ling,
Maria Regina , orientador. Il. Lassounskaia, Elena,
coorientador. I1l. Titulo.




UNIVERSIDADE DE SAO PAULO
INSTITUTO DE CIENCIAS BIOMEDICAS

Candidato(a): Gislane de Almeida Santos

Titulo da Dissertacdo/Tese: Expressdo de CD39 em leucdcitos infiltrantes do pulméo atenua a
hiperinflamacéo e necrose pulmonar durante a tuberculose em camundongos

Orientador: Prof2. Dr? Maria Regina D’Império Lima

A Comissédo Julgadora dos trabalhos de Defesa da Dissertacdo de Mestrado/Tese de Doutorado,
em sessao publica realizada a ......... - S , considerou o (a) candidato(a):

( ) Aprovado (a) ( ) Reprovado (a)

Examinador(a): ASSINALTUTAL .ottt
N oM. e
INSTIUIGEO: oiieeeiiettee ettt e e e e e e e
Examinador(a): ASSINALUIA: .ooiiii e e
[N [0] 1 1T PP UPPPPPPIRN
INSHEUIGAO: ..
Examinador(a): ASSINALUIA: ..o e e e
NI e

INSHEUIGEO: ©.eiiiiieiiiie ittt

Presidente: AASSINALTUIA. e eeeire ettt et e et e e et e e e e e e e e e e eraereees
[ Lo ] 1 1 1=

10153 (1 (U] [ox- T U TP PPPPPPRPTT



I Instituto Universidade de Sdo Paulo

de Ciénclas Comissdo de Etica no

Biomédicas Uso de Animais

ch U S P Exceléncia em Ensino e Pesquisa

CERTIFICADO

Certificamos que a proposta intitulada "Papel dos receptores A2A e A2B na modulacdo da resposta inflamatéria e geragdo de
linfécitos T residentes de memédria pulmonares na tuberculose experimental", protocolada sob o CEUA n2 3185080318, sob a
responsabilidade de Maria Regina D'Imperio Lima e equipe; Gislane de Almeida Santos; Paula Carolina de Souza - que envolve a
producdo, manutencéo e/ou utilizagdo de animais pertencentes ao filo Chordata, subfilo Vertebrata (exceto o homem), para fins de
pesquisa cientifica ou ensino - esta de acordo com os preceitos da Lei 11.794 de 8 de outubro de 2008, com o Decreto 6.899 de 15
de julho de 2009, bem como com as normas editadas pelo Conselho Nacional de Controle da Experimentagao Animal (CONCEA), e
foi aprovada pela Comissdo de Etica no Uso de Animais da Instituto de Ciéncias Biomédicas (Universidade de S&o Paulo) (CEUA-
ICB/USP) na reuniao de 15/06/2018.

We certify that the proposal "Role of A2A and A2B receptors in the modulation of inflammatory response and generation of
resident pulmonary memory T lymphocytes in experimental tuberculosis", utilizing 1850 Isogenics mice (1850 males), protocol
number CEUA 3185080318, under the responsibility of Maria Regina D'Imperio Lima and team; Gislane de Almeida Santos;
Paula Carolina de Souza - which involves the production, maintenance and/or use of animals belonging to the phylum Chordata,
subphylum Vertebrata (except human beings), for scientific research purposes or teaching - is in accordance with Law 11.794 of
October 8, 2008, Decree 6899 of July 15, 2009, as well as with the rules issued by the National Council for Control of Animal
Experimentation (CONCEA), and was approved by the Ethic Committee on Animal Use of the Biomedical Sciences Institute
(University of Sao Paulo) (CEUA-ICB/USP) in the meeting of 06/15/2018.

Finalidade da Proposta: Pesquisa (Académica)
Vigéncia da Proposta: 48 meses Depto/Setor: Imunologia

Origem:  Biotério do Departamento de Imunologia

Espécie: Camundongos isogénicos sexo: Machos Idade ou peso: 6 a 8 semanas
Linhagem: C57BL6 N amostral: 350

Origem:  Biotério do Departamento de Imunologia

Espécie: Camundongos isogénicos sexo: Machos Idade ou peso: 6 a 8 semanas
Linhagem: C57BL/6 CD4 KO N amostral: 800

Origem:  Biotério do Departamento de Imunologia

Espécie: Camundongos isogénicos sexo: Machos Idade ou peso: 6 a 8 semanas
Linhagem: C57BL/6 CD8 KO N amostral: 475

Origem:  Biotério do Departamento de Imunologia

Espécie: Camundongos isogénicos sexo: Machos Idade ou peso: 6 a 8 semanas
Linhagem: C57/BL 6 A2A KO N amostral: 75

Origem:  Biotério do Departamento de Imunologia

Espécie: Camundongos isogénicos sexo: Machos Idade ou peso: 6 a 8 semanas
Linhagem: C57BL/6 A2B KO N amostral: 75

Origem:  Biotério do Departamento de Imunologia

Espécie: Camundongos isogénicos sexo: Machos Idade ou peso: 6 a 8 semanas
Linhagem: C57BL/6 45.1 N amostral: 75

Sao Paulo, 23 de maio de 2021

Av. Professor Lineu Prestes, 2415 - ICB Il / Cidade Universitaria, Butanta - CEP 05508-000 - Sao Paulo/SP - tel: 55 (11) 3091-7733
Hordrio de atendimento: 22 a 62 das 8 as 16h : e-mail: cep@icb.usp.br
CEUA N 3185080318



I Instituto Universidade de Sdo Paulo

c ‘;e C'e";f'as Comissdo de Etica no
iomédicas A0

ICB USP E&xceléncia em Ensino e Pesquisa Uso de Animais

bant, o, S,

Profa. Dra. Luciane Valéria Sita Dr. Alexandre Ceroni
Coordenadora da Comissdo de Etica no Uso de Animais Vice-Coordenador da Comissdo de Etica no Uso de Animais
Instituto de Ciéncias Biomédicas (Universidade de Sao Paulo) Instituto de Ciéncias Biomédicas (Universidade de Sao Paulo)

Av. Professor Lineu Prestes, 2415 - ICB Il / Cidade Universitaria, Butanta - CEP 05508-000 - Sao Paulo/SP - tel: 55 (11) 3091-7733
Horério de atendimento: 22 a 62 das 8 as 16h : e-mail: cep@icb.usp.br
CEUA N 3185080318



i Comissdo de Etica no
Biomédicas

I Instituto Universidade de S3o Paulo
c de Ciéncias
ICB USP E&xceléncia em Ensino e Pesquisa Uso de Animais
Sdo Paulo, 07 de junho de 2021
CEUA N 3185080318

limo(a). Sr(a).
Responsavel: Maria Regina D'imperio Lima
Area: Imunologia

Titulo da proposta: "Papel dos receptores A2A e A2B na modulagdo da resposta inflamatéria e geragao de linfécitos T residentes de
memédria pulmonares na tuberculose experimental”.

Parecer Consubstanciado da Comissao de Etica no Uso de Animais ICB (p001547)

A Comissao de Etica no Uso de Animais da Instituto de Ciéncias Biomédicas (Universidade de Sao Paulo), no cumprimento das suas
atribuigdes, analisou e APROVOU a Emenda (versao de 23/abril/2021) da proposta acima referenciada.
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infecgdo dos camundongos com a cepa hipervirulenta Mtb M299 e cepa virulenta de referéncia Mtb H37Rv. Os camundongos CD4
KO receberao transferéncia adotiva de células T CD4 isoladas de camundongos CD39 KO e C57BL/6 naives 7 dias apds a infecgao.
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parte de heterozigotos. Neste contexto, serd feita a genotipagem dessa geragdo para encontrar os animais homozigotos duplo
transgénicos CD39 KO/FOXP3 GFP. Estes sim serdo mais uma vez acasalados e mantidos para a experimentagéo. Os outros 2 casais
FOXP3 GFP e os 2 casais de CD39 KO serdo mantidos para obtencao de controles caso seja necessario para os experimentos. Ao
decorrer do projeto com a dificuldade de obtencdo de camundongos A2A e A2B, que foi ainda mais prejudicada pelo curso da
pandemia, os alguns dos objetivos delimitados para utilizagao destes camundongos foram suspensos. Desta forma, uma vez que o
curso dos objetivos do projeto foram alterados e os experimentos com transferéncia adotiva de células TCD4 isoladas de
camundongos A2A e A2B para camundongos CD4 KO nao foram realizados, ndo sera necesséria a incluséo de novos camundongos
CD4 KO para a realizagdo dos novos experimentos, por este motivo, os camundongos CD4 KO constardo no delineamento
experimental da nova proposta em anexo, mas nao aparecerao na solicitagao de alteragao do nimero de animais. Apds desmame
e genotipagem, os animais nao utilizados provenientes dos cruzamentos seréo eutanasiados seguindo os protocolos ja aprovados e
descritos no projeto em vigéncia.".
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C57BL/6 FOXP3 GFP provenientes do Biotério do Departamento de Imunologia no projeto CEUA N2 3185080318.".
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RESUMO

A tuberculose (TB) grave esta associada a uma condigdo altamente inflamatoria que
resulta em lesdes necroéticas no pulmao e disseminagéo bacteriana. O estimulo massivo
de P2X7 mediada por adenosina trifosfato (ATP) em casos hiperinflamatérios agrava a
pneumonia pulmonar e a necrose, contribuindo para a rapida progressao da doenga. A
CD39, uma proteina de membrana expressa por células imunes e endoteliais, fosfo-
hidrolisa ATP extracelular em adenosina difosfato (ADP) e ADP em adenosina
monofosfato (AMP) para gerar adenosina (ADO). A atividade de ATPase da CD39
regula a funcdo e morte das células imunes mediadas por P2X7 e induz respostas
imunes regulatoérias e supressoras através da geracdo de ADO. Assim, como um fator
limitante entre o acimulo de ATP e a geracdo de ADO, a CD39 pode moldar a qualidade
da resposta imune. Neste estudo, avaliamos como a CD39 modula a resposta imune a
infecgdo por Mycobacterium tuberculosis (Mtb) hipervirulenta. Em nosso modelo de TB
experimental em camundongos C57BL/6, foi observado que a CD39 é mais expressa
por células imunes do que por células estruturais do pulméo e que sua expressdo é
upregulada em células imunes na fase aguda de infecgdo. Dentre as células imunes
infiltradas no pulmao, macrofagos séo as células que mais expressam CD39 no pulméao
de animais infectados. A infeccdo de macréfagos derivados de medula 6ssea (MDMO)
por Mtb in vitro mostra que os macrofagos derivados da medula 6ssea Entpd1l” s&o
mais suscetiveis a morte celular e liberagdo extracelular de micobactérias. A deficiéncia
de CD39 induz TB letal associada com extensas areas de necrose e pneumonia em
camundongos infectados com Mtb altamente virulenta. Mesmo em doses mais baixas
de infeccdo, os camundongos Entpdl™ infectados s&o mais susceptiveis & perda de
peso corporal e possuem maior carga bacteriana nos pulmdes comparados a
camundongos C57BL/6. Extensas areas necréticas com maior ndmero de Mtb
extracelular em camundongos Entpd1™ infectados, indicam que a maior susceptibilidade
de macréfagos a morte celular, somado ao aumento da migracéo de neutréfilos para o
pulméo pode acarretar em progressédo rapida das lesGes necréticas. O aumento das
lesbes inflamatdrias no figado e remodelamento da morfologia do baco indicam que
camundongos Entpd1” infectados s&o mais susceptiveis ao desenvolvimento de lesdes
extrapulmonares. Niveis elevados de citocinas inflamatorias (IL-13, TNF-a, IL-12, IL-6 e
IFN-y) nos pulmdes indicam que camundongos Entpd1™ infectados também s&o mais
susceptiveis ao desenvolvimento do quadro hiperinflamatério. Estes resultados
demonstram que a atividade ATPase do CD39 atenua a condi¢do altamente inflamatoria
induzida pela infecgé@o por Mtb, controlando o dano pulmonar e aumentando a sobrevida

do camundongo.



ABSTRACT

Severe tuberculosis (TB) is associated with a hyperinflammatory condition that results in
necrotic lung lesions and bacterial spread. Massive adenosine triphosphate (ATP)-
mediated P2X7 stimulation in hyperinflammatory cases exacerbates pulmonary
pneumonia and necrosis, contributing to rapid disease progression. CD39, a membrane
protein expressed by immune and endothelial cells, phosphohydrolase extracellular ATP
to adenosine diphosphate (ADP) and ADP to adenosine monophosphate (AMP) to
generate adenosine (ADO). CD39 ATPase activity regulates P2X7-mediated immune
cell function and death and induces regulatory and suppressive immune responses
through ADO generation. Thus, as a limiting factor between ATP accumulation and ADO
generation, CD39 can shape the quality of the immune response. This study evaluated
how CD39 modulates the immune response to hypervirulent Mycobacterium tuberculosis
(Mtb) infection. We observe that in our experimental TB model in C57BL/6 mice, CD39
is more expressed by immune than by structural cells of the lung. Also, the CD39
expression is upregulated in immune cells in the acute phase of infection. Among the
immune cells, macrophages are the cells that most express CD39 in the lungs of infected
animals. The in vitro infection of bone marrow-derived macrophages (BMDM) by Mtb
shows that Entpd1” BMDMs are more susceptible to cell death and extracellular release
of mycobacteria. CD39 deficiency induces lethal TB associated with extensive necrosis
areas and pneumonia in mice infected with highly virulent Mtb. Even at lower doses of
infection, Entpd1”™ mice are more susceptible to body weight loss and have a higher
bacterial load in the lungs compared to C57BL/6 mice. Extensive necrotic areas with
greater numbers of extracellular Mtb in infected Entpd1” mice indicate that the increased
susceptibility of macrophages to cell death, added to the increased migration of
neutrophils to the lung, can lead to rapid progression of necrotic lesions. The increased
inflammatory lesions in the liver and spleen remodeling indicate that infected Entpd1™”
mice are more susceptible to the development of extrapulmonary TB lesions. Elevated
inflammatory cytokine and chemokine levels in the lungs indicate that infected Entpd1™”
mice are also more susceptible to the development of the hyperinflammatory condition.
These results demonstrate that CD39 ATPase activity attenuates the hyperinflammatory
condition induced by Mtb infection, controlling lung damage and increasing mouse

survival.
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1.1. A tuberculose

A TB é uma doenca granulomatosa infectocontagiosa que afeta principalmente
os pulmdes (TB pulmonar), mas também afeta outros 6rgdos do corpo, como
0SS0S, rns e olhos (TB extrapulmonar) (JAYACHANDRAN;
SUNDARAMURTHY; COMBALUZIER; MUELLER et al.,, 2007). O principal
patogeno da tuberculose humana é o Mth, entretanto a doenca também pode
ser causada por outras espécies de Mycobacterium, como Mycobacterium bovis
(Mbv) e Mycobacterium africanum (KAUFMANN; BAUMANN; NASSER EDDINE,
2006) (KAUFMANN, 2006).

O Mtb é uma micobactéria de crescimento lento com um tempo de proliferacéo
entre 12 a 24h em condi¢des ideais. Uma caracteristica importante do Mtb é a
estrutura da parede celular, que fornece uma barreira impermeavel
excepcionalmente resistente a compostos nocivos e drogas, o que desempenha
um papel fundamental para a viruléncia (DELOGU; SALI; FADDA). Os sistemas
de secrecdo de proteinas também sao fatores determinantes para a viruléncia
de micobactérias patogénicas. Em Mtb foram identificados cinco sistemas de
secrecédo do tipo 7 (ESX1-5), sendo o ESX1 o mais bem caracterizado dentre
eles (ABDALLAH; GEY VAN PITTIUS; CHAMPION; COX et al., 2007). O Mtb
usa esse sistema de secrecdo ESX1 para se transportar do fagossomo para o
citosol de macréfagos infectados, onde pode persistir em um ambiente protegido
(ROMAGNOLI; ETNA; GIACOMINI; PARDINI et al., 2012; VAN DER WEL;
HAVA; HOUBEN; FLUITSMA et al., 2007). ESX1 secreta entre muitos antigenos,
ESAT-6 e CFP-10, duas pequenas proteinas altamente imunogénicas que sao
base dos interferon-gamma release assays (IGRASs), utilizados no diagndstico
imunologico da infec¢cdo por Mtb em humanos (DIEL; GOLETTI; FERRARA,;
BOTHAMLEY et al., 2011).

Cepas modernas de Mtb como as do genotipo Beijing demonstraram possuir
maior viruléncia do que micobactérias ancestrais. Em camundongos infectados
com micobacterias modernas do gentotipo Beijing, foi observada ampla lesé@o
tecidual e baixa sobrevivéncia dos modelos animais comparado a camundongos
infectados com cepas ancestrais deste genotipo (RIBEIRO; GOMES; AMARAL,;
ANDRADE et al., 2014). H4 ainda uma preocupacéao de que o gendtipo de Beijing
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possa ter uma predilecdo por desenvolver resisténcia a medicamentos
(EBRAHIMI-RAD; BIFANI; MARTIN; KREMER et al., 2003).

1.2. Epidemiologiada TB

Apesar de ser uma doenca curavel e evitavel, a TB continua sendo um grande
problema de salde publica, sendo considerada uma das principais causas de
morte por um unico patégeno em todo o mundo (ORGANIZATION, 2020). No
ano de 2020, foram relatados cerca de 10 milhdes de novos casos e
aproximadamente 1,4 milh6es de mortes globalmente (ORGANIZATION, 2020)
(Figura 1).
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Figura 1. Incidéncia mundial da tuberculose em 2020, (Global Tuberculosis Report, WHO,
2021).

A alta incidéncia de pacientes portadores do virus da imunodeficiéncia humana
(HIV) e o surgimento de micobactérias resistentes a multiplas drogas sao alguns
dos fatores que colaboram para o aumento da prevaléncia da doenca (YOUNG;
PERKINS; DUNCAN; BARRY, 2008). A vacina BCG (bacilo de Calmette-Guérin),
cepa atenuada de Mbv € o método de prevencdo mais utilizado. Apesar de
proteger criangas e recém-nascidos contra as formas graves da TB primaria, a

vacina ndo previne a doenca pulmonar em adultos de forma satisfatoria e,
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portanto, ndo contribui para a reducdo do numero de pessoas acometidas pela
doenca mundialmente (KAUFMANN; HUSSEY; LAMBERT, 2010).

O tratamento é feito preferencialmente com um coquetel de trés antibioticos (o
coquetel- RIP) por um periodo de seis meses que inclui as drogas: Rifampicina
(R), Isoniazida (I) e Pirazinamida (P). A esse coquetel pode ser adicionado o
antibiético Estreptomicina ou Etambutol, que também sdo drogas de primeira
linha. Para tratar pacientes com TB resistente a multiplas drogas (TB-RMD), sédo
utilizadas drogas de segunda-linha, injetaveis, como Capreomicina, Canamicina
ou Amicacina, e um grupo de fluoroguinolonas (por exemplo, Ciprofloxacina) que
possuem maiores efeitos colaterais e devem ser administradas por mais tempo.
Em casos de TB-RMD, as opg¢Oes de tratamento sao bastante limitadas
(SACCHETTINI; RUBIN; FREUNDLICH, 2008), o que reforca a necessidade de

elaboracdo de novas estratégias terapéuticas.

1.3. Respostaimune ao Mth

O Mtb é transmitido pelo ar quando a pessoa com TB pulmonar ativa expele o
bacilo junto com goticulas de saliva ao falar ou tossir. Uma pessoa saudavel se
infecta ao inalar as goticulas contendo os bacilos, que migram pelo trato
respiratério até chegar aos alvéolos pulmonares, onde podem infectar ou serem
eliminados por macrofagos alveolares, neutréfilos e células dendriticas (Figura
2.1A/1B/1C) (GRIFFITHS; NYSTROM; SABLE; KHULLER, 2010; KAUFMANN,
2012).

Até o inicio da imunidade adquirida, os macrofagos permanecem relativamente
permissivos ao Mtb intracelular. Isso € identificado como um periodo de
replicacdo bacteriana exponencial (RUSSELL; CARDONA; KIM; ALLAIN et al.,
2009). Os bacilos proliferam logaritmicamente nos macrofagos alveolares e
células dendriticas e induzem a produc¢éo de mediadores inflamatorios tais como
TNF-aq, IL-6, IL-12, IL-1a e IL-1B que ativam macréfagos e induzem a degradacéao
da micobactéria (SCHAIBLE; STURGILL-KOSZYCKI; SCHLESINGER;
RUSSELL, 1998). As células dendriticas ativadas migram para os linfonodos
drenantes através dos vasos linfaticos e apresentam o0s antigenos
micobacterianos para as células T (Figura 2.2 e 2.3) (GRIFFITHS; NYSTROM,;
SABLE; KHULLER, 2010).
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As células T se ativam através da apresentacdo de antigenos de Mtb no MHC
classe | e classe Il na superficie de células apresentadoras de antigenos. Uma
vez ativados, os linfécitos efetores antigeno-especificos proliferam e adentram
na circulagcdo sanguinea. Estas células migram para as areas primarias de
infeccdo no pulm&o 15-18 dias apos a infeccao, sinalizadas pela producéo local
de quimiocinas (REILEY; CALAYAG; WITTMER; HUNTINGTON et al., 2008)
(Figura 2.4).
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Figura 2. Resposta imune durante a infecgao por Mtb (O’garra et al., 2013)

Os linfocitos CD4*, CD8* e ydT desempenham um papel importante na protecao
contra a Mtb (KAUFMANN, 2001). As células T CD4* produzem mediadores
imunes como IFN-y, linfotoxina alfa e IL-2 como estimulo autécrino para
proliferacdo (ROACH; BRISCOE; SAUNDERS; FRANCE et al., 2001). As células
T CD8" e as células yoT liberam granzimas e perforinas que exercem um efeito
direto sobre os macréfagos infectados através de mecanismos independentes e
dependentes de FasL. As células T reconhecem os antigenos de Mtb (ESAT-6
e Mtb-39) que estimulam a producgao de IFN-y e TNF-a (CACCAMO; SIRECI;
MERAVIGLIA; DIELI et al., 2006; FENHALLS; STEVENS; BEZUIDENHOUT,;
AMPHLETT et al., 2002). O IFN-y e o TNF-a produzidos pelos linfocitos T ativam
macroéfagos e potencializam a sua atividade microbicida, induzindo a eliminagéo
do bacilo intracelular (Figura 2.5 e Figura 3) (KAUFMANN, 2001; PANDEY;
SASSETTI, 2008).
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Figura 3. Principais caracteristicas da tuberculose: da infeccao a defesa do hospedeiro
(Kaufmann et al., 2001).

O acumulo de células imunes no foco da infeccdo inicia a formacdo do
granuloma. A arquitetura do granuloma € caracterizada pela agregacdo de
células T, neutrdfilos, células epitelioides e macréfagos infectados que contém a
disseminagédo da Mtb, mantendo-a em um estado latente e impedindo sua
propagacédo (Figura 4) (SAUNDERS; BRITTON, 2007; TSAI;, CHAKRAVARTY;
ZHU; XU et al., 2006). A laténcia é considerada a marca registrada da imunidade
protetora, atribuida classicamente a atividade coordenada das respostas das
células T CD4* e ao sucesso em aproximadamente 90% dos individuos
infectados em controlar a disseminacdo das micobactérias (PHILIPS; ERNST,
2012).
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Figura 4. Estrutura e constituintes celulares do granuloma tuberculoso (Ramakrishnan et
al., 2012)

Em humanos, na periferia de granulomas maduros sdo encontrados também
fibroblastos associados as fibras de colageno. A inflamacdo na TB é
acompanhada do aumento do niumero de fibroblastos e da atividade fibroblastica
(SHKURUPIY; KIM; POTAPOVA; CHERDANTSEVA et al., 2014). Estas células
produzem feixes de coldgeno formando uma cépsula fibrética que separa as
bactérias do tecido circundante. Este processo é uma consequéncia da secrecao
de citocinas por células intragranulomatosas (AZOUZ; RAZZAQUE; EL-
HALLAK; TAGUCHI, 2004). As citocinas pro-inflamatérias IFN-y, TNF-qa, IL-6, IL-
12, IL-17 e IL-23 e quimiocinas como CCL2, CCL3, CCL5, CXCL8 e CXCL10
possuem um papel fundamental, tanto para a formacdo e estabilidade do
granuloma, quanto para o recrutamento de células inflamatérias para o foco da
infeccdo (KHADER; BELL; PEARL; FOUNTAIN et al., 2007; PETERS; ERNST,
2003; SAUNDERS; BRITTON, 2007).

A reativacdo da TB acontece em cerca de 5 a 10% da populagéo infectada,
devido a fatores como imunossupressao, que pode ser induzida por coinfec¢des
como ocorre em alguns pacientes HIV-TB*, por exemplo. A infec¢ao ativa avanga
devido a falha na resposta imunolégica do hospedeiro em consequéncia ao
comprometimento da resposta de células T nestes pacientes (CORBETT, 2003;

7

KWAN; ERNST, 2011). Desta forma o granuloma ndo € capaz de conter a
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infeccdo, ocorrendo uma rapida disseminacdo do Mtb através do tecido
pulmonar. A rapida disseminacéo bacteriana contribui para necrose das células
infectadas (BHATT; SALGAME, 2007). A liberacdo de padrdes moleculares
associados a dano (DAMPs) ou alarminas durante infeccbes podem
potencializar a resposta inflamatoria e migracédo de células imunes para o foco
inflamatério (DI VIRGILIO, 2015; MCDONALD; PITTMAN; MENEZES; HIROTA
et al., 2010). A resposta inflamatéria persistente pode levar leva a um quadro
hiperinflamatério que agrava as lesdes necroticas intraganulomatosas,
contribuindo para uma rapida disseminacao da doenca (ALMEIDA; VENTURA;
AMARAL; RIBEIRO et al., 2017).

A pneumonia provocada pela inflamacéo exacerbada, juntamente com a necrose
intragranulomatosa sdo descritos como fatores associados ao agravamento da
TB pulmonar (DHEDA; BOOTH; HUGGETT; JOHNSON et al., 2005; DORHOI;
KAUFMANN, 2016). Esses fatores séo as principais causas de mortalidade de
adultos com tuberculose aguda nao tratada. As lesGes necréticas disseminadas
contribuem para a perda de funcéo pulmonar e fornecem um nicho seguro para
as micobactérias, uma vez que limitam a penetracéo de leucdcitos e antibioticos
(ORME; ROBINSON; COOPER, 2015). Devido ao seu papel na disseminacao
bacteriana, bem como no dano tecidual, a necrose representa um potencial alvo
terapéutico para intervencdo na patogénese da TB (PAN; YAN; ROJAS;
SHEBZUKHOV et al., 2005)

1.4. Sinalizagao purinérgica

O ATP extracelular (eATP), liberado durante a necrose tecidual, também pode
ser liberado para o meio extracelular durante o estresse celular, em condicdes
inflamatoérias ou de hipdxia, ou até mesmo através dos canais de panexina-1,
apos ativacao celular (BODIN; BURNSTOCK, 2001). O ATP € a molécula que
inicia a cascata de sinalizacao purinérgica e pode ser reconhecido por receptores
purinérgicos do tipo P2, como P2X e P2Y (BURNSTOCK, 2007). Os receptores
P2Y sédo acoplados a proteina G e modulam eventos de sinalizacdo de
mensageiros secundarios (FAAS; SAEZ; DE VOS, 2017). Ja os receptores P2X
sdo canais da membrana plasmatica que medeiam o influxo ou efluxo de vérios

cations, como a entrada Ca*?. O receptor P2X7 se difere de todos os outros
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subtipos P2X ndo apenas estruturalmente, mas também funcionalmente. O
P2X7 possui sensibilidade de 10 a 100 vezes menor ao ATP, comparando aos
demais receptores P2X. Isso sugere que o P2X7 funciona como um detector de
“sinal de perigo” para altas concentragdes de ATP que sé&o liberadas durante o
dano tecidual (LINDEN; KOCH-NOLTE; DAHL, 2019). O reconhecimento de
eATP pelo receptor purinérgico P2X7 inicia uma variedade de cascatas de
sinalizacdo que desencadeiam eventos de ativacdo, migracao, proliferacéo
celular, producdo de citocinas, dentre outros (ADINOLFI; PIZZIRANI; IDZKO;
PANTHER et al., 2005). A ativagdo de P2X7 n&o apenas abre um canal catidnico
nao seletivo, mas também medeia um aumento da permeabilidade da membrana
formando o chamado “macroporo”, quando ha um estimulo massivo e
persistente. A formacao destes macroporos na membrana celular também pode
levar a morte celular induzida pelo do desequilibrio osmético (DI VIRGILIO; DAL
BEN; SARTI; GIULIANI et al., 2017).

A sinalizacdo dos receptores purinérgicos por eATP pode ser regulada pela
atividade de ectoenzimas purinérgicas. As ectoenzimas fosfohidrolizam o eATP
em um processo enzimatico de duas etapas para a geracdo de ADO, uma
potente molécula anti-inflamatéria e imunossupressora. A familia das
nucleosideo trifosfato difosfohidrolases (E-NTPDases) compreende oito enzimas
gue tém como funcao hidrolisar ATP em adenosina difosfato (ADP) + Pi (fosfato),
gerando monofosfatos de nucleotideos (AMP) + Pi. Dentre as E-NTPDases a
mais estudada € a ENTPD1, também conhecida como ecto-apyrase CD39
(ANTONIOLI; PACHER; VIZI; HASKO, 2013).

As E-NTPDases 1, 2, 3 e 8 tém dois dominios que abrangem a membrana
plasmatica com um sitio ativo voltado para o meio extracelular (BIGONNESSE;
LEVESQUE; KUKULSKI; LECKA et al., 2004). Em contraste, as NTPDases 4-7
estdo ancoradas as membranas das organelas intracelulares por um (E-
NTPDases 5 e 6) ou dois (E-NTPDases 4 e 7) dominios transmembranares e
seu sitio catalitico esta voltado para o limen de compartimentos intracelulares,
como o aparelho de Golgi e o reticulo endoplasmatico (BIEDERBICK; KOSAN;
KUNZ; ELSASSER, 2000; TROMBETTA; HELENIUS, 1999; WANG; GUIDOTTI,
1998; YEUNG; MULERO; MCGOWAN; BAJWA et al., 2000) (Figura 5). Embora

as E-NTPDases 5 e 6 possam estar presentes na superficie da membrana
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plasmatica e secretadas como enzimas soluveis ap0s uma clivagem proteolitica,
seus altos valores de Km e baixas atividades especificas tornam improvéavel que
essas enzimas regulam a sinalizagéo dos receptores P2 (BRAUN; FENGLER;
EBELING; SERVOS et al., 2000; HICKS-BERGER; CHADWICK; FRISCHAUF,;
KIRLEY, 2000; MULERO; YEUNG; NELKEN; FORD, 1999; TROMBETTA;
HELENIUS, 1999).

NTPDase1 Tromboregulation, cancer immunology,
inflammation/immunity [B&#03141439293]

NTPDase2 Neural development and differentiation, gustation,
tumor development,
inflammation/immunity [“849:5083943:]

NTPDase3 Feeding and sleep/awake behavior, B-cells insulin
secretion, inflammation/immunity 5053

NTPDase8 Main expression in the liver and intestine, Adenosine/
protective function in the intesting 11516280 Uridine
ATP/UTP ADP/UDP AMP/UMP ]
\ Extrag:gllular
milieu
CD73
NTPDase NTPDase Intracellular milieu
Lysossome
NTPDase6
Expressed in NTPDase5 _ NTPDase7
soluble forms, (ER UDPase), protein  Fynction to be
vestibular sensory re-glucosylation, determined
NTPDase4 transduction 6256l tumorigenesis 8631001
(Golgi UDPase) B8 5
?A - Vesicles
N ; —/ ** Endoplasmatic
Autophagic Golgi Apparatus Reticulum

Vacuole

Figura 5. Localizacdo celular e funcdo dos isotipos da E-NTPDase. (Haas et.
al., 2021)

As E-NTPDases ligadas a membrana plasmatica possuem capacidade distinta
de hidrélise dos nucleosideos extracelulares. Enquanto a E-NTPD1 hidrolisa
igualmente ATP e ADP (MARCUS; BROEKMAN; DROSOPOULOS; ISLAM et
al., 1997; WANG; GUIDOTTI, 1996), a E-NTPD2 hidroliza preferencialmente
ATP (HEINE; BRAUN; HEILBRONN; ZIMMERMANN, 1999; MATEO; HARDEN,;
BOYER, 1999; VLAJKOVIC; HOUSLEY; GREENWOOD; THORNE, 1999). Ja a
E-NTPD3 e E-NTPD8 sé&o intermediarios funcionais entre as NTPDases 1 e 2
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(BIGONNESSE; LEVESQUE; KUKULSKI; LECKA et al., 2004; SMITH; KIRLEY,
1998). Dentre as E-NTPDases ligadas a membrana plasmatica, a E-NTPD1 é
enzima que mais se distingue, pois desfosforila ATP diretamente em AMP sem
o acumulo de quantidades significativas de ADP. Esta propriedade evita
amplamente a ativacdo de receptores P2Y por ADP (KUKULSKI; LEVESQUE;
LAVOIE; LECKA et al.,, 2005) e torna a E-NTPD1 um fator limitante para a
geracédo de ADO .

Outra enzima limitante para a geragédo de ADO ¢€ a ecto-5’-nucleotidase, também

conhecida como CD73, que catalisa a degradacdo do AMP em ADO. Ao
contrario do ATP, a adenosina possui propriedades imunorreguladoras, e o
acumulo desta molécula no meio extracelular tem mostrado efeito protetor sobre
as células e tecidos, prevenindo uma resposta inflamatéria excessiva
(ANTONIOLI; BLANDIZZI; PACHER; HASKO, 2013; HASKO; CRONSTEIN,
2004) (Figura 6).
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Figura 6. Proteinas de membrana e metabdlitos da sinalizagdo purinérgica (Eberhardt et
al., 2022)

Foram descritos quatro subtipos de receptores de adenosina (Al, A2A, A2B e
A3), todos eles pertencentes a familia de receptores acoplados a proteina G.
Eles podem ser encontrados em muitas células inflamatdrias e estruturais no
pulméo, mas também aparecem em varios outros 6rgaos, tornando desafiadora
a compreensao dos efeitos da sinalizagao destes receptores no tecido pulmonar
afetado pela infeccdo (FREDHOLM; AP; JACOBSON; KLOTZ et al., 2001).
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1.5. Regulacado darespostaimune mediada pela atividade de CD39

A CD39 é expressa constitutivamente em células imunes como macréfagos,
mondcitos, neutrdéfilos, células dendriticas e linfécitos T regulatorios (Tregs)
(DWYER; DEAGLIO; GAO; FRIEDMAN et al., 2007). Entretanto, sua expressao
pode ser regulada positivamente em resposta a varias condi¢cdes inflamatérias,
como consequéncia da producéo citocinas inflamatdrias, do estresse oxidativo e
da hipéxia (CHALMIN; MIGNOT; BRUCHARD; CHEVRIAUX et al.,, 2012;
ELTZSCHIG; IBLA; FURUTA; LEONARD et al., 2003; SYNNESTVEDT,
FURUTA; COMERFORD; LOUIS et al., 2002).

Por ser um importante fator limitante entre o acimulo de eATP e geracdo de
ADO, a CD39 pode modular a qualidade da resposta imune. Em células imunes
a CD39 desempenha um papel complexo e importante na regulacdo de
diferentes processos autocrinos e paracrinos executados por essas ceélulas. Em
macrofagos com perfil pro-inflamatoério (M1), a expresséo e a atividade de CD39
séo reduzidas, enquanto em macrofagos com perfil anti-inflamatério (M2), tanto
sua expressdo quanto atividade sdo aumentadas (ZANIN; BRAGANHOL;
BERGAMIN; CAMPESATO et al.,, 2012). Em macréfagos M1 e mondcitos
inflamatorios, a expressao de CD39 atua na regulagcédo negativa das atividades
mediadas pela sinalizagdo por ATP, como secrecdo das citocinas pro-
inflamatérias IL-1B, IL-18 e TNF-a (LEVESQUE; KUKULSKI; ENJYOJI;
ROBSON et al., 2010; PETROVIC-DJERGOVIC; HYMAN; RAY; BOUIS et al.,
2012). Em contraste, em macrofagos M2, a CD39 potencializa a atividade anti-
inflamatoéria destas células, mediada pela geracdo de adenosina, induzindo
aumento da producdo de citocinas reguladoras IL-10 e IL-1Ra (CSOKA;
SELMECZY; KOSCSO; NEMETH et al., 2012).

Em neutrdéfilos, a expressdo de CD39 esta associada com a regulacdo da
ativacdo (ELTZSCHIG; THOMPSON; KARHAUSEN; COTTA et al.,, 2004;
KUKULSKI; BAHRAMI; BEN YEBDRI; LECKA et al, 2011), funcbes
quimiotaticas (CORRIDEN; CHEN; INOUE; BELDI et al., 2008; REUTERSHAN;
VOLLMER; STARK; WAGNER et al.,, 2009) e adesdo ao endotélio vascular
(ELTZSCHIG; WEISSMULLER; MAGER; ECKLE, 2006). Além disso, a rapida

degradacéo de ATP pela CD39, que induz aumento das concentracdes de
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adenosina, leva a um efeito inibitorio substancial que pode evitar potencial lesdo
tecidual decorrente de uma resposta inflamatéria prolongada. A expressao de
CD39 em células dendriticas estd associada a regulacdo das atividades
mediadas pelos receptores P2, essenciais para a funcéo das células dendriticas,
assim como a regulacéo da ativacéo de linfécitos T (ANTONIOLI; COLUCCI; LA
MOTTA; TUCCORI et al, 2012; MIZUMOTO; KUMAMOTO; ROBSON;
SEVIGNY et al., 2002). Apesar de expressar CD39 constitutivamente, as Tregs
murinas exibem atividade aumentada desta molécula apenas apos a ativacao de
seu receptor de células T (TCR), enquanto essa enzima foi considerada inativa
em células ndo estimuladas (BORSELLINO; KLEINEWIETFELD; DI MITRI;
STERNJAK et al., 2007). Este aumento da atividade de metabolizacdo do ATP
parece ser critico para a atividade imunossupressora das Tregs (ERNST,;
GARRISON; THOMPSON, 2010). Além disso, foi especulado que a atividade
aumentada de CD39 permite a entrada dessas células em regides inflamadas,
onde reduz o nivel extracelular de ATP, diminuindo assim a morte de células
Treg mediada por P2X7 (BORSELLINO; KLEINEWIETFELD; DI MITRI;
STERNJAK et al., 2007).

1.6. Sinalizacdo purinérgica da resposta imune durante a TB

A sinalizacao purinérgica tem demostrado ser um importante modulador da
resposta imune ao Mth. Nosso grupo demonstrou recentemente que a expressao
génica de P2X7 é regulada positivamente em células do sangue periférico de
pacientes com TB ativa, comparado a individuos saudaveis (SANTIAGO-
CARVALHO; DE ALMEIDA-SANTOS; BOMFIM; DE SOUZA et al., 2021). Além
disso, também foi observado que a expressao proteica de P2X7 também é maior
no pulméo de camundongos infectados durante a fase aguda de infeccao,
comparado a camundongos nao infectados (SANTIAGO-CARVALHO; DE
ALMEIDA-SANTOS; BOMFIM; DE SOUZA et al., 2021). A ativacao de P2X7 por
eATP pode possuir um papel dual durante a tuberculose. Quando em baixos
niveis, a ativagao de P2X7 por eATP pode induzir a ativagédo de inflamassoma
NLRP3 através de alteracdes idnicas citoplasmaticas induzidas pelo aumento do
influxo de Ca?*. A ativacdo do inflamassoma NLRP3 culmina na liberacéo de IL-
18 e IL-18 ativas que potencializam a resposta inflamatdria (MARIATHASAN;
WEISS; NEWTON; MCBRIDE et al., 2006). Foi mostrado que o ATP extracelular
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potencializa a ativagcdo de macrofagos derivados de mondcitos humanos
infectados com baixa quantidade de bacilos da cepa virulenta de Mtb H37Rv,
auxiliando na eliminagdo dos bacilos (DUBOIS-COLAS; PETIT-JENTREAU;
BARREIRO; DURAND et al., 2014).

Por outro lado, altos niveis de e ATP pode levar a ativacao prolongada de P2X7,

que induz a morte celular por necrose através do desequilibrio osmaético devido
a formacéo de poros na membrana celular (DI VIRGILIO; DAL BEN; SARTI;
GIULIANI et al., 2017). Nosso grupo demonstrou anteriormente que a sinalizagcéo
de P2X7 em macréfagos por altas quantidades de ATP, possui um papel
prejudicial para o desenvolvimento de formas graves de tuberculose pulmonar
em camundongos (AMARAL; RIBEIRO; LANES; ALMEIDA et al., 2014). Essa
condicdo foi observada apenas na infeccdo por cepas micobacterianas
hypervirulentas, que induzem uma inflamacdo exacerbada nos pulmdées, mas
nao por cepas virulentas de Mtb, que induzem inflamagédo moderada, sugerindo
que a sinalizacao de P2X7 por eATP potencializa a morte celular induzida pela
infeccdo em condicBes altamente inflamatdrias (Figura 7) (AMARAL; RIBEIRO;
LANES; ALMEIDA et al., 2014).
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Figura 7. Papel dual do receptor P2RX7 na infeccdo por Mtb. (Eberhardt et al., 2022)

Em trabalhos seguintes, nosso grupo demonstrou que 0 agravamento da
condicdo altamente inflamatdria mediada pela sinalizacdo por P2X7 estava
ligada a expressao deste receptor em ceélulas derivadas da medula O0ssea
(BOMFIM; AMARAL; CASSADO; SALLES et al., 2017). Nosso grupo também
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demonstrou que ao inibir a ativacdo de P2X7 durante a fase aguda da infeccao
por TB, ha uma melhora da resposta imune gerando granulomas ndo necroticos
melhor estruturados, que ajudam a controlar a disseminagdo bacteriana
resultando em um melhor desfecho da doenca em camundongos tratados
(SANTIAGO-CARVALHO; DE ALMEIDA-SANTOS; BOMFIM; DE SOUZA et al.,
2021). Isso nos leva a hipotese de que a regulacdo negativa da sinalizacao do
eATP pode ser importante para controlar o ciclo vicioso de morte celular e
liberacdo de sinais de perigo que amplificam a resposta imune disfuncional e
acelera a progressao da doenca. Em contraste, outro trabalho do nosso grupo
demonstrou que o acumulo de adenosina impede a geragdo de células T CD4*
parenquimais protetoras contribuindo para o agravamento da TB severa em
camundongos (AMARAL; MACHADO DE SALLES; BARBOSA BOMFIM;
SALGADO et al., 2019). Isso reforca o papel dual da sinalizacdo do eixo ATP-
adenosina na resposta imune durante a tuberculose severa em camundongos.
Enquanto a atividade CD39 pode limitar os impactos prejudiciais mediados pela
ativacdo massiva de P2X7 por eATP (SAVIO; DE ANDRADE MELLO;
FIGLIUOLO; DE AVELAR ALMEIDA et al., 2017), o microambiente supressor
induzido pela geracdo de adenosina pode fornecer um nicho seguro para
sobrevivéncia e replicacdo bacteriana nos macréfagos (NASCIMENTO;
VIACAVA; FERREIRA; DAMACENO et al., 2021).

Em humanos tem sido proposto que a CD39 pode ser um importante regulador
da resposta imune durante a infeccéo por Mtb. Em pacientes com TB pulmonar
ativa, foi observado um aumento da populacdo de células Treg
(CD4*CD25"9"CD39%) com propriedades reguladoras. A deplecdo de células
Treg CD39* aumentou significativamente as respostas de células T antigeno
especificas para TB in vitro (CHIACCHIO; CASETTI; BUTERA; VANINI et al.,
2009). Também foi observado, que a CD39 medeia fun¢des supressoras em
células Treg CD8* em pacientes com TB ativa (BOER; VAN MEIJGAARDEN;
BASTID; OTTENHOFF et al., 2013). Além disso, foi demonstrado que a presenca
de células T CD4* reativas a antigenos de Mtb que expressam CD39 é mais
abundante na TB ativa do que na TB latente e esta associada a producao da
citocina imunossupressora IL-10 (KIM; PERERA; TAN; FERNANDEZ et al.,

2014). Entretanto os efeitos da atividade de CD39 na imunopatologia pulmonar
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durante a tuberculose nao foram completamente compreendidos. Desta forma,
compreender o papel da regulacéo da sinalizacdo purinérgica pela CD39 durante
a infeccao por Mtb, pode auxiliar na elucidacdo dos mecanismos envolvidos na
inducao dos processos patologicos associados ao agravamento da tuberculose.
Neste trabalho nds avaliamos o papel da CD39 na modulacdo da resposta
inflamatdria durante a tuberculose pulmonar em camundongos induzida por cepa

altamente virulenta de Mtb.
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2.1. Objetivo geral

Visando compreender os mecanismos patologicos associados a atividade de
CD39 durante a TB severa, o objetivo geral deste trabalho é avaliar o papel da
CD39 na regulacdo da resposta inflamatoria a infeccdo pela cepa altamente

virulenta Mtb Beijing M299 em modelo experimental de tuberculose pulmonar.

2.2. Objetivos especificos:

e Avaliar a expressdo das moléculas purinérgicas CD39, CD73 e P2X7 em
células imunes e estruturais do pulmdo de camundongos C57BL/6;

e Avaliar a expressdo de CD39 durante o curso de infeccdo por Mtb
altamente virulenta;

e Avaliar como a deficiéncia de CD39 pode afetar a resposta de MDMO a
infecgao por Mtb altamente virulenta;

e Avaliar como a deficiéncia de CD39 impacta no desenvolvimento da
patologia pulmonar durante a infec¢ao por Mtb altamente virulenta;

e Avaliar como a deficiéncia de CD39 afeta a resposta de células imunes

no pulméo de camundongos infectados por Mtb altamente virulenta.
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3.1. Camundongos

Camundongos C57BL/6 e Entpdl’ machos (6-8 semanas de idade) livres de
patogenos especificos foram criados no biotério de camundongos isogénicos,
Instituto de Ciéncias Biomédicas da Universidade de S&o Paulo (ICB-USP). Apds
a infecgdo, os camundongos foram mantidos em gaiolas micro isoladoras com
filtros HEPA no Laboratorio de Biosseguranca Nivel 3, FCF-USP. Todos os
procedimentos foram realizados de acordo com os regulamentos nacionais das
diretrizes éticas para experimentacdo em camundongos sob autorizacdo do
Comiss&o de Etica na Utilizagdo de Animais (CEUA) (CEUA ICB n° 3185080318,
CEUA FCF n° 626, CEUA UENF n°482/2021).

3.2. Micobactérias e infeccao

A cepa altamente virulenta de Mtb M299 Beijing, isolada de um paciente com
tuberculose na provincia de Maputo, Mocambique, foi gentilmente cedida pelo
Dr. Philip Suffys (Fundagdo Oswaldo Cruz, FIOCRUZ, Rio de Janeiro, Brasil).
Aliquotas congeladas foram descongeladas e cultivadas em meio Middlebrook
7H9 enriquecido com 10% (vol/vol) de ADC (albumina, dextrose, catalase) (Difco,
BD Biosciences, EUA) e 0,05% (vol/vol) de Tween 80 (Sigma-Aldrich). A cultura
micobacteriana foi mantida a 37° C por 7 dias em agitacdo constante. Apos
atingir a fase Log de crescimento, as suspensdes bacterianas foram sonicadas
em banho-maria e agitadas por 1 minuto para dispersar 0os grumos. As
densidades das suspensdes bacterianas foram determinadas em

espectrofotometro a 600 nm.
3.3. Procedimento de infeccdo dos camundongos

Os camundongos foram anestesiados intraperitonealmente (i.p.) com cetamina
(Vetbrands, Brasil; 100 mg / kg) e xilazina (Vetbrands; 15 mg / kg) e infectados
intratraquealmente (i.t.) 200 ou com 100 (dose baixa) bacilos da cepa altamente
virulenta Mtb Beijing (ALMEIDA; VENTURA; AMARAL; RIBEIRO et al., 2017).

3.4. Inibicdo de P2X7R para prevenir morte celular durante

processamento do pulméao

Diversos estudos descrevem que a inibicdo direta ou indireta da atividade do

P2X7R preserva a viabilidade celular durante o processamento do tecido sob a
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digestdo com a colagenase do tipo IV (BORGES DA SILVA; WANG; QIAN;
HOGQUIST et al., 2019; RISSIEK; LUKOWIAK; RACZKOWSKI; MAGNUS et al.,
2018). Para prevenir a morte celular durante a digestdo pulmonar e
processamento para obter suspensfes celulares para citometria de fluxo,
padronizamos o tratamento em que camundongos infectados foram injetados por
via intravenosa com Brilliant Blue G (BBG, Sigma-Aldrich), um inibidor de
receptores P2X (45 mg/Kg) 30 minutos antes da eutanasia por via intravenosa
(i.v.) (Apéndice 1A). As diferencas em numero e frequéncia de células viaveis
recuperadas de camundongos infectados tratados e néo tratados sdo mostradas

nos ApéndicelB-G.
3.5. Isolamento e contagem de células infiltradas no pulméo

Os lobos pulmonares dissecados foram lavados com PBS 1x estéril,
fragmentados e digeridos com solucdo de colagenase do tipo IV (0,5 mg / mL,
Sigma-Aldrich) e DNAse pancreatica bovina tipo | (Roche Diagnostics; 1 mg / ml)
em meio RPMI 1640 (Gibco, EUA) a 37° C por 40 minutos sob agitacao (200
rom) (ALMEIDA; VENTURA; AMARAL; RIBEIRO et al., 2017). ApoOs digestao
enzimatica, os fragmentos de pulmdo ndo dissociados filtrados em filtro de
células com poros de 100 um para obtencdo das suspensdes celulares.
Aliguotas do homogenato pulmonar foram coletadas para posterior quantificacéo
das unidades formadoras de colonias (UFC). O homogenato celular foi
centrifugado e o pellet de células foi incubado em tampé&o de lise ACK (Thermo
Fisher Scientific, EUA) em temperatura ambiente por um minuto para depletar os
eritrocitos. Apés lise dos eritrocitos, as células foram ressuspensas em PBS com
10% de soro fetal bovino (SFB, Gibco) e centrifugadas a 1.200 rpm por 5
minutos. A viabilidade das células pulmonares foi determinada usando um
ensaio de exclusdo por incorporacédo de Trypan blue durante a contagem em

hemocitémetro.
3.6. Analise fenotipica das células infiltradas no pulméo

As células isoladas do pulméo foram plaquedas (1x10° células/poco) em placas
de 96 pocos de fundo redondo e marcadas com a sonda de viabilidade celular
Live and Dead (Thermo Fisher Scientific) por 15 minutos a 4°C. Em seguida, as

células pulmonares foram marcadas com anticorpos monoclonais conjugados a
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fluorocromos (tabela 1) (BD Biosciences) por 30 minutos a 4°C. Apds marcacao
as células foram fixadas com paraformaldeido 4% por 30 minutos a 4°C e
lavadas em tampao de citometria. A aquisicdo das células foi realizada em
citometro de fluxo LSRFortessa™ (BD Bioscences - EUA) e a analise dos dados
foi realizada no software FlowJo 10.6.4 (BD Biosciences). A estratégia para

andlise de células mielbides e linfocitos T é mostrada no Apéndice 2 A, B.

Molécula Clone |Fluorocromo
CD11b M1/70  |VS00
CD11c N418 |APC-Cy7
CD39 24DMS1 |PE-Cy7
CD4 RM4.5 |Alexa Fluor F700
CcD44 M7 APC-Cy7/APC
CD45iwv. 104 APC
CD45 Pam J0-F11  |FTCIAPC
CD64 X54-5/71|PE
CD66 FA/11  |Pacific Blue
CD69 H12F3 |PE-Cy7//PerCP
CD73 TY/23 |Pacific Blue
cD8 5367 |APC
CcD4 RM4-5 [FITC
Dump CcD8 5367 |(FTC
cD19 1D3 FITC
NE1.1 PK136 |FITC
FOXP3 FJK-16s |APC
l-Ab] 25917 |BV630
Live and Dead - PE-Texas Red
KLRG1 2F1 BYV711
Ly6C AL-21 |APC
Ly6G 1A8 PE-Cy7
P2X7 1F11 PE/BV7E6
PD-1 J43 Pacific Blue
Thet ebiodB10 |PerCP/BVT36

Tabela 1. Lista dos anticorpos utilizados
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3.7. Analise macroscopica e microscopica do pulmao

Os lobulos pulmonares coletados foram lavados com PBS estéril 1x e pesados
em balanca analitica. O lobo superior esquerdo do pulméo, o baco e o figado
foram mantidos em formalina tamponada a 10% por 48 horas. Apoés fixado, o
I6bulo superior esquerdo do pulmao foi fotografado e posteriormente incluido em
parafina juntamente com o0 baco e o figado. Cortes histologicos de
aproximadamente 4-5 uym foram corados usando o método de hematoxilina-
eosina (HE) para visualizar alteracdes teciduais e com o método de Ziehl
Neelsen (ZN) para detectar a presenca de bactérias acido-alcool resistentes. As
amostras foram examinadas com microscopio Axioplan (Carl Zeiss Inc.,
Alemanha) e as imagens foram capturadas por camera Coolpix P995 acoplada

ao dispositivo (Nikon).
3.8. Analise e contagem das UFC

As concentracfes bacterianas no homogenato do pulm&o dos camundongos
infectados foram determinadas pelo teste de UFC. As amostras passaram por
cinco diluicdes seriadas de 10 vezes e cada suspensao foi plagueada em agar
Middlebrook 7H10 (Difco, Detroit, Ml), suplementado com 0,5% de glicerol, 10%
de acido oleico — enriquecido com albumina-dextrose-catalase, OADC (BD,
Sparks, MD). As placas foram cultivadas em estufa a 37°C durante 21 dias e o

namero total de UFC foi determinado por contagem das colbnias.
3.9. Isolamento e cultura de MDMO

Os MDMOs murinos foram gerados através do isolamento de mondcitos
indiferenciados da medula 6ssea de ambos os fémures e tibias de camundongos
C57BL/6 e Entpdl”. A medula éssea foi coletada através de lavagem com
seringa e agulha de calibre 16 em DMEM/F-12 (Gibco) suplementado com 10%
de SFB inativado por calor (Gibco). As células foram dispersas com uma seringa
de 5 mL (BD Biosciences) que foi equipada com uma agulha de calibre 20. As
células dispersas foram semeadas em frascos de cultura (T-175) contendo 20
mL de DMEM/F-12 suplementado com 10% de SFB, 25 ug/mL de gentamicina
(Gibco) e 20% de meio condicionado de L929. As células foram incubadas a
37°C com 5% de CO2. No terceiro dia de cultura, foram adicionados 20 mL de

meio fresco contendo meio condicionado com L929 sem gentamicina. No dia 7
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de cultura, os macréfagos foram coletados da garrafa de cultura pela adicdo de

PBS gelado e incubacao em geladeira a 4°C.
3.10. Infeccéo in vitro dos MDMO

Os MDMO foram plaqueados em placas de cultura de 96 pog¢os na concentracao
de 1x10° células por poco. Aliquotas de micobactérias Mth Beijing M299 foram
descongeladas e cultivadas como descrito NO ITEM 3.2. As suspensdes
micobacterianas foram centrifugadas a 4.000 rpm por 10 min e ressuspensas em
meio PBS 1X. Em seguida, a suspensao micobacteriana foi sonicada por 30s e
homogeneizada para dispersar os grumos. Apés dispersdao dos grumos, as
micobactérias foram marcadas com CFSE por 20 minutos em estufa a 37°C e
em seguida lavadas 3x com PBS 1x com 10% de SFB. Os MDMOs foram
expostos a infec¢do por Mtb Beijing M299 fluorescente com 1:10 MOI durante 3
horas de incubacdo. Apds 3 horas de incubacdo com as micobactérias, as
células foram lavadas trés vezes com PBS 1x em temperatura ambiente e depois
mantidas em cultura em meio DMEM-F12 fresco, suplementado com 3% de SFB
durante 24 horas. Apos 24h de cultura, os sobrenadantes foram coletados para
quantificacdo das UFC extracelulares e as células foram marcadas com Live and
Dead por 20 minutos a 4°C para avaliacdo da viabilidade celular por citometria

de fluxo.

3.11. Anéalise estatistica

As andlises estatisticas foram realizadas no software GraphPad Prism 7
(GraphPad, EUA), e as diferencas entre os grupos foram consideradas
significativas quando p<0,05 (5%). ANOVA e pds-teste de Bonferroni analisaram
os efeitos simultdneos de dois fatores. Para avaliar os efeitos de um Unico

parametro foram utilizados One-way ANOVA e teste T com poOs-teste de Tukey.
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4.1. CD39 e P2X7 sdao mais expressos por células imunes comparado
a células estruturais, mas apenas CD39 e CD73 sédo reguladas
positivamente em células imunes durante a fase aguda de

infeccéo por Mtb;

Primeiro decidimos avaliar a expressdo de CD39, CD73 e P2X7 em células
imunes e estruturais do pulm&o de camundongos infectados e né&o infectados
por Mtb. Para isso, os pulmdes de camundongos C57BL/6 foram coletados apés
28 dias de infeccdo com 200 bacilos de Mtb Beijing M299. A distribuicdo das
proporcdes de células CD45* e CD45 no pulmao dos camundongos infectados
e nao infectados por Mtb foi avaliada por citometria de fluxo através de analise
espacial por tSNE (t-distributed stochastic neighbor embedding). Uma maior
frequéncia de células CD45* foi observada no pulméao dos camundongos apos
28 dias de infeccéo por Mtb em comparacdo com camundongos nao infectados.
Nos heatmaps adjacentes é possivel observar que a maior intensidade de
expressdo de CD39, CD73 e P2X7 se colocaliza com a populacédo de células
CD45* viaveis do pulmao (Figura 8A). Corroborando com isso, foi observado
que células CD45* representam a maior de frequéncia de células do pulméao dos

animais infectados que sao positivas para CD39, CD73 e P2X7 (Figura 8B).

A quantificacdo da média geométrica da intensidade de fluorescencia (GMFI)
revelou que células CD45" infiltradas no pulmao possuem maior expressao de
CD39 e P2X7 do que células CD45-, tanto nos animais ndo infectados, quanto
nos animais infectados. Entretanto, nenhuma diferenca foi observada na
expressdo de CD73 entre as populacdes de células CD45* e CD45 em animais
nao infectados e infectados. Uma maior expressao de CD39 e CD73 também foi
observada em células CD45* do pulmdo de camundongos infectados,
comparado com células CD45* de camundongos nao infectados. Porém,
nenhuma alteragcdo na expressdo de CD39 e CD73 em células CD45 de
camundongos nao infectados e infectados foi observada. Também nédo foram
observadas alteracdes na expressdo de P2X7 em células CD45" ou CD45
comparando camundongos nao infectados e infectados (Figura 8C). Esses
dados sugerem que as moléculas purinérgicas CD39 e CD73 sao upreguladas
em ceélulas imunes do pulméo durante a infeccdo por Mtb em resposta ao

aumento da inflamagéo local. Além disso, uma maior expressdo de CD39
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combinada com a expressao de P2X7 em células imunes pode indicar um papel
importante da CD39 para a regulagao negativa das fungdes celulares mediadas

pela sinalizacdo de ATP extracelular no pulméo.
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Figura 8. Avaliacdo da expressdo das moléculas purinérgicas CD39, CD73 e P2X7 no
pulmédo de camundongos infectados. Distribuicdo das subpopulacdes de células CD45* e
CD45" no pulméo dos camundongos avaliadas através de analise de distribuicdo espacial em
tSNE, com sobreposicao da andlise convencional de citometria de fluxo e mapas de calor (A).
Camundongos C57BL/6 foram infectados com 200 bacilos de Mtb Beijing M299. Graficos de
distribuicdo mostrando as porcentagens de células CD45* e CD45- que expressam CD39, CD73
e P2X7 (B). Graficos de barra mostrando a média geométrica da intensidade de fluorescéncia de
CD39, CD73 e P2X7 em células CD45* e CD45  do pulm&o de camundongos infectados e ndo
infectados (C). Os dados séo representativos de dois experimentos independentes com quatro a
cinco camundongos em cada grupo.
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4.2. A expressao de CD39 é regulada positivamente no 28° dia apos
infeccdo por Mtb altamente virulenta, sendo macrofagos as
células que mais expressam CD39 no pulmé&o neste periodo de

infeccéao

Nos resultados anteriores, observamos que a CD39 além de ser mais expressa
em células imunes do que em células estruturais, também possui sua expressao
regulada positivamente durante a infecgdo por Mtb. Desta forma, decidimos
avaliar a cinética de expressao de CD39 nas principais subpopulacdes de células
CD45"infiltrantes do pulmé&o durante o curso de desenvolvimento da tuberculose
pulmonar. Para isso, os pulmdes de camundongos C57BL/6 foram coletados
apoés 0, 14, 21 e 28 dias de infeccdo com 200 bacilos de Mtb Beijing M299.
Células mieloides (CD4,CD8,CD19) expressam constitutivamente CD39,
entretanto uma maior expressao desta molécula foi observada a partir do dia 21
de infec¢do, com uma expressdo ainda maior 28 dias apos a infec¢do. J& nas
células T CD4* e CD8* foi observado o aumento da expressao de CD39 em
células apos 28 dias de infeccéo (Figura 9A). Esses dados reforcam a hipotese
de que a regulacéo positiva de CD39 em células imunes pode estar relacionada

com o aumento da resposta inflamatoria no pulméo durante a infec¢éo por Mtb.

Comparando o GMIF de CD39 entre as trés subpopulacdes foi observado que
as células mielbides possuem maior expressao de CD39 no pulmao (Figura 9A).
Apods observar isso, decidimos avaliar a expressado de CD39 nas subpopulacdes
de células mielbéides no pulmao dos camundongos apdés 28 dias de infeccdo. A
estratégia de analise das subpopulacfes de células mielbides esta representada
no apéndice 2. No mapa de calor da distribuicdo espacial é possivel observar
gue a maior expressao de CD39 se colocaliza com as populacées de macrdégos
(MF). Além disso, é possivel observar que as células que mais expressam CD39
nessa fase de infeccdo também expressam altos niveis de P2X7 (Figura 9B).
Esses dados sugerem um papel importante da atividade de ATPase da CD39
para a regulacdo de macréfagos no pulméo durante a fase aguda de infeccéo
por Mtb.
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Figura 9. Andlise da expressdo de CD39 em células imunes do pulmao durante o curso de

infeccdo por Mtb altamente virulenta. Camundongos C57BL/6 foram infectados com 200

bacilos de Mtb Beijing M299. Histogramas e graficos de barras mostram a expresséo de CD39,

calculada através da média geométrica da intensidade de fluorescéncia (GMFI) em células
Miel6ides (CD4-, CD8, CD19, NK1.1), células T CD4* e CD8" isoladas do pulmao de

camundongos C57BL/6 apos 0, 14, 21 e 28 dias de infecgdo com 200 bacilos de Mtb Beijing
M299 (A). Distribuicdo das subpopulacdes de células mieldides no pulméo avaliadas através de

andlise de distribuicdo espacial em tSNE, com sobreposicdo da analise convencional de
citometria de fluxo e mapa de calor da expressdo de CD39 e P2X7 (B). Os dados séo
representativos de dois experimentos independentes com quatro a cinco camundongos em cada

grupo.
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4.3. Macrofagos derivados de medula sdo mais suscetiveis a morte

celular e liberam mais Mtb na auséncia de expressao de CD39

Macrofagos sdo ceélulas chave no controle da infecgdo por Mtb. Desta forma,
decidimos avaliar como a expressao de CD39 afeta a resposta de macrofagos a
infecgdo por Mth. Para isso, MDMOs de camundongos C57BL/6 e Etpd1--foram
infectados com MOI:10 de Mtb Beijing M299/CFSE-FITC* e mantidos em cultura
por 24h. Na avaliagdo de viabilidade por citometria de fluxo, foi observada uma
maior frequéncia de MDMOs C57BL/6 infectados por Mtb fluorescente que
permaneceram viaveis, em comparacdo com MDMOs de camundongos Etpd1+
. Em contraste, foi observada uma maior freqiéncia de macro6fagos mortos nas
culturas de MDMOs Etpdl1” (Figuras 10A, 10B e 10C). Somado a isso, foi
observado uma maior contagem de UFC no sobrenadante da cultura de MDMOs
Etpd1l’- em comparagdo com MDMOs C57BL/6 (Figura 10D). Esses dados
sugerem que os macrofagos deficientes para CD39 sdo mais suscetiveis a morte

celular e liberacao de micobactéria para o meio extracelular.
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Figura 10. Avaliacdo da viabilidade de MDMOs ap0s infecgdo com Mtb altamente virulenta.
MDMOs isolados de camundongos C57BL/6 e Entpd1’ foram infectados com MOI:10 de Mtb
Beijing M299 marcada com CFSE. Contour-plots mostram populacdes de macréfagos derivados
de medula 6ssea (MDMOSs) infectados ou ndo com micobactéria fluorescente e marcados com
Live and Dead (A). Frequéncia de células infectadas e negativas para marcador de viabilidade
Live and Dead (B). Frequéncia de células infectadas e positivas para marcador de viabilidade
Live and Dead (C). Contagem das unidades formadoras de col6nia nos sobrenadantes das
culturas de MDMOs (D). Os dados séo representativos de dois experimentos independentes com
guatro a cinco camundongos em cada grupo.
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4.4. Deficiéncia de CD39 induz tuberculose letal em camundongos

infectados

Para avaliar como a deficiéncia de CD39 afeta o desenvolvimento da tuberculose
pulmonar in vivo, camundongos C57BL/6 e Entpd1” foram infectados com 200
bacilos da cepa altamente virulenta Mtb Beijing M299. O peso corporal dos
camundongos foi avaliado a cada 2 dias e os camundongos foram eutanasiados
guando foram observados sinais de caquexia com perda de peso acentuada
(>20% do peso corporal inicial). Camundongos Entpd”’ comecaram a perder
peso a partir de 14 dias apos infeccdo e atingiram ponto humanitario para
eutanasia entre 18 e 27 dias p.i.. Em contraste 87,5% dos camundongos
C57BL/6 sobreviveram até 42 dias p.i. quando foram eutanasiados no fim do
experimento (Figuras 11A e 11B). Os pesos dos pulmdes de camundongos
Entpd1-/- foram notavelmente maiores, a medida que atingiram o estado de
caquexia e foram eutanasiados (Figura 11C). Comparando o tamanho do
pulméo de camundongos de ambos 0s grupos que atingiram ponto humanitario
para eutanasia no dia 24 p.i. € possivel observar que o pulméo do camundongo
Entpd1- é maior e possui um maior nimero de nédulos brancos do que o pulméo
do camundongo C57BL/6 eutanasiado no mesmo dia (Figura 11D). A anélise
histopatologica também mostra extensas lesGes necrdticas (asteristicos), areas
de alveolite (setas amarelas) e edema (setas pretas) no pulmdo de
camundongos Entpdl’. Em contraste, em camundongos C57BL/6 foram
observados apenas pontos iniciais de necrose circundados por areas de alveolite
(setas azuis) (Figura 11E). Os resultados mostram que a deficiencia de CD39
resulta no aumento de lesdes necroéticas no pulméo de camundongos infectados
e reducao da sobrevida dos animais infectados. Isso sugere que a sobrevivéncia
de camundongos infectados por Mtb altamente virulenta requer expressao de
CD39 no pulméao durante a fase aguda de infec¢ao.
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Figura 11. Avaliacdo dos efeitos da deficiéncia de CD39 no aumento da morbidade dos
camundongos infectados. Camundongos C57BL/6 e Entpd1- foram infectados com baixa dose
(100) bacilos de Mtb Beijing M299. Os camundongos foram sacrificados quando foram
observados sinais de caquexia com perda de peso acentuada (> 20% do peso corporal inicial) e
os pulmdes foram colhidos. O peso corporal dos camundongos (A). Curvas de morbidade dos
camundongos (B). Peso do pulméo (C) curva de camundongos sacrificados. (D) Comparacéo da
macropatologia pulmonar (E). Imagens representativas de se¢bes de pulm&o coradas com
hematoxilina-eosina (as barras de escala correspondem a 1000 pm) sdo mostradas. Asteriscos
(*) indicam areas de necrose e hashtags (#) indicam areas de alveolite, seta amarela indica area
de edema pulmonar. Diferencas significativas foram observadas entre os grupos indicados com
***p < 0,001. Os dados representam a juncao de dados de dois experimentos independentes.
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4.5. Deficiéncia de CD39 culmina em maior perda de peso corpéreo,
maior carga bacteriana, lesGes necréticas e lesdes

extrapulmonares mesmo em baixas doses de infec¢céo por Mtb

Para avaliar se o fendtipo observado se manteria na doenca moderada,
camundongos C57BL/6 e Entpd1l” foram infectados com 100 bacilos da cepa
altamente virulenta Mtb Beijing M299. Mesmo com uma menor dose de infeccéo,
camundongos Entpd1”foram mais susceptiveis a perda de peso corporal do que
camundongos C57BL/6 (Figura 12A). Também foi observada uma maior carga
bacteriana no pulméao de camundongos Entpd1-- ap6s 28 de infec¢do, com dois
logs a mais de micobactérias do que o observado em camundongos C57BL/6
(Figura 12B). N&o foram observadas diferengas no peso e tamanho dos pulmdes
entre os dois grupos com esta dose de infec¢do (Figura 12C). Entretanto, as
histopalogias do pulmdo de camundongos Entpdl’ e C57BL/6 sé&o
completamente diferentes. Os pulmdes de camundongos C57BL/6 possuem
extenso infiltrado inflamatério cobrindo um terco do I6bulo superior esquerdo,
com auséncia de areas visiveis de necrose. Em contraste, o ilfiltrado inflamatorio
nos pulmdes de camundongos Entpd1” é acompanhado por extensas areas de
necrose (Figura 12D). Ao avaliar a colocalizagdo das micobactérias com o
infiltrado celular € possivel observar um maior numero de bacilos alcool-4cido
resistentes extracelulares colocalizados com as areas de necrose e alveolite em
camundongos Entpd1--. Enquanto em camundongos C57BL/6 foram observadas
estruturas parecidas com granulomas solidos com bacilos predominantemente
intracelulares (Figura 12E). Avaliando a histopatologia do baco é possivel
observar uma reducdo das areas de polpa branca e remodelamento tecidual.
Somado a isso, na histopatologia do figado foi observado um maior nimero de
areas de infiltrado inflamatério, indicando uma maior susceptibilidade dos
camundongos Entpdl’ ao desenvolvimento de inflamacédo extrapulmonar
associada a infeccdo por Mtb (Figura 12F). Esses dados indicam que
camundongos Entpdl”/- sdo mais susceptiveis ao desenvolvimento de lesdes
necréticas no pulmao e inflamagéo extrapulmonar mesmo em doses mais baixas

de infecgao.
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Figura 12. Avaliacdo dos efeitos da deficiéncia de CD39 em baixa dose de infec¢do por
Mtb altamente virulenta. Camundongos C57BL/6 e Entpd1” foram infectados com baixa dose
(100) bacilos de Mth Beijing M299. Peso corporeo (C) e contagem das unidades formadoras de
colénias no pulmdo de camundongos C57BL/6 e Entpdl” (D). Imagens representativas de
secOes de pulm@o coradas com hematoxilina-eosina e Ziehl Neelsen (as barras de escala
correspondem a 1000 um) sdo mostradas. Asteriscos (*) indicam areas de necrose e hashtags
(#) indicam areas de alveolite. (E) Imagens representativas de laminas do bago coradas com o
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meétodo de hematoxilina-eosina (barras de escala correspondem a 200 um) sdo mostrados. As
setas brancas indicam granulomas nos foliculos da polpa branca e as setas amarelas indicam
granulomas e areas de fibrose. Imagens representativas de laminas de figado coradas com
método de hematoxilina-eosina (escala barras correspondem a 1000 um) sdo mostradas. As
setas pretas indicam inflamacéo granulomatosa (F). Os dados representam a juncao de dados
de dois experimentos independentes.

4.6. Deficiéncia de CD39 induz reducdo dos numeros de macréfagos
e células dendriticas, aumento dos numeros de neutrofilos e
monocitos e aumento dos niveis de citocinas e quimiocinas

inflamatdrias no pulmao de camundongos infectados;

Para avaliar como a CD39 influencia a resposta de células mieléides no pulméo
durante a infeccdo por Mth, camundongos C57BL/6 e Entpd1” foram infectados
com 100 bacilos de Mtb Beijing M299. Apds 28 dias de infeccdo os pulmdes
foram coletados para andlise do infiltrado celular inflamatorio por citometria de
fluxo. Para avaliar as alteracbes das proporcbes de células mieldides
encontradas nos pulmdes dos camundongos infectados de ambos os grupos, foi
realizada uma analise de distribuicdo espacial por tSNE. Uma menor frequéncia
das populacdes de macrofagos e células dendriticas foi observada no pulméo
dos camundongos Etpd1”-. Em contraste uma maior frequéncia de neutréfilos e
mondcitos foi observada no pulméo destes camundongos, quando comparado a
camundongos C57BL/6 (Figura 13A). Corroborando com esses dados, também
foi observado um menor nimero de macrofagos e células dendriticas e um maior
numero de neutréfilos e monécitos no pulméo de camundongos Etpd1”, quando
comparados aos camundongos C57BL/6 infectados (Figura 13B). Esses
resultados ressaltam o papel protetor da expressao de CD39 em macro6fagos,

previnindo a morte dessas células durante a infeccédo por Mtb no pulméo.

Avaliando os niveis de citocinas no homogenato pulmonar, foi observado um
aumento da producgdo de citocinas e quimiocinas inflamatérias no pulméo de
camundongos Etpd1--. Dentre as citocinas avaliadas, foi observado o aumento
dos niveis de citocinas IFN-y, IL-17, TNF-q, IL-6, IL-1a e IL-183 liberadas durante
0 processo de morte celular necrética. Também foram observados niveis mais
altos das quimiocinas CXCL1, CCL2, CCL3, CCL4 e do fator de crescimento M-
CSF no pulméao de camundongos Etpd1”-. Em contraste, niveis mais baixos de
CCL5 e VEGF foram observados no homogenato pulmonar de camundongos

Etpdl”- (Figura 13C). Esse conjunto de resultados indica um importante papel
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da expressdo de CD39 para regulacdo negativa da inflamagcdo mediada por

citocinas, que contribui para agravamento das les@es inflamatérias no pulmao.
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Figura 13. Avaliagdo do efeito da deficiéncia de CD39 na resposta de células mieldides e
producdo de citocinas no pulmao de camundongos infectados. Camundongos C57BL/6 e
Entpd1” foram infectados com baixa dose (100) bacilos de Mtb Beijing M299. Distribuicdo da
frequéncia das subpopulacfes de células mieldides (CD4-, CD8, CD19, NK1.1) no pulmao
avaliadas através de analise de distribuicdo espacial em tSNE, com sobreposi¢cdo da andlise
convencional de citometria de fluxo (A) Numero total de células Ly6G*Ly6C"*“CD11c, Ly6G-
Ly6ChiehCD11c,, Ly6CLy6G'CD11cCD64* e Ly6CLy6G CD11c* por pulmdo (B). Niveis de
citocinas detectadas no homogenato pulmonar de camundongos C57BL/6 e Entpd1 infectados
em que foram observadas diferengas estatisticas (p<0,001) entre os grupos (D). Os dados
representam a juncao de dados de dois experimentos independentes.
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4.7. Deficiéncia de CD39 resulta em menor numero de células T CD4*
naives no pulméo e induz aumento da expressdo de CD69 em

células ativadas

Ao avaliar os numeros totais de linfécitos T no pulmdo de camundongos
infectados, foi observado um menor nimero de linfocitos T CD4* no pulméao de
camundongos Entpdl” em relacdo aos camundongos C57BL/6 infectados.
Entretanto, nenhuma diferenga no nimero de células T CD8* foi observado
(Figura 14A). Desta forma decidimos avaliar quais alteracées nas proporcdes
das subpopulagdes de células T CD4* podem ter resultado em um menor nimero
destas células no pulmdo de camundongos Entpdl” infectados. Para isso
camundongos C57BL/6 e Entpdl”- foram infectados com 100 bacilos de Mtb
Beijing M299. Previamente a infeccdo, os camundongos receberam tratamento
com anticorpo CD45 por via intravenosa para excluir as células T CD4* que néo
estdo localizadas no parénquima pulmonar (Figura 14B). Um menor numero de
células T CD4* naives (CD45CD44) foi observado no parénquima pulmonar de
camundongos Entpdl”- infectados, comparados a camundongos C57BL/6
infectados (Figura 14C). Avaliando as células T CD4* parenquimais
ativadas,ndo foram observadas diferencas nos numeros comparando
camundongos Entpdl infectados. Entretanto foi observado um aumento na
expressao de CD69 em células T CD4* parenquimais ativadas em camundongos
Entpd1” infectados (Figura 14D). Avaliando o perfil das células parenquimais
através da expressdo de FOXP3 e Tbet, ndo foram observadas diferencas nos
nameros de células Tregs ou de células Thl no pulmdo dos camundongos
infectados (Figura 14E). Entretanto, foi obervado que as células FOXP3* e Thet*
do parenquima pulmonar de camundongos Entpd1-- infectados, possuem menor
capacidade profilerativa, em comparacao a células de camundongos C57BL/6
infectados. Esses dados sugerem que a CD39 possivelmente desempenha um
importante papel regulador da funcéo de células Tregs e células Thl durante a

infeccéo por Mtb.
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A tuberculose severa leva a uma condicao altamente inflamatéria que induz um
espectro diversificado de les6es pulmonares, como a pneumonia necrética, que
contribui para a progressdo e transmissdo da doenca (DHEDA; BOOTH,;
HUGGETT; JOHNSON et al., 2005; DORHOI; KAUFMANN, 2016). A avaliacao
dos mecanismos associados ao desenvolvimento de lesdes necréticas durante
a TB depende de modelos animais que reproduzam diferentes tipos de patologia
necrética. Estudos prévios do nosso grupo de pesquisa e de colaboradores
mostram que a infeccdo com cepas hipervirulentas de micobactérias, incluindo
cepas de Mbv e Mtb desencadeia lesbes pulmonares com uma evolucao
semelhante ao observado na tuberculose pos-priméaria em humanos (ALMEIDA;
VENTURA; AMARAL; RIBEIRO et al.,, 2017; AMARAL; RIBEIRO; LANES;
ALMEIDA et al., 2014). O modelo murino de tuberculose grave, possibilitou
Nosso grupo relatar alguns dos mecanismos que amplificam a resposta imune
disfuncional e exacerbada que agrava as lesdes pulmonares e contribui para o
agravamento da doenca. No entanto, 0s mecanismos subjacentes a regulacdo
da inflamacdo exacerbada e lesdo tecidual mediados pela sinalizacao
purinérgica durante a TB nao foram completamente compreendidos. Ajudando a
compreender melhor os mecanismos envolvidos na regulacdo desses
processos, nossos dados fornecem evidéncias do papel protetor exercido pela
ectonucleoidase CD39 durante a infeccdo por Mtb altamente virulenta em

camundongos.

A CD39 é constitutivamente expressa por uma grande variedade de células
imunes e células estruturais (HEINE; BRAUN; SEVIGNY; ROBSON et al., 2001).
Nés observamos que durante a fase aguda de infeccdo por Mth, as células
imunes (CD45%) possuem uma maior frequéncia de células positivas para as
moléculas purinérgicas CD39, CD73 e P2X7 no pulmdo em comparacao a
células estruturais (CD457). Ha também uma diferenca na intensidade de
expressdo das moléculas purinérgicas entre as populacdes de células CD45* e
CD45". Enquanto células CD45* expressam mais CD39 e P2X7 do que células
estruturais, ndo ha diferenca na expressdo de CD73 entre essas duas
populacdes. Uma maior proporcdo de células imunes em relagcdo a células
estruturais no pulméao de camundongos dos infectados, somado as diferencas

observadas na intensidade de expressao na fase aguda de infecg&o indicam que
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as ceélulas imunes ditam o reconhecimento e sinalizacdo por nucleosideos no

pulméo de camudongos infectados.

A expressédo e funcdo da CD39 em células imunes é induzida em resposta a
condicdes de hipoxia (ELTZSCHIG; IBLA; FURUTA; LEONARD et al., 2003) e
por mediadores inflamatérios, como TNF-a e IFNs, entre outros (CHALMIN;
MIGNOT; BRUCHARD; CHEVRIAUX et al., 2012). N6s observamos que durante
a fase aguda da doenca, a expressao de CD39 foi regulada positivamente em
células mieldides e células T infiltrados no pulméo. A fase aguda de infeccao (28
dias p.i.) pela cepa altamente virulenta Mtb Beijing M299 é marcada inflamacéo
pulmonar exacerbada impulsionada pela imigracdo aumentada de leucdcitos
mieloides e producdo de citocinas inflamatérias (ALMEIDA; VENTURA;
AMARAL; RIBEIRO et al., 2017). A regulacao positiva da expressédo de CD39 28
dias p.i. pode ter sido induzida pelo microambiente altamente inflamatério no
pulmao gerado em resposta ao Mtb durante essa fase de infeccdo. N6s também
observamos que dentre as células imunes no pulméo, os macrofagos sdo as
células que mais expressam CD39, associada a uma alta coexpressdo com
P2X7. E amplamente conhecido que a CD39 limita negativamente as ativacdo e
morte de macrofagos mediadas por P2X7 (LEVESQUE; KUKULSKI; ENJYQJI;
ROBSON et al., 2010). Estudos anteriores demonstraram que os macréfagos
Entpd1-- sdo mais suscetiveis a morte celular guando expostos a concentracées
milimolares de ATP (2mM) e que a producao de IL-1B e IL-18 aumenta nessas
células apds o priming por TLR2 ou TLR4 (LEVESQUE; KUKULSKI; ENJYQJI;
ROBSON et al., 2010). Em experimentos com MDMO infectados com Mtbh M299
altamente virulenta observamos que os MDMO derivados de camundongos
Etpd1’ sdo mais susceptiveis a morte celular induzida pela infeccdo por Mtb e
liberac@o de bacilos extracelulares. O eATP liberado pelas células danificadas
infectadas pode ativar P2X7R na superficies de células vizinhas, potencializando
a morte necrética de macrofagos infectados e a disseminagdo de bacilos
(AMARAL; RIBEIRO; LANES; ALMEIDA et al., 2014). Esses dados sugerem que
a CD39 pode desempenhar um papel protetor tanto autdcrino quanto paracrino

para macrofagos do pulmé&o que também expressam altos niveis P2X7.

Ao infectar camundongos Etpd1’- com a Mtb altamente virulenta, foi observado

gue a deficiéncia de CD39 induziu tuberculose letal em 100% dos camundongos
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infectados antes de 28 dias de infeccdo. Em contraste a maior porcentagem dos
camundongos C57BL/6 sobreviveram até o dia 42 apés a infec¢do, quando foi
finalizado o experimento. As extensas lesbes necroéticas, combinadas com
pneumonia intensa e edema pulmonar observadas nos pulmdes dos
camundongos, indicam que a morbidade dos camundongos Etpdl-- pode estar
relacionada com a perda da fung&o pulmonar nestes camundongos. ISso sugere
gue a CD39 desempenha um papel central no controle da progressao da doenca,

aumentando a sobrevivéncia dos camundongos.

Mesmo em doses mais baixas de infeccdo, camundongos Etpdl infectados se
demonstraram mais susceptiveis a perda de peso. Altos niveis de TNF-a estao
diretamente relacionadas a indugéo de caquexia em camundongos (CERAMI,
BEUTLER, 1988). A maior perda de peso pode estar associada aos maiores
niveis de TNF-a observados no homogenato pulmonar de camundongos Entpd1-
I, O desenvolvimento da necrose no pulmao coincidiu com o aumento da
migragcdo de neutrdfilos, mondcitos e maior carga bacteriana no pulméo de
camundongos Entpdl”. Somado a isso também foram observados menores
nameros de macrofagos e células dendriticas no pulméo dos camundongos
Entpdl”-. Respostas eficientes a infeccdo intracelular por Mtb dependem
diretamente da viabilidade celular dos fagdcitos. O menor nimero de macréfagos
e células dendriticas no pulmao de camundongos Entpd1”, pode ser resultado

de uma maior susceptibilidade a morte celular.

O acumulo de eATP em decorréncia da morte por necrose desencadeia um ciclo
vicioso que exacerba o recrutamento células imunes permissivas ao Mtb, o que
contribui para o aumento da carga bacteriana nos pulmdes e para o agravamento
das lesdes necroticas (BARBOSA BOMFIM; PINHEIRO AMARAL; SANTIAGO-
CARVALHO; ALMEIDA SANTOS et al., 2021). Em camundongos Entpdl-
também foi observado um aumento de lesbes extrapulmonares induzidas pela
infecc@o por Mtb. A morte de macréfagos € um dos fatores associados a maior
disseminagédo das lesdes necrdéticas no pulméo durante a TB, bem como sua
disseminagdo para outros 6rgdos (DIVANGAHI; BEHAR; REMOLD, 2013;
DORHOI; KAUFMANN, 2016). Isso, indica que o aumento das lesdes

extrapulmonares observadas no figado e remodelamento do baco também
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podem estar relacionadas com uma maior susceptibilidade de células Entpd1--

a morte.

Em camundongos, o aumento massivo da migracdo neutrdfilos é outro fator
apontado como causa da exacerbacao da inflamacao pulmonar e progresséo de
das lesbes necréticas no pulmao (ALMEIDA; VENTURA; AMARAL; RIBEIRO et
al., 2017). Além disso, também foi demonstrado que a migracdo de neutrdfilos
imaturos é dependente da ativagdo de P2X7 nestas células (BOMFIM, C. C. B;
AMARAL, E. P.; CASSADO, A. D. A.; SALLES, E. et al., 2017). A expressé&o de
CD39 por neutrofilos regula negativamente a quimiotaxia e adeséo ao endotélio
vascular (CORRIDEN; CHEN; INOUE; BELDI et al.,, 2008; ELTZSCHIG;
WEISSMULLER; MAGER; ECKLE, 2006; REUTERSHAN; VOLLMER; STARK;
WAGNER et al.,, 2009). Um maior ndmero de neutrofilos no pulméo de
camundongos Entpdl”/- pode estar associado com um maior aumento da

sinalizagdo por eATP, que modula a ativagédo e migragéo destas células.

Niveis aumentados de IL-1B, IL-1a, IL-6, TNF-a, combinado com aumento dos
niveis de quimiocinas como CXCL1, CCL2, CCL3 e CCL4, indicam um aumento
da atividade inflamatdria de células mieloides no pulm&do de camundongos
Entpd1”-. Nas células apresentadoras de antigenos, a expressédo de CD39 pode
regular negativamente a ativacao dessas células por meio da clivagem de eATP,
controlando assim a ativacdo do inflamassoma NLRP3, importante para a
ativacdo e funcéo dessas células (LEVESQUE; KUKULSKI; ENJYOJI; ROBSON
et al., 2010). O acumulo de eATP devido a morte celular e necrose tecidual,
podem levar a uma estimulacdo massiva da ativacao de P2X7, gerando aumento
no influxo ca2* nos fagdcitos e, consequentemente, regulando positivamente a
ativacao destas células e induzindo a producao de citocinas pro-inflamatorias (DI
VIRGILIO; DAL BEN; SARTI; GIULIANI et al., 2017; SHIEH; HEINRICH;
SERCHOV; VAN CALKER et al., 2014). Uma possivel maior ativagdo de P2X7
e aumento no influxo de ca2* pode ter potencializado ativagédo do inflamassoma
NLRP3, culminando no aumento dos niveis das formas maduras de IL-1(3
observados em camundongos Entpd1--infectados, o que pode ter potencializado
a resposta inflamatoria mediada por citocinas a infec¢cdo por Mtb (AMARAL;
RIBEIRO; LANES; ALMEIDA et al., 2014). A sinalizacdo por P2X7 em células

mieldides também pode induzir maior produgédo das quimiocinas CCL2, CCL3,
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bem como de citocinas pro-inflamatorias como TNF-a e IL-6, que promovem o
recrutamento de leucdcitos para sitios inflamados (DI VIRGILIO; DAL BEN;
SARTI; GIULIANI et al., 2017; SHIEH; HEINRICH; SERCHOV; VAN CALKER et
al., 2014). Apensar de possuir um papel protetor na potencializacao da atividade
microbicida de macrofagos, a producao excessiva de TNF-a pode resultar no
desenvolvimento de imunopatologias que danificam os tecidos (DORHOI;
KAUFMANN, 2014).0 aumento da inflamacdo mediada por citocinas e da
migracdo de células mieldides para o pulm&o também podem ser resultado da
auséncia dos efeitos inibitérios da ADO. Uma menor sinalizacdo por ADO no
contexto da infeccéo pela cepa altamente viulenta de Mtb pode contribuir para
prolongacgao da resposta imune exacerbada que resulta em dano tecidual.

A sinalizacdo por adenosina em receptores do tipo P1 nas células T efetoras €
parcialmente responsavel pelas atividades imunossupressoras e anti-
inflamatorias das células Treg, que expressam constitutivamente CD39 e CD73
na superficie (BORSELLINO; KLEINEWIETFELD; DI MITRI; STERNJAK et al.,
2007). A adenosina inibe a producao de citocinas efetoras pelas células Thl, Th2
e Th17 (CSOKA; SELMECZY; KOSCSO; NEMETH et al., 2012). As células Th17
também expressam ecto-nucleotidases e suprimem a resposta das células Thl
através da geracdo de adenosina e sinalizacdo pelo receptor A2A (CHALMIN;
MIGNOT; BRUCHARD; CHEVRIAUX et al., 2012), demonstrando que outros
tipos celulares além das células Treg regulam a ativacao das células Thl via
geracdo de adenosina. Apesar de ndo haver diferencas nos numeros de células
T CD4* experimentadas (CD4*CD44%) no parénquima pulmonar de
camundongos Entpdl” infectados, observamos que as células experimentadas
destes camundongos expressam mais CD69, em comparacdo com células
experimentadas de camundongos C57BL/6 infectados. Nao foram observadas
diferencas nos numeros de células Tbet* no pulmdo dos camundongos
infectados. Entretanto, maior expressao de CD69 somada a maiores niveis de
INF-y e IL-17 indicam que as células parenquimais T CD4* no pulméo de
camundongos Entpd1” podem estar mais ativadas. A maior ativacédo das células
T CD4* parenquimais pode estar relacionada tanto com o aumento da
sinalizacdo por eATP e menor sinalizacdo por ADO, quanto pela maior carga
bacteriana no pulmdo de camundongos Entpdl’. N&o foram observadas
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diferencas nos numeros de células Treg no pulméao de camundongos infectados.
Entretanto, as células FOXP3* e células Thet* de camundongos Entpdl-”
infectados possuem uma menor capacidade proliferativa em comparagdo com
células de camundongos C57BL/6. A menor capacidade proliferativa de células
Treg e Thl no parénquima pulmonar de camundongos Entpdl” infectados,
sugere que a CD39 desempenha um importante papel na regulacdo metabdlica
de células T CD4 durante a infeccdo por Mtb. Entretanto, estudos mais
aprofundados precisam ser realizados para que possamos entender melhor o
papel da expressdo de CD39 especificamente nas células T CD4* efetoras e

regulatorias durante a infecgédo por Mtb.

Menores niveis de CCL5 foram observados no pulméo de camundongos Entpd1-
I~infectados. CCL5 é um importante quimioatrativo que participa da sinalizacdo
para ativacdo e recrutamento de leucocitos (BUATOIS; FAGETE;
MAGISTRELLI; CHATEL et al., 2010; LAZENNEC; RICHMOND, 2010). A
expressdo de CCL5 é induzida por IFN-y, TNFa ou IL-1 em células T,
fibroblastos, macrofagos, células epiteliais e células endoteliais (MARQUES;
GUABIRABA; RUSSO; TEIXEIRA, 2013). Menores niveis de CCL5 pode estar
relacionado com um menor nimero de macréfagos, ou com disseminacdo do
dano tecidual que pode afetar a viabilidade e fungcdo de células epiteliais e
endoteliais do pulméo de camundongos Entpd1-infectados. Entretanto, como a
deficiéncia de CD39 pode impactar diretamente nos niveis de CCL5, precisa ser
melhor estudado. Menores niveis de VEGF também foram observados no
pulmdo de camundongos Entpdl” infectados. O VEGF é, um componente
importante do reparo tecidual e é critico para a resolucdo da lesdo. Os
macrofagos e células endoteliais sédo produtores primarios de VEGF durante a
cicatrizacéo de feridas, bem como na inflamacéao crénica (MARTIN; LEIBOVICH,
2005). A producéo de VEGF células endoteliais é estimulada através da ativagéo
do receptor A2A por ADO (HASKO:; PACHER, 2012). Os menores niveis de
VEGF podem estar relacionados tanto com 0s menores nimeros de macrofagos
no pulmdo de camundongos Entpdl”’ infectados, quando na auséncia da

sinalizacéo por ADO.

O fato da deficiencia de CD39 potencializar a ativacdo e exacerbacdo da

resposta imune, indica que, a expressao desta molécula durante a tuberculose
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ativa, ndo so6 contribui para o controle da morte celular mediada pelos altos niveis
de eATP, mas também medeia respostas reguladoras que atenuam os efeitos
nocivos da inflamacao exacerbada em casos graves. NOs propomos que através
da regulacdo negativa da ativacdo de P2X7 por eATP e geracdo de ADO, a
atividade de CD39 pode contribuir para o equilibrio entre a supressao
imunomediada e controle da imunopatologia da tuberculose. Entretanto estudos
mais aprofundados precisam ser realizados para entender os mecanismos

relacionados ao fenotipo observado neste trabalho.



6.Conclusao

71



72

A partir dos resultados mostrados concluimos que a CD39 desempenha um
papel importante no controle dos mecanismos que amplificam a resposta imune
disfuncional a infec¢@o por Mtb. A atividade de CD39 minimiza a liberagéo de
bacilos extracelulares e lesdes necroticas que contribuem para disseminacéo da
doenca para outros 0rgaos e auxilia no controle de progressdo da doenca.
(Figura 7). Nossos achados podem contribuir para a compreensao dos
mecanismos que regulam a geracao de necrose pulmonar durante a infeccao
Mtb, bem como para a geracdo de novas abordagens terapéuticas direcionadas
ao hospedeiro visando a prevencado ou reducao da necrose pulmonar durante a
TB.

C57BL/6 mice Entpd17 mice

® 6 © 4 @ -

CD4* CcD8* Dendritic

T cell T cell cell Neutrophill Monocyte Macrophage Mtb eATP Necrotic

leukocyte

Figura 15. Visdo geral das diferencas na resposta imune observada entre camundongos
C57BL/6 e Entpd1™ (Feito com Biorender)
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Apéndice A: A inibicdo do receptor P2X7R como estratégia para
inibir a morte celular durante a digestdo pulmonar e

processamento para obtencdo de suspensdes celulares para
citometria de Fluxo.
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Figura 16. A inibicdo do receptor P2X7R previne a morte celular durante a digestdo
pulmonar e processamento para obtencdo de suspensdes celulares para Citometria de
Fluxo. Camundongos C57BL/6 foram infectados com 100 bacilos Mtb M299. 28 dias p.i. recebeu
45mg/Kg de tratamento com BBG 30 minutos antes eutanasia e o pulméao foi digerido com
colagenase V. Representagcdo esquematica do protocolo experimental (A). Peso do pulméo e
UFC sdo mostrados (B e C). Graficos de contorno mostram a frequéncia de células positivas e
negativas vivas e mortas (D). Namero de recuperacgédo viavel célula por pulméo (E). Frequéncias
de células viaveis (F). Frequéncias de células mortas (G). Diferencas significantes observados
entre os grupos estéo indicados por **p < 0,01 e ***p < 0,001. Os dados séo representativos de
dois experimentos independentes com quatro a cinco camundongos em cada grupo.
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Figura 17. Estratégia de andlise de células miel6ides e células T CD4+ e CD8+ em
camundongos C57BL/6 e Entpd1” infectados com a cepa M299. Estratégias para avaliar as
células Ly6G*Ly6C*“CD11b*, Ly6G Ly6Che"CD11b*, Ly6G- Ly6C-CD11c'F4/80*CD11b* e Ly6G-
Ly6C CD11c*CD11b* sdo mostradas. (B) Estratégias de gate para avaliar CD4*, CD8",
CD44*CD4* e as células T CD44+CD8+ sao mostradas.
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The risk of developing severe forms of tuberculosis has increased by the acquired
immunodeficiency syndrome (AIDS) epidemic, lack of effective drugs to eliminate latent
infection and the emergence of drug-resistant mycobacterial strains. Excessive
inflammatory response and tissue damage associated with severe tuberculosis contribute
to poor outcome of the disease. Our previous studies using mice deficient in the ATP-gated
ionotropic P2X7 receptor suggested this molecule as a promising target for host-directed
therapy in severe pulmonary tuberculosis. In this study, we assessed the effects of P2X7
pharmacological blockade on disease severity. First, we observed an increase in P2RX7
gene expression in the peripheral blood of tuberculosis patients compared to healthy
donors. Lung leukocytes of mice infected with hypervirulent mycobacteria also showed
increased expression of the P2X7 receptor. P2X7 blockade in mice with advanced
tuberculosis recapitulated in many aspects the disease in P2X7-deficient mice. P2X7-
directed therapy reduced body weight loss and the development of inflammatory and
necrotic lung lesions, as well as delayed mycobacterial growth. Lower TNF-o. production by
lung cells and a substantial reduction in the lung GR-1" myeloid cell population were
observed after P2X7 inhibition. The effector CD4* T cell population also decreased, but
IFN-y production by lung cells increased. The presence of a large population with
characteristics of myeloid dendritic cells, as well as the increase in IL-6 production by
lung cells, also indicate a qualitative improvement in the pulmonary immune response due to
P2X7 inhibition. These findings support the use of drugs that target the P2X7 receptor as a
therapeutic strategy to improve the outcome of pulmonary tuberculosis.
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P2X7 Inhibition Reduces Tuberculosis Severity

HIGHLIGHTS

The P2X7 receptor detects ATP released during stress or cell death
and activates the NLRP3 inflammasome, leading to mature IL-13
and IL-18 secretion and cell death by pyroptosis. Notably,
prolonged stimuli of the P2X7 receptor induce necrotic cell
death due to formation of large pores in the cell membrane. The
P2X7 receptor has been previously suggested as a promising target
candidate for host-directed therapies in severe pulmonary
tuberculosis. In this study, we provide proof of concept for this
approach in mice infected with hypervirulent mycobacteria. P2X7-
directed therapy administered over a short period of time in mice
with advanced pulmonary tuberculosis was effective in reducing
disease severity. This therapeutic strategy can be particularly
useful, combined with anti-microbial drugs, to interrupt the
vicious cycle of uncontrolled inflammatory response and
damage to lung tissue in severe forms of the disease.

INTRODUCTION

Tuberculosis (TB) is an airborne infectious disease that remains as
one of the major causes of health threat (World Health
Organization, 2020). In 2019, the estimated number of fatal cases
resulting from Mycobacterium tuberculosis infection reached 1.4
million worldwide, making TB one of the top ten causes of global
death (World Health Organization, 2020). Multiple immune
evasion strategies developed along the coevolution of
mycobacteria with the vertebrate host, such as the interference
with antigen presentation by major histocompatibility complex
(MHC) class II molecules, explain the limited success of vaccines
against TB (Ernst, 2018). TB control is also hampered by the
acquired immunodeficiency syndrome (AIDS) epidemic, lack of
effective drugs to eliminate latent infection as well as the emergence
of drug-resistant mycobacterial strains (Shah et al., 2007; World
Health Organization, 2020). Failure to prevent and control M.
tuberculosis infection increases the risk of developing severe forms
of TB (Caws et al., 2008; Bell and Noursadeghi, 2018). Severe disease
is commonly associated with exacerbated lung inflammation and
necrosis, resulting in serious sequelae for TB patients.

This emerging scenario has encouraged the combined use of
standard anti-microbial treatments for TB with host-directed
therapies based on anti-inflammatory interventions. This
therapeutic approach directly targets the inflammatory response
triggered by the infection to prevent and repair tissue damage,
promote pathogen elimination and reduce disease sequelae
(Kaufmann et al.,, 2014; Zumla et al., 2016; Tsenova and Singhal,
2020). Accelerating the patient healing and reducing the adverse
effects of anti-microbial drugs are both desirable outcomes of
adjunctive therapies (Hawn et al., 2013; Tobin, 2015). Current
clinical experience of anti-inflammatory therapy in TB is mostly
with corticosteroids, which have been successfully used to treat
tuberculous meningitis and pericarditis, as well as to ameliorate
paradoxical HIV-TB immune reconstitution inflammatory
syndrome (Prasad et al, 2016; Kaufmann et al., 2018; Schutz
et al., 2018). In pulmonary TB, the benefits of corticosteroid
treatment are limited to clinical parameters, such as fever

reduction and weight gain (Bilaceroglu et al,, 1999). Thus, it
would be of great interest to establish new therapeutic
approaches to protect lung tissue from the harmful effects of
uncontrolled inflammation caused by M. tuberculosis infection.

Our previous studies have highlighted the extracellular ATP
sensing by the P2X7 receptor cation channel as a promising target
candidate for host-directed therapies in severe pulmonary TB
(Amaral et al,, 2014; Bomfim et al., 2017). Although a protective
role in extra pulmonary TB has been attributed to the P2X7 receptor
(Fernando et al.,, 2007), its effect on patients with severe pulmonary
disease is unknown. ATP released at high concentrations during cell
stress or death acts as a damage signal and activates the P2X7
receptor. The influx of Ca®" and efflux of K" cause cytoplasmic ionic
changes, which lead to NLRP3-inflammasome activation and
culminates in mature IL-1B and IL-18 secretion and cell death
through pyroptosis (Mariathasan et al., 2006; Iyer et al, 2009).
Importantly, prolonged stimuli of the P2X7 receptor induce
necrotic cell death due to formation of large membrane pores (Di
Virgilio et al, 1989; Di Virgilio et al, 2017). P2X7 deficiency,
particularly in bone marrow-derived cells, improves lung disease
in mice infected with hypervirulent mycobacteria by reducing the
inflammatory response, necrotic lesions and bacterial load (Amaral
et al, 2014; Bomfim et al., 2017). P2X7 signaling aggravates lung
disease by promoting the lysis of infected macrophages, facilitating
bacterial release in the extracellular milieu (Amaral et al., 2014;
Bomfim et al, 2017). In addition, the accumulation of myeloid-
derived suppressor cells in the lungs has been shown to be
dependent on P2X7 activation (Bomfim et al., 2017). This
population of immature myeloid cells migrates from the bone
marrow to the lungs when the disease gets worse and becomes a
permissive niche for the replication of the bacillus, allowing the
spread of the infection in the lungs (Knaul et al., 2014; Tsiganov
et al,, 2014; Lovewell et al., 2020; Barbosa Bomfim et al., 2021).

In this study, we evaluated the effects of pharmacological
blockade of the P2X7 receptor on severe pulmonary TB. First,
the P2RX7 gene expression was assessed in the peripheral blood of
TB patients using a public transcriptome database. The presence of
the P2X7 receptor in lung leukocytes was evaluated in C57BL/6
mice infected with hypervirulent mycobacteria. The effects of P2X7
blockade in the advanced stage of the disease were then investigated
in this experimental model of severe pulmonary TB. Our findings
demonstrate that the P2RX7 gene and P2X7 protein are highly
expressed in human and murine TB, respectively. P2X7 inhibition
prevents disease progression and is a promising approach to be
used as a host-directed therapy for severe forms of pulmonary TB.

MATERIALS AND METHODS

Transcriptome Analysis of Human
Peripheral Blood

Human transcriptome data were analyzed using R. Raw data
downloaded using GEOquery (Davis and Meltzer, 2007)
obtained from the GEO datasets (GEO accession number:
GSE54992). Two classes of samples were used: healthy donors
as control (N = 6) and active TB (N = 9). Array quality control
was applied using arrayQualitymetrics (Kauffmann et al., 2009)

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

May 2021 | Volume 11 | Article 672472


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Santiago-Carvalho et al.

P2X7 Inhibition Reduces Tuberculosis Severity

to identify outliers. Expression data were normalized using RMA
function from the affy (Gautier et al., 2004). Probes matching for
the same gene were collapsed by taking the highest expression
across the samples. Differential expression analyses were
performed using limma (Ritchie et al., 2015). The differentially
expressed genes (DEGs) were plotted with log, fold-change and
the -log;o P adjusted value. The package ComplexHeatmap (Gu
et al,, 2016) was used to plot the expression patterns.

Mice

Specific pathogen-free C57BL/6 male (6-8-week-old) mice were
bred at the isogenic mouse facility, ICB, USP. After infection,
mice were maintained in micro isolator cages with ad libitum
feed at the Biosafety Level 3 facility, FCF, USP. All procedures
were performed in accordance with national regulations of the
ethical guidelines for mouse experimentation with permit
number 5611150818 and 136/2017.

Mycobacterial Culture and

Mouse Infection

The frozen bacilli were thawed and grow in Middlebrook 7H9
medium enriched with 10% (vol/vol) ADC (albumin, dextrose,
catalase) (Difco, BD Biosciences, USA), 0.4% (mass/vol) sodium
pyruvate (Sigma-Aldrich, USA) and 0.05% (vol/vol) Tween 80
(Sigma-Aldrich), and maintained at 37°C for 7 days until mid-
log phase (OD 0.6 - 0.9). Bacterial concentration was determined
using a spectrophotometer at 600 nm. Mice were anesthetized
intraperitoneally (i.p.) with ketamine (Vetbrands, Brazil; 100 mg/
kg) and xylazine (Vetbrands; 15 mg/kg) and infected
intratracheally (i.t.) with ~100 bacilli of the Mycobacterium
bovis MP287/03 strain (Amaral et al., 2014).

Brilliant Blue G Treatment

For in vivo pharmacological blockade of the P2X7 receptor, mice
were injected i.p. every 2 days with brilliant blue G (BBG, Sigma-
Aldrich) (45 mg/Kg/mouse in 300 pL of PBS), starting on day 21
of infection.

Lung Macroscopic and

Microscopic Analyses

The harvested lung lobes were washed with sterile PBS and weighed.
The lung relative mass was calculated by dividing the mean of lung
weight in experimental mice by the mean of lung weight in
uninfected controls. The right lung upper lobe was maintained in
10% buffer formalin, photographed and subsequently embedded
in paraffin. Histological sections of approximately 4-5 um were
stained using the hematoxylin-eosin (HE) method for tissue
morphological analysis and the Ziehl Neelsen (ZN) method for
mycobacterial visualization. The microscopic analyses were
performed with a Leica microscope (Germany), and images were
captured with a Nikon camera (Japan).

Lung Cell Harvesting and Counting

The lung lobes were dissected and digested with collagenase type IV
(0.5 mg/mL, Sigma-Aldrich) in RPMI 1640 medium (Gibco, USA)
at 37°C for 40 minutes under agitation (200 rpm) (Amaral et al.,
2019b). The lung cells were dissociated by passage through a 100 um

pore-size cell strainer and incubated with ACK Lysing Buffer
(Thermo Fisher Scientific, USA) at room temperature for one
minute to deplete the erythrocytes. The lung cell suspensions
were washed with 10% fetal calf serum (FCS, Gibco) in PBS
following centrifugation at 1,200 rpm for 5 minutes and
resuspended in RPMI 1640 medium enriched with 10% FCS and
0.1% gentamicin (Gibco). The viable lung cell numbers were
determined using trypan blue exclusion assay and a hemocytometer.

Flow Cytometry Analysis

Lung cells (1x10° cells/well) were seeded in round-bottom 96-
well plates and stained using fluorochrome-labeled monoclonal
antibodies to CD45 (30-F11), CD11b (M1/70), CD11c (N418),
GR1 (RB6-8C5), CD4 (RM4.5), CD44 (IM7), CD69 (H1.2F3),
P2X7 (1F11), lineage (CD4- RM4-5; CD8-53-6.7; CD19 - 1D3
and NK.1 - PK136 (BD Biosciences). Live/dead dye (Thermo
Fisher Scientific) was used to stain dead cells, as described in data
sheet. Cells were fixed with 4% paraformaldehyde and analyzed
with the LSRFortessa  flow cytometer (BD Bioscences — USA)
and the FlowJo 10.4.2 software (BD Biosciences). The gate
strategy for analysis of CD11b" myeloid cells and CD4" T cells
are shown in the Supplementary Figures 1A, B.

Colony-Forming Unit (CFU) Counting

Serial dilutions of lung homogenates were cultured in 6-well
plates with Middlebrook 7H10 Agar supplemented with 10%
(vol/vol) OADC (oleate, albumin, dextrose and catalase) (Difco,
BD Biosciences) and 0.4% (mass/vol) sodium pyruvate, at 37°C
for 21 days. CFUs were counted visually.

Cytokine Quantification

Cells (1x10° cells/well) harvested from the lungs were cultured in
sterile round-bottom 96-well plates in complete RPMI 1640
medium enriched with 10% FCS, 2 mM glutamine, 1 mM
sodium pyruvate and 0.05% gentamicin for 48 hours at 37°C
and 5% CO,, The supernatants were collected, filtered and the
concentrations of TNF-a, IL-6, IL-10 and IFN-y cytokines were
determined using the appropriated Mouse ELISA Kkit, as
described in data sheet (BD OptEIA, USA).

Statistical Analyses

Statistical analyzes were performed using the GraphPad Prism 6
software. Data were described as mean + standard error. The Mann-
Whitney non-parametric T test was used to assess differences
between two groups. The one-way ANOVA and Tukey’s post hoc
tests were used to compare three or more groups. Differences
between groups were considered significant when p < 0.05.

RESULTS

Increased Expression of the P2RX7 Gene
in the Peripheral Blood of TB Patients and
the P2X7 Receptor on Lung Leukocytes of
Mice With Severe TB

To investigate whether the P2ZRX7 gene was expressed differently in
TB patients, we re-analyzed the peripheral blood transcriptome
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data from healthy individuals and patients with the active disease
(Cai et al.,, 2014). Among the P2X family members, only the P2RX7
gene was upregulated in TB patients when compared to healthy
individuals (mean log, fold-change = 1.58, adjusted P value =
1.81e-04) (Figure 1A). Next, we assessed the expression of the
P2X7 receptor on lung cells isolated from C57BL/6 mice infected
i.t. with ~100 M. bovis bacilli of the hypervirulent MP287/03 strain.
This experimental model proved to be useful to understand the role
of P2X7 receptor in the development of severe forms of pulmonary
TB (Amaral et al, 2014; Bomfim et al, 2017). As previously
reported, C57BL/6 mice developed severe pneumonia
characterized at day 28 p.i. by increased lung weight, high
bacterial load and intense leukocyte infiltration (Figure 1B), as
well as extensive areas of intra-granulomatous necrosis (Figure
1C). Immunofluorescence analysis of lung tissue revealed many
cells expressing the P2X7 receptor in infected and uninfected mice;
the expression level was apparently higher in infected mice (Figure
1D). P2X7 upregulation was confirmed by flow cytometry analysis,
showing higher P2X7 expression on lung leukocytes isolated from
infected mice compared to uninfected mice (Figure 1E). Increased
P2X7 expression can make immune cells highly responsive to
extracellular ATP, as previously reported in experimental models
of autoimmune disease and malaria (Proietti et al., 2014; Salles
et al., 2017).

Protective Effects of P2X7
Pharmacological Blockade on the
Development of Severe Pulmonary
TB in Mice
To evaluate the effects of P2X7 pharmacological blockade during
advanced pulmonary TB, C57BL/6 mice infected i.t. with
MP287/03 mycobacteria and uninfected mice were treated i.p.
with the P2X7 antagonist BBG (Figure 2A and Supplementary
Figure 2A). BBG is a food additive with structure and function
analogous to highly selective P2X7 antagonists, which was first
used to improve tissue recovery after spinal cord injury in rats
(Peng et al., 2009). P2X7-directed therapy started on day 21 p.i.
when a reduction of more than 10% of body weight indicated the
advanced stage of the disease (Figure 2B). Notably, P2X7
inhibition prevented body weight loss until day 28 of infection.
Fewer lung white nodes and reduced lung relative masses were
observed in BBG-treated mice compared to untreated animals
(Figures 2C, D). Lung weight, cellularity and bacterial burden
were also lower in BBG-treated mice (Figures 2E-G). In
contrast, BBG treatment had no effect on lung weight and
cellularity in uninfected mice (Supplementary Figures 2B, C).
Histopathological analysis on day 28 p.i. revealed better
preserved lung tissue in BBG-treated mice compared to
untreated controls (Figure 3A), which was corroborated by
morphometric quantification of the aerated alveolar space
(Figure 3B). Areas of alveolitis and necrosis were substantially
reduced after P2X7 inhibition (Figure 3A). In addition,
extracellular bacilli were found in abundance in necrotic
lesions in untreated mice, but not in BBG-treated mice, where
solid granulomas with predominantly intracellular bacilli were
seen (Figure 3C). Together, these findings demonstrate that

P2X7 pharmacological blockade prevents the development of
severe forms of pulmonary TB pathology in mice.

Reduced Leukocyte Recruitment in Mice
With Advanced TB Treated With P2X7-
Directed Therapy

The pulmonary immune response was then assessed in C57BL/6
mice infected with MP287/03 mycobacteria and treated with BBG.
P2X7-directed therapy caused a substantial reduction in the
recruitment of leukocyte (CD45") population to the lungs
(Figure 4A). Among CD11b" myeloid cells, the GR1"
population was particularly diminished after P2X7 blockade.
Notably, the population of myeloid cells expressing CD11c was
increased in BBG-treated mice compared to untreated animals.
Regarding CD4" T cells, P2X7-directed therapy impaired the
accumulation of total and CD69*CD44" populations (Figure
4B). This phenotype is characteristic of effector CD4" T cells
that infiltrate the pulmonary parenchyma in mice infected with
mycobacteria (Sakai et al., 2014). In the absence of infection,
similar numbers of these cell populations were observed in BBG-
treated and untreated mice (Supplementary Figures 2D, E). In
addition, a lower concentration of TNF-o was found in lung cell
supernatants from infected mice treated with BBG compared to
those not treated (Figure 4C). Remarkably, low levels of IFN-yand
IL-6 were secreted by lung cells from infected mice; BBG treatment
increased substantially the production of these cytokines. IL-10
was produced at similar levels by lung cells from both infected
mouse groups. Comparable baseline levels of TNF-0, IL-6, IFN-y
and IL-10 were found in lung cell supernatants from uninfected
mice, treated or not with BBG (Supplementary Figure 2F).

In resume, P2X7-directed therapy during advanced TB impairs
the recruitment of GR1" myeloid cells and CD4" T cells to the
lungs (Figure 5). The increase in a myeloid cell population with
characteristics of dendritic cells, as well as in production of IFN-y
and IL-6 by lung cells, suggests a qualitative improvement in the
pulmonary immune response due to P2X7 inhibition.

DISCUSSION

This study supports the use of drugs that target the P2X7
receptor as a therapeutic strategy to improve the outcome of
pulmonary TB. This approach can be particularly useful, in
combination with anti-microbial drugs, to interrupt the vicious
cycle of uncontrolled inflammatory response and damage to lung
tissue in severe forms of the disease.

Among P2X (1-7) family members, the P2RX7 gene
expression was the only one increased in peripheral blood of
TB patients in relation to healthy donors. Another indication that
P2X7 signaling is a promising target for host-directed therapies in
pulmonary TB was the increased expression of this receptor in
lung leukocytes of mice infected with hypervirulent mycobacteria.
Extracellular ATP at high concentration in severe TB pneumonia
could lead to strong activation of the NLRP3 inflammasome in
leukocytes expressing high levels of the P2X7 receptor. The
release of large amounts of pro-inflammatory cytokines and the
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pyroptotic death of numerous immune cells would be expectedin ~ cell membrane, allowing ATP release in the extracellular
this scenario. In addition, both gasdermin D cleaved by caspase-1 ~ environment (Locovei et al., 2006; Shi et al., 2015; Sborgi et al.,
and pannexin-1 activated by the influx of Ca®" form pores in the ~ 2016). Accumulation of extracellular ATP may boost the
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Infected (untreated) group received the vehicle (PBS). Mouse lungs were evaluated at day 28 of infection. (A) Schematic representation of the experimental BBG
treatment protocol is shown. (B) Mouse body weights were determined weekly. (C, D) Macroscopic images of representative lung lobes and relative lung masses
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with *o < 0.05 and **p < 0.01, using One-way ANOVA and Tukey’s post hoc tests or Mann-Whitney non-parametric T test. The statistical differences between
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inflammatory response and promote tissue damage. Extracellular
ATP in millimolar concentrations induces pore formation and
necrotic cell death through P2X7 activation (Di Virgilio et al,
1989; Di Virgilio et al,, 2017). By inhibiting the P2X7 signaling
pathway these processes can be interrupted.

P2X7 pharmacological blockade in mice with advanced
pulmonary TB recapitulated in many aspects the disease in
P2X7-deficient mice infected with hypervirulent mycobacteria
(Amaral et al., 2014). P2X7-directed therapy administered over a
short period of time was effective in reducing body weight loss and
the development of inflammatory and necrotic lung lesions, as
well as delaying mycobacterial growth. The reduction in body
weight loss in infected mice treated with P2X7 inhibitor may result
from the lower production of TNF-o by lung leukocytes, as this
cytokine was originally identified by its ability to induce cachexia
(Cerami and Beutler, 1988). The decrease in pulmonary necrotic
lesions may be due to the inhibition of necrotic cell death, as a
consequence of P2X7 signaling blockade. Specifically, P2RX7"
macrophages infected with hypervirulent mycobacteria are more

resistant to cell death induced by high levels of extracellular ATP
and release fewer bacteria to the extracellular milieu than wild-
type macrophages (Amaral et al., 2014). Supporting this in vitro
finding, fewer extracellular bacilli were found in the lung tissue
when the P2X7 receptor was inhibited in vivo.

The reduction in tissue damage and bacterial load, leading to
less stimulation of the immune system by damage and pathogen-
associated molecular patterns, may explain the limited areas of lung
inflammation in infected mice given the P2X7-directed therapy. A
similar approach in which ferroptosis was inhibited in mice acutely
infected with M. tuberculosis also reduces lung inflammatory
lesions and mycobacterial burden (Amaral et al., 2019a). P2X7
signaling blockade may reduce the release of damage signals,
impairing the activation of macrophages and, consequently, the
secretion of pro-inflammatory cytokines, such as TNF-o. P2X7
inhibition may also restrain the activation of NLRP3
inflammasome and the release of mature IL-1B and IL-18,
promoting control of the inflammatory response. However, on
day 28 p.i. with MP287/03 mycobacteria, IL-1P is produced at low
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FIGURE 3 | P2X7 pharmacological blockade reduces tuberculous pulmonary lesions in mice. Histopathological changes in lungs of the BBG-treated and untreated
mice, previously infected with ~100 MP287/083 bacilli, were evaluated at day 28 of infection. (A) Images of representative lung sections stained with hematoxylin-
eosin method (scale bars correspond to 200 pm) are shown. Asterisks (*) indicate necrotic areas and hash signs (#) indicate alveolitis. (B) Morphometric
quantification of aerated alveolar space is shown. (C) Images of representative lung sections stained with Ziehl Neelsen method. Magnified areas from left squares
are demonstrated in right images (scale bars correspond to 100 um and 25 pm, respectively), showing large number of extracellular bacilli in necrotic regions (*) in
untreated mice, whereas predominantly intracellular bacilli were seen in the BBG-treated mice. Significant differences were observed between indicated groups with

*p < 0.05, using Mann-Whitney non-parametric T test. Data are representative of two independent experiments with four mice in each group.

levels by lung cells from both C57BL/6 and P2X7-deficient mice
(Amaral et al,, 2014), suggesting a minor role for this cytokine in
this TB model. A direct effect of P2X7 inhibition on Ca®" influx
may also have impaired leukocyte activation and contributed to
restrict the inflammatory response. Supporting this idea, P2X7
signaling in myeloid cells induces the expression of several
chemokines that promote leukocyte recruitment, such as
monocyte chemoattractant protein 1 (MCP-1, CCL2), IL-8, CC-
ligand 3 (CCL3) and CXC-ligand 2 (CXCL2), as well as the
production of pro-inflammatory cytokines, such as TNF-o
(Shieh et al., 2014; Di Virgilio et al., 2017). A reduction in TNE-
o production due to P2X7 blockade may also have contributed to

restrain necrotic lung lesions, as excessive production of this
cytokine can result in the development of tissue-damaging
immunopathology (Dorhoi and Kaufmann, 2014).

The population of GR-1" myeloid cells was particularly
affected by P2X7 pharmacological blockade. Characterized as
granulocytic myeloid-derived suppressor cells, GR-1" cells
accumulate massively in the lungs during the final stage of
hypervirulent mycobacterial infection, promoting bacterial
growth and the development of necrotizing pneumonia
(Barbosa Bomfim et al,, 2021). This immature myeloid cell
population is generated by emergency hematopoiesis in response
to excessive or chronic infections (Boettcher and Manz, 2017).
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FIGURE 4 | P2X7-directed therapy reduces the pulmonary inflammatory response, but increases the population of CD11c¢™ myeloid cells and the production of IFN-y
and IL-6 by lung cells. Lung cells from BBG-treated and untreated mice were evaluated at day 28 p.i. with ~100 MP287/03 bacilii. Lung cells from uninfected mice were
used as control. (A) Contour-plots show the expression of CD11b vs lineage in CD45" cells and CD11c vs GR-1 in CD11b*CD45" cells. Bar graphs show cell numbers
per lung. (B) Contour-plots show CD44 and CDB9 expression in CD4™ T cells. Bar graphs show cell numbers per lung. (C) Cytokine levels in 48h-culture supernatants of
lung cells are shown. Significant differences were observed between the indicated groups with *p < 0.05, *p < 0.01 and ***p < 0.001, using One-way ANOVA and
Tukey’s post hoc tests. The statistical differences between uninfected and infected groups are not shown. Data are representative of two independent experiments with

three to four mice in each group.

Therefore, the reduction in the GR-1" cell population
demonstrates the potential of P2X7-directed therapy to help
healing severe pulmonary TB. The effector CD4" T cell
population also decreased due to P2X7 inhibition. Interestingly,
elevated production of IFN-y was found ex vivo in lung cell
suspension of mice receiving BBG, suggesting an improvement

in the effector response of these cells and/or an increase in IFN-y
production by other cell subsets.

Adenosine, presumably generated through ATP degradation by
ectonucleotidases, has been implicated in the suppression of IFN-y
production by lung CD4" T cells in this experimental model of
severe TB. The pharmacological inhibition of adenosine receptors
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FIGURE 5 | Schematic illustration shows the effects of P2X7-directed therapy on the pulmonary inflammatory response to hypervirulent mycobacterial infection.
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stimulates the P2X7 receptor and exacerbates inflammatory and necrotic lung lesions. The P2X7-direct therapy reduces the recruitment of lung leukocytes,
particularly neutrophils (GR1*CD11b"), as well as the production of TNF-a.. The effector CD4* T cell population was also decreased, but IFN-y production by lung
cells was increased. P2X7 inhibition also increases the population of myeloid dendritic cells (CD11c*CD11b™) and the production of IL-6 by lung cells, indicating a
qualitative improvement in the pulmonary immune response. This scenario supports the use of therapeutic interventions in the P2X7 receptor to increase the
effectiveness of anti-microbial treatment and reduce the severity of pulmonary TB.

increased the frequency of IFN-y-producing CD4" T cells (Amaral
et al., 2019b), which are the major source of IFN-y in the lungs of
MP287/03-infected mice at day 28 p.i. (Barbosa Bomfim etal., 2021).
The protection of infected lung tissue resulting from P2X7
inhibition may prevent ATP release and, consequently, the
accumulation of adenosine in the extracellular environment,
leading to an increase in IFN-y production by CD4" T cells. IFN-y
production has a crucial role in resistance to M. tuberculosis
infection (Flynn et al., 1993), and may have contributed to control
the lung bacterial burden in infected mice treated with P2X7-
directed therapy. The presence of a large population with
characteristics of myeloid dendritic cells in the mouse lungs
(Misharin et al.,, 2013), as well as the increased ex vivo production
of IL-6 by lung cells, may also indicate a qualitative improvement in
the pulmonary immune response due to P2X7 inhibition. Our
interpretation of these findings is that the preservation of lung
tissue due to P2X7 blockade in infected mice allowed the
recruitment of dendritic cells from the blood to the lungs. This
process occurs constantly by a steady-state bone marrow output and
is rapidly intensified by pathogenic stimuli (Holt and Schon-
Hegrad, 1987; McWilliam et al., 1994). Dendritic cell migration to
the lungs may have been interrupted during emergency
hematopoiesis in infected and untreated mice. Like macrophages,
pulmonary dendritic cells produce IL-6 after stimulation (Demedts
et al., 2005), and are presumably an important source of this
cytokine in infected mice given P2X7-directed therapy.

Although the P2X7 receptor has been suggested previously as
a promising target candidate for therapies in severe pulmonary
TB (Amaral et al., 2014), our present findings provide proof of
concept for this approach in mice infected with hypervirulent
mycobacteria. The P2X7-directed therapy has the particularity of
intervening directly to maintain the integrity of the infected
lungs, avoiding the uncontrolled inflammatory response induced
by extensive tissue damage. In addition, therapeutic intervention
in the P2X7 receptor seems to improve the quality of the immune
response to severe mycobacterial infection. A possible adverse
effect of P2X7 inhibition would be the increase in mycobacterial
resistance to anti-TB treatment, resulting from the limited effect
of antibiotics on bacilli located in solid granulomas. However,
this host-directed therapy can be decisive for a favorable
outcome in severe cases if administered in conjunction with
anti-TB drugs with ability to eradicate persistent bacilli, such as
pyrazinamide (Whitfield et al., 2015). This therapeutic strategy
can be exploited to increase the effectiveness of anti-TB
treatment in severe pulmonary TB.
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Background. 'The role of myeloid-derived suppressor cells (MDSCs) in patients with severe tuberculosis who suffer from uncon-
trolled pulmonary inflammation caused by hypervirulent mycobacterial infection remains unclear.

Methods. This issue was addressed using C57BL/6 mice infected with highly virulent Mycobacterium bovis strain MP287/03.

Results. CD11b"GR1™ population increased in the bone marrow, blood and lungs during advanced disease. Pulmonary
CD11b"GR1™ (Ly6G™Ly6C™) cells showed granularity similar to neutrophils and expressed immature myeloid cell markers. These
immature neutrophils harbored intracellular bacilli and were preferentially located in the alveoli. T-cell suppression occurred con-
comitantly with CD11b*GR1™ cell accumulation in the lungs. Furthermore, lung and bone marrow GR1" cells suppressed both
T-cell proliferation and interferon y production in vitro. Anti-GR1 therapy given when MDSCs infiltrated the lungs prevented
expansion and fusion of primary pulmonary lesions and the development of intragranulomatous caseous necrosis, along with in-
creased mouse survival and partial recovery of T-cell function. Lung bacterial load was reduced by anti-GR1 treatment, but myco-
bacteria released from the depleted cells proliferated extracellularly in the alveoli, forming cords and clumps.

Conclusions. Granulocytic MDSCs massively infiltrate the lungs during infection with hypervirulent mycobacteria, promoting
bacterial growth and the development of inflammatory and necrotic lesions, and are promising targets for host-directed therapies.

Keywords. tuberculosis; hypervirulent mycobacteria; myeloid-derived suppressor cells; lung damage; immunomodulation.

Tuberculosis is among the top 10 causes of death world-
wide, with approximately 1.3 million fatal cases annually [1].
Mycobacterium tuberculosis is primarily responsible for tuber-
culosis in humans, but other mycobacterial species belonging
to M. tuberculosis complex such as Mycobacterium bovis,
Mycobacterium africanum, and Mycobacterium canetti, can
also cause the disease [2]. Host immune response is critical for
eliminating or containing the pathogen within granulomas for
long periods of time [3, 4]. Deficiencies in host defense pro-
mote the transition from latent to active tuberculosis and the
rapid progression and dissemination of the disease in severe
cases [5-7]. Treatment failure resulting from multiple drug re-
sistance enhances the risk of developing aggressive forms of tu-
berculosis, which is characterized by uncontrolled pulmonary
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inflammation and widespread tissue necrosis [8, 9]. A better
understanding of the immunopathogenesis of severe tuber-
culosis is essential to design new therapeutic interventions
targeting the host immune response to reduce tissue injury.
Despite the important role of the innate immune response
in controlling tuberculosis, recent studies indicate that imma-
ture myeloid cell subpopulations contribute to worsening the
disease [10-12]. These subpopulations, collectively named
myeloid-derived suppressor cells (MDSCs), were described
first in cancer and then in other pathological conditions,
such as infectious diseases, autoimmune diseases, obesity
and pregnancy [13]. MDSCs are a heterogeneous group of
immature myeloid CD11b" cells with a potential ability to
suppress T-cell responses [14]. According to relative expres-
sion of the surface markers Ly6C and Ly6G, murine MDSCs
are subdivided into 2 major subsets, monocytic and granu-
locytic MDSCs (M-MDSCs and G-MDSCs, respectively).
M-MDSCs express high levels of Ly6C and are negative for
Ly6G, whereas G-MDSCs express low levels of Ly6C and
intermediate levels of Ly6G [10, 15]. Interestingly, an early-
stage MDSC population unable to suppress T-cell responses
in humans and a small population of immature eosinophils
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with immunosuppressive activity in Staphylococcus aureus—
infected mice were also identified [16, 17]. The immunosup-
pressive activity of MDSCs operates via several mechanisms,
such as degradation of essential nutrients for T-cell function,
induction of regulatory cells, expression of negative immune
check-point molecules, generation of adenosine and produc-
tion of anti-inflammatory cytokines, reactive oxygen species,
and nitric oxide [18].

The role of MDSCs in tuberculosis pathogenesis has been re-
ported in M. tuberculosis—susceptible mice, such as mice defi-
cient in key immunoprotective molecules (inducible nitric oxide
synthase [iNOS]™" and recombination-activating gene [RAG]™)
or with genetic polymorphisms that weaken natural immunity (I/
St, 12952, and C3HeB/Fe]) [10-12]. On infection with virulent
H37Rv mycobacteria, tuberculosis-susceptible mice developed
necrotizing pneumonia associated with early death. Depletion of
GRI1" cells reduced lung inflammation and rescued 12952 mice
from lethal tuberculosis [11]. However, the role of MDSCs in im-
munocompetent hosts with severe tuberculosis is still unclear.
This information is crucial to determine whether patients in the
advanced stage of the disease can benefit from therapies directed
against MDSCs [19, 20]. A balanced immune response is important
for a favorable tuberculosis outcome, while uncontrolled inflam-
mation promotes tissue necrosis, compromises lung function, and
causes patient death [21]. MDSCs play a key role in dampening ex-
cessive inflammation in sepsis and pneumonia caused by Klebsiella
preumoniae [22, 23]. The accumulation of MDSCs in heavily in-
flamed and damaged tissues may represent an effort by the host to
regulate exacerbated T-helper (Th) 1 responses [24, 25].

Similar to rapidly progressive forms of pulmonary tuberculosis
in immunocompetent patients, a low dose of intratracheal infec-
tion with the hypervirulent M. bovis strain MP287/03 induces ex-
tensive areas of pneumonia and pulmonary necrosis in C57BL/6
mice [26, 27]. The present study used this experimental model to
investigate the role of MDSCs in severe tuberculosis with extensive
damage to the lung tissue. Massive infiltration of G-MDSCs into
the lungs in the advanced stage of MP287/03 infection promoted
mycobacterial growth and the development of inflammatory and
necrotic pulmonary lesions. Our findings support the use of ther-
apies targeting MDSCs to improve the outcome of severe tubercu-
losis associated with uncontrolled pulmonary inflammation.

MATERIALS AND METHODS

Mice

Specific pathogen-free C57BL/6 mice (6-8-week old) were bred
at the isogenic mice facility of the Biomedical Science Institute,
University of Sdo Paulo, Brazil. After infection, mice were main-
tained in microisolator cages as described elsewhere [28]. All
procedures were performed in accordance with national re-
gulations of the ethical guidelines for mouse experimentation
(permit no. 31/2016).

Mycobacteria and Mouse Infection

The hypervirulent MP287/03 M. bovis strain isolated from cattle
was provided by José Soares Ferreira Neto (Full professor at
Veterinary Medical Institute, University of Sdo Paulo, Brazil). The
H37Rv M. tuberculosis strain was obtained from the American
Type Culture Collection. Frozen bacilli were thawed and cultured
as described elsewhere [27]. Bacterial concentrations were meas-
ured using a spectrophotometer at 600 nm. Mice were anesthe-
tized and infected intratracheally with approximately 100 bacilli
[26]. Mycobacterial load was estimated using serial dilutions [27].

Cell Harvesting from Lung, Bone Marrow, and Blood

Lung cells were harvested as described elsewhere [27]. Bone
marrow cells were harvested from femurs and tibias. Blood was
collected via cardiac puncture in the presence of 0.03-mg/mL
heparin (Merck). Erythrocytes in cell suspensions were lysed
using ACK buffer (Thermo Fisher Scientific).

Phenotypic Cell Analysis

Lung, bone marrow, and blood cells were labeled with the ap-
propriated combination of monoclonal antibodies listed in the
Supplementary Methods. The sample processing, intracellular
interferon (IFN) y staining and flow cytometry analysis (con-
ventional and ¢-distributed stochastic neighbor embedding) are
detailed in the Supplementary Methods.

GR1* Cell Enrichment and Functional Assays

GRI1" cells were obtained from the lungs and bone marrow
using magnetic cell sorting, as described in the Supplementary
Methods.

Cytokine Quantification

Lung cells were cultured for 48 hours, as described elsewhere
[26]. Cytokine levels in cell supernatants were quantified using
the Cytometric Bead Array (CBA) Mouse Th1/Th2/Th17
Cytokine kit (BD Bioscience).

Lung Macroscopic Analysis and Histopathology

The right upper lung lobe was preserved in 10%
paraformaldehyde =~ and  subsequently  photographed.
Histopathological and immunohistochemical analyses are de-

scribed in the Supplementary Methods.

Gene Expression Measurement Using RT-PCR

Total RNA was isolated from the right lung postcaval lobe using
TRIzol (Thermo Fisher Scientific) and the RNeasy Mini kit
(Qiagen), as detailed in the Supplementary Methods.

In Vivo GR1* Cell Depletion

Mice were treated with rat anti-GR1 antibodies (RB6-8C5; immu-
noglobulin (Ig) G2b isotype) (0.2 mg per mouse) from day 21 to
day 28 after infection, every 72 hours. The control group received
rat serum IgG2b (0.2 mg per mouse) under similar conditions.
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Blood Leukocyte Quantification
The blood leukocyte analysis was performed using a panoptical
fast staining kit (Laborclin).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 7 soft-
ware (GraphPad ), as described in the Supplementary Methods.

RESULTS

Migration of CD11b*GR1™ Myeloid Cells Into Lungs During Severe
Tuberculosis Caused by Hypervirulent MP287/03 Mycobacteria

To evaluate the myeloid cell response during severe tubercu-
losis, lung-infiltrating CD11b" cells were analyzed in C57BL/6
mice at days 21 and 28 after infection with approximately 100
bacilli of hypervirulent MP287/03 M. bovis strain or reference
virulent H37Rv M. tuberculosis strain. Confirming our group’s
previous findings [26-28], MP287/03-infected mice displayed
accentuated body weight loss starting 21 days after infection
(Figure 1A). Macroscopic observation revealed white nodules
in the lungs at day 21 after infection, which were more promi-
nent 28 days after infection (Figure 1B). Concomitant with bac-
terial growth, lung weights and relative masses also increased in
MP287/03-infected mice (Figure 1C and Supplementary Figure
1A). During this period, focal granulomatous lesions con-
taining bacilli progressed rapidly to extensive pneumonia with
areas of necrosis (Figure 1D and Supplementary Figure 1B), sig-
nificantly reducing aerated alveolar space and increasing lung-
infiltrating cell numbers (Supplementary Figure 1C and 1D).
Bone marrow and blood cellularity also augmented in
MP287/03 infection (Supplementary Figure 1E). Notably, an
increase in the lung CD11b" population expressing low levels
of the granulocytic marker GR1 accompanied the worsening of
the disease (Figure 2A and 2B, and Supplementary Figure 1F).
This phenotype is a feature of monocytes and immature my-
eloid cells, including M-MDSCs and G-MDSCs [29, 30]. The
GRI1™ population was also enlarged in the bone marrow and
blood during severe tuberculosis, although less than the GR1™
population (Figure 2A, 2C, and 2D). In contrast, H37Rv infec-
tion caused mild pulmonary inflammation with no increase in
the GR1™ population (Figures 1D and 2A-2D). These data sug-
gest that CD11b"GR1™ cells are produced in the bone marrow
and migrate via the bloodstream to the lungs in the advanced
stage of severe tuberculosis, as demonstrated for other patho-
logical conditions [31].

Massive Infiltration of Lungs and Harboring of Intracellular Bacilli by
CD11b*GR1™ Cells Expressing G-MDSC Phenotype

Experiments were next performed to elucidate the monocytic
cells that infiltrated the lungs
during severe tuberculosis. On day 28 after infection, lung

or granulocytic origin of GR1™

Ly6G" and Ly6C" populations were much larger in MP287/03-
infected mice than in H37Rv-infected mice and noninfected

controls, and the Ly6G" population predominated only in
mice with severe tuberculosis (Figure 3A and Supplementary
Figure 1F). Lung GR1™ and GR1™ cells were identified, re-
spectively, as granulocytes (Ly6G'SSC™) and monocytes/
macrophages (Ly6C*SSC'™) in H37Rv-infected mice and
noninfected controls. In contrast, these populations expressed
both Ly6G and Ly6C markers and showed high granularity in
MP287/03-infected mice.

Pulmonary CD45" leukocytes in infected and noninfected
mice were concatenated into a single file for ¢-distributed sto-
chastic neighbor embedding analysis of the hematopoietic
progenitor markers CD117 (c-kit), CD124 (interleukin Ra
[IL-4Ra]) and CD135 (Flt-3). A major cluster of GR1" cells
was identified in H37Rv-infected mice and noninfected con-
trols (Figure 3B). In contrast, MP287/03-infected mice lacked
the GR1" cluster and presented 3 exclusive GR1™ populations.
Concatenated GR1" clusters of infected and noninfected mice
were analyzed for CD117, CD124, and CD135 expression and
cell size (Figure 3C). All GRI™ populations of MP287/03-
infected mice showed higher levels of CD117 and CD135 than
the GR1" cluster of noninfected controls, but only one popu-
lation expressed CD124. The 2 GR1'CD117°CD124 CD135"
populations primarily differed in cell size (forward scatter).

To investigate the behavior of immature myeloid cells during
severe tuberculosis, their location in the lung tissue and ability
to harbor intracellular bacilli were assessed by histopathological
analysis on day 28 after infection with MP287/03 mycobacteria.
Inflammatory cells, mainly represented by immature poly-
morphonuclear leukocytes exhibiting unilobed or ring-shaped
nuclei, were recruited into the lungs and infected shortly after
transmigration through the vascular endothelium (Figure 3D).
The lung tissue presented many necrotic cells releasing intra-
cellular bacteria. Immunohistochemical staining revealed
transmigrating GR1" cells and intra-alveolar GR1" cell clusters
in areas of alveolitis. Weak staining for the GR1 marker was
observed surrounding necrotic lesions. Taken together, these
results show that lung CD11b"GR1™ cells generated during
MP287/03 infection have phenotype and morphology con-
sistent with G-MDSCs, are permissive to mycobacterial infec-
tion, and are located preferentially in the pulmonary alveoli.

Suppression of T-Cell Responses by CD11b*GR1™ Cells Generated During
Severe Tuberculosis

An immunosuppressed environment was established in parallel
with CD11b*GR1™ cell accumulation in the lungs. Both mes-
senger RNA and protein levels of IFN-y and interleukin 17A
in lung cell preparations decreased from day 21 to 28 after in-
fection with MP287/03 mycobacteria (Figure 4A). Interleukin
10 protein levels were found enhanced only for MP287/03-
infected mice at day 28 after infection, demonstrating predom-
inance of an immunosuppressive environment in advanced
disease. In addition, high tumor necrosis factor a production in
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Figure 1.  Pulmonary tuberculosis progresses rapidly in C57BL/6 mice infected with MP287/03 mycobacteria. C57BL/6 mice were infected intratracheally with ap-
proximately 100 H37Rv or MP287/03 bacilli, and noninfected mice were used as control. A, Percentages of body weights in relation to time 0 are shown. B, Lung macro-
scopic images (scale bars represent 1 cm). C, Colony-forming units (CFUs) per lung and lung weights a. D, Representative lung sections stained with hematoxylin-eosin
(x100 magnification; scale bars represent 100 um in amplified images and 500 pm in inserts). Data represent 2 independent experiments with 3—5 mice each. *P< .05;

*P<.001.

severe tuberculosis was accompanied by the late expression of
the arginase 1 (Argl) gene, a hallmark of MDSCs [32]. The ex-
pression of these genes and cytokines was low in lung cell pre-
parations of H37Rv-infected mice. In addition, total CD4" and

CD44"CD62L"CD69'CD4" T-cell numbers per lung were re-
duced in MP287/03 infection and increased in H37Rv infection
from day 21 to 28 after infection (Figure 4B and Supplementary
Figure 2A and 2B).
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Figure 2. CD11b'GR1™ myeloid cells migrate into the lungs during severe tuberculosis. C57BL/6 mice were infected intratracheally with approximately 100 H37Rv or
MP287/03 bacilli, and noninfected mice were used as control. A, Dot plots showing GR1 and CD11b expression in CD4"CD8"CD19°NK1.1"CD11¢"CD45" live cells from lungs,
bone marrow (BM), and blood at 21 or 28 days after infection. B-D, GR1™and GR1™ cell counts in lungs, BM (2 femurs and 2 tibias, at 28 days after infection), and blood (at
28 days). Data represent 2 independent experiments with 3-5 mice each. *P< .05; 'P< .01; *P< .001.

Similar results were obtained for CD8" T cells (Supplementary ~ to lung parenchyma [33]. Notably, the numbers of IFN-y-
Figure 24, 2C, and 2D). CD69 expression in CD44"CD62L" T~ producing CD44'CD62L"CD4" and CD44'CD62L CD8" T
cells is an indicative phenotype for cell activation and homing  cells were comparable on days 21 and 28 after infection with
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Figure3. Immature granulocytic cells massively infiltrate the lungs during severe tuberculosis. A-C, Lung infiltrating cells were evaluated in C57BL/6 mice at day 28 after infection with
approximately 100 H37Rv or MP287/03 bacilli. Noninfected mice were used as controls. A, Left, Dot plots showing Ly6G and Ly6C expression in CD4-CD8"CD19"NK1.1°CD11¢CD45"
live cells, and CD11b*LyBG* and CD11b*LyBC" cell counts per lung. Right, Dot plots show Ly6G and LyBC expression in CD11b*GR1™ and CD11b*GR1™ cells, and histograms display cell
granularity. Abbreviation: SSC-A, side scatter area. B, The t-distributed stochastic neighbor embedding (t-SNE) maps show CD45" cell clusters of concatenated lung cells from con-
trols and MP287/03-infected mice in relation to cell density and GR1 levels. Four CD11b*GR1* cell clusters are outlined in different colors (gray, green, orange, brown). C, Histograms
show GR1, CD117, CD124, and CD135 expression and forward scatter area (FSC-A) in the CD11b"GR1" cell clusters. D, Lung histological analyses of mice at day 28 after infection
with approximately 100 MP287/03 bacilli are shown (scale bars represent 20 ym). D7, Granulocytes with unilobed or ring-shaped nucleus, consistent with the morphology of polymor-
phonuclear (PMN)-myeloid-derived suppressor cells (G-MDSCs) (gray circles), recruited into the lungs and infected soon after transmigration across the vascular endothelium (black
circles). Many necrotic cells releasing intracellular bacteria stained in red by the Ziehl-Neelsen method can be seen in lung tissue (black arrow). D2, Inmunohistochemical image shows
transmigrating GR1* cells (black circles). D3, Strong staining of intra-alveolar GR1* cells can be seen in areas of alveolitis. Note intact and dying cells. D4, Weak staining for the GR1
marker was observed in necrotic area and surrounding tissue in a granulomatous lesion. Data represent 2 independent experiments with 3-5 mice each. *P< .05.
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Figure 4. GR1" cells suppress CD4" T-cell responses. C57BL/6 mice were infected with approximately 100 H37Rv or MP287/03 bacilli, and noninfected mice were
used as controls. A, Cytokine concentrations in 48-hour-culture supernatants of lung cells and the /fng, //17a, 1110, Tnfa, and Arg? gene expression (fold change)
in lung cell preparations are shown. Abbreviations: IFN, interferon; IL-10 and IL-17, interleukin 10 and 17; TNF, tumor necrosis factor. B, Graphs showing CD4" and
CD44*CD62L"CD6I CD4* T-cell counts per lung. C, Dot plots showing intracellular IFN-y in CD44*CD62L"CD4" T cells and IFN-y*CD44"CD62L"CD4* T-cell counts per
lung. D, Naive splenocytes were stimulated with anti-CD3 and anti-CD28 monoclonal antibodies in the presence of GR1* lung cells from mice at day 28 after infec-
tion with MP287/03 mycobacteria. GR1* lung cells from noninfected mice were used as controls. Histograms show CD4" T-cell proliferation, assessed by cell tracer
dilution assay. Graphs show percentages of proliferating CD4* T cells and IFN-y concentrations in cell supernatants. Data represent 2 independent experiments with
3-5 mice each. *P< .05: 'P< 01: *P< .001.
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MP287/03 mycobacteria, despite the increase in lung inflam-
matory response (Figure 4C and Supplementary Figure 3A).
Furthermore, magnetically sorted GR1" cells from lung and
bone marrow cell preparations obtained at day 28 after in-
fection with MP287/03 mycobacteria suppressed CD4" and
CD8" T-cell proliferation and IFN-y production (Figure 4D
and Supplementary Figure 3B-3E). In contrast, lung and bone
marrow GR1" cells from noninfected controls had no sup-
pressive effect on T-cell responses. Of note, GR1" cell isola-
tion performed for these experiments yielded >90% purity
(Supplementary Figure 3F). These findings demonstrate that
CD11b*GR1™ cells generated during severe tuberculosis effi-
ciently suppress T-cell responses.

Depletion of GR1* Cells in Mice With Severe Tuberculosis: Effects on
Disease and T-Cell Suppression

To assess whether CD11b"GR1™ cells contribute to tuber-
culosis severity, MP287/03-infected mice were treated with
anti-GR1 antibodies or IgG isotype control every 3 days
starting 21 days after infection (Figure 5A). Anti-GR1 treat-
ment significantly increased mouse survival but had no ef-
fect on body weight loss. Pneumonia and tissue damage
were greatly reduced after anti-GR1 treatment as evidenced
macroscopically by the decrease in lung white nodules, rel-
ative masses and weights (Figure 5B). Improved pathogen
control was noted in the lower numbers of colony-forming
units in the lungs and bone marrow of anti-GR1-treated mice
(Figure 5B and Supplementary Figure 4A).

Lung histological analysis revealed a lower commit-
ment of the aerated alveolar space after anti-GRI therapy
(Figure 5C). Mice treated with isotype control showed exten-
sive areas of pneumonia with numerous foci of caseous necrosis
(Figure 5D). Alveolitis with abundant intracellular bacteria
and necrotic areas with many extracellular bacteria were ob-
served throughout the lung tissue in isotype control-treated
mice. In contrast, anti-GR1-treated mice developed medium-
sized lung lesions composed of alveoli filled with homogeneous
acellular liquid mass and numerous erythrocytes in the alve-
olar walls. Notably, the alveoli in these lesions contained large
numbers of growing bacilli, forming cords and clumps. Alveolar
macrophages with highly vacuolated cytoplasm and containing
phagocytized erythrocytes were also observed in the preserved
lung tissue.

Next, the effects of antibody therapy on GR1" cells were as-
sessed in MP287/03-infected mice. The leukocyte population
in the lungs was reduced after anti-GR1 treatment (Figure 6A).
Phenotypical analysis of lung myeloid cells showed a complete
elimination of GR1'™, GR1™ and Ly6G" populations. Depletion
of neutrophils in the blood ranged from 25 to 50%, and the mon-
ocyte population was reduced by almost 75% (Supplementary
Figure 4B). Because the presence of CD11b*GR1™ cells in the
lungs of MP287/03-infected mice was associated with T-cell

suppression in vitro and in vivo, we investigated whether the
elimination of GR1" cells benefited T-cell responses.

Anti-GR1 therapy increased CD4" and CD8" T-cell
numbers per lung, but no effect was observed on
CD44'CD62L CD69'CD4" and CD44'CD62L CD69'CD8"
populations (Figure 6B and Supplementary Figure 4C). The
numbers of IFN-y-producing CD44"CD62L"CD4" and
CD44'CD62L CD8" T cells were also not affected by antibody
therapy (Figure 6C and Supplementary Figure 4D). However,
IFN-y"CD44"CD62L" T-cell percentages in lung infiltrates were
nearly 80% higher in anti-GR1-treated mice (0.78% =+ 0.10%)
than in isotype control-treated mice (0.44% * 0.05%). In ad-
dition, a 3-fold higher IFN-y production was observed in lung
leukocyte supernatants of anti-GR1-treated mice compared
with isotype control-treated mice (Figure 6D).

Taken together, these results show that GR1" cell depletion
during severe tuberculosis caused by MP287/03 mycobacteria
prevents the expansion and fusion of primary pulmonary le-
sions, as well as the development of intragranulomatous caseous
necrosis (Figure 7). An increase in mouse survival and partial
recovery of T-cell function were also observed in infected mice
depleted of GR1" cells. In addition, anti-GR1 therapy reduced
lung bacterial load, but mycobacteria released from the de-
pleted cells proliferated extracellularly in the pulmonary alveoli.

DISCUSSION

MDSCs have been recently detected in blood and lung com-
partments of children and adults with active pulmonary tuber-
culosis [34-37]. However, the role of these cells in tuberculosis
pathogenesis, including possible positive or negative effects, is
still under debate, and our findings may help clarify this issue.
The accumulation of CD11b*GRI1™ cells in the lungs during
advanced MP287/03 infection, along with the development of
extensive inflammatory and necrotic lesions, supports their in-
volvement in disease progression. Three large CD11b"GR1™
subsets were identified based on immature myeloid cell markers
and cell size. IL-4Ra expression characterized the largest subset,
which also expressed the classic hematopoiesis-promoting cy-
tokine receptors c-kit and Flt-3 [38, 39]. Positive regulation of
IL-4Ra contributes to cell function and survival [40-42] and was
observed in G-MDSC and M-MDSC subsets from tuberculosis-
susceptible mice infected with H37Rv mycobacteria [11].

The other 2 subsets were positive only for c-kit and Flt-3, and
their subdivision according to a small or large cell size may re-
flect different stages of the proliferative cycle. The presence of
lung and bone marrow GR1" cells in MP287/03-infected mice
with immunosuppressive activity in vitro, together with T-cell
suppression in vivo, allowed us to classify CD11b"GR1™ cells
as MDSCs [13]. The predominance of G-MDSCs in the lungs
of MP287/03-infected mice was demonstrated by Ly6G expres-
sion, high cell granularity, and morphology compatible with im-
mature neutrophils. G-MDSCs likely migrated to the lungs via
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Figure 5. Anti-GR1 treatment reduces tuberculosis severity in MP287/03-infected mice. C57BL/6 mice were infected intratracheally with approximately 100 MP287/03
bacilli and treated with anti-GR1 monoclonal antibodies or isotype control. A, Schematic illustration of the experimental protocol for anti-GR1 therapy, survival curves, and
percentages of body weights in relation to time 0. B-0, Mouse lungs were evaluated at day 28 of infection. B, C, Lung macroscopic images, relative masses (circles), lung
weights, colony-forming units (CFUs) per lung and morphometric quantifications of the alveolar space are shown. D, Representative lung sections stained using hematoxylin-
eosin (D1, D4-D6) or Ziehl-Neelsen (D2, D3, D7-D9) methods. Scale bars correspond to 20 ym (D2, D3, D5, D6, D8, DY) or 500 um (D1, D4, D7). D1, Extensive areas of
pneumonia with numerous foci of caseous necrosis (black stars). D2, Magnified area from D7 (/eft square) showing alveolitis with numerous intracellular bacilli in the alveoli
and extracellular bacilli in region of recent necrosis (white star). D3, Magnified area from D7 (right square) showing low numbers of bacilli in region of central necrosis. D4,
Medium-sized lesions surrounded by relatively preserved lung tissue. D5, Magnified lesion from D4 (lower square) showing alveali filled with homogeneous acellular liquid
mass and numerous erythrocytes in alveolar walls. 06, Magnified area from D4 (upper square) showing relatively preserved lung tissue with macrophages phagocytizing
erythrocytes (blue arrow). D7, Alveoli filled with extracellular bacilli in medium-sized lesions. D8, Magnified area from D7 (right square) showing numerous extracellular
growing bacilli, forming cords and clumps. D9, Magnified area from D7 (left square) showing numerous alveolar macrophages with highly vacuolated cytoplasm (black
arrows). Data represent 2 independent experiments with 3-5 mice each. 'P< .01; *P< .001.
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Figure 6. Anti-GR1 treatment efficiently depletes GR17 cells and attenuates CD4* T-cell suppression during severe tuberculosis. C57BL/6 mice were infected intratracheally

with approximately 100 MP287/03 bacilli and treated with anti-GR1 monoclonal ant
and Ly6C expression in CD4 CD8 CD19'NK1.1°CD11¢"CD45" live cells. Right, GR1™,

ibodies or isotype control. A, Left, Cell counts per lung. Dot plots show GR1, CD11b, Ly6G,

GR1", Ly6G*, and Ly6C* cell numbers per lung. B, Total CD4* and CD44*CD62L"CDBI*CDA*

T-cell counts per lung. C, Dot plots of intracellular interferon (IFN) y in CD44*CD62L"CD69*CD4" T cells. The IFN-y*CD44*CD62L"CDBI CD4* T-cell counts per lung are shown.
D, IFN-y concentrations in 48-hour-culture supernatants of lung cells. Data represent 2 independent experiments with 3-5 mice each. *P< .05; 'P< .01; *P< .001.

the bloodstream with the worsening of the disease, as seen in
cancer patients [31, 43]. These cells were infected by MP287/03
mycobacteria right after crossing the vascular endothelium and
located preferentially in the alveoli.

Emergency hematopoiesis supplies the high demand for
myeloid cells in response to excessive or chronic infections,
and it plays a beneficial role for the host by helping to restrict
the proliferation of pathogens and assisting tissue repair [44].
However, MDSCs may harbor intracellular microbial multi-
plication and suppress the immune response at the infection
site due to their regulatory profile, which worsens disease
outcomes. The first signal for the generation of MDSCs is a

sustained production of factors that stimulate myelopoiesis
[45, 46]. A second signal is required for the acquisition of
immunosuppressive activity [46]. In the case of severe tu-
berculosis, mycobacterial recognition by the Toll-like re-
ceptor 2-NF-kB pathway and damage-associated molecules
such as heat shock proteins and adenosine may provide the
second signal [45, 47, 48]. MP287/03 bacilli were found not
only in the lungs, but also in the bone marrow, providing the
second signal for MDSCs locally. In milder infections, local
and circulating cells are sufficient to contain the infection,
and emergency hematopoiesis is not induced [44]. This view
may explain why a low-dose infection with MP287/03 bacilli
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Figure 7. Schematic illustration showing the role of granulocytic myeloid-derived suppressor cells (G-MDSCs) in severe tuberculosis caused by hypervirulent mycobacteria.
In the advanced stage of tuberculosis caused by highly virulent mycobacteria, G-MDSCs produced in the bone marrow are massively recruited into the lungs. These cells are
infected shortly after crossing the vascular endothelium and suppress T-cell proliferation and interferon (IFN) v production. Located preferentially in the alveoli, G-MDSCs
promote mycobacterial growth and the development of inflammatory and necrotic pulmonary lesions. Depletion of GR1* cells results in marked improvement of pulmonary
tuberculosis and increased mouse survival, along with partial recovery of T-cell function. Lung bacterial load is reduced in the absence of these cells, but mycobacteria re-
leased from the depleted cells proliferated extracellularly inside the alveoli. This scenario supports the use of therapies targeting MDSCs to improve the outcome of severe

tuberculosis associated with uncontrolled pulmonary inflammation.

induced robust G-MDSC recruitment into the lungs, but the
same did not occur with H37RV bacilli.

In this model of severe tuberculosis, G-MDSCs infiltrated
the lungs during acute infection. In previous studies of our
group and others using the slowly progressive H37Rv strain
or moderately virulent M299 Beijing strain, the presence of
G-MDSCs in the lungs was observed in the late chronic in-
fection, coinciding with an increased inflammatory response
[10, 49]. These findings support the concept that MDSC re-
cruitment is associated with disease severity, and not with
a particular mycobacterial strain. Accordingly, GRI expres-
sion inversely correlated with weight loss in tuberculosis-
susceptible mice infected with H37Rv mycobacteria [10].
Furthermore, P2X7-deficient mice that are resistant to
MP287/03 infection showed moderate infiltrates of mono-
nuclear leukocytes, but not MDSCs, when infected with this
hypervirulent mycobacteria [27, 28].

In addition, our study and others corroborate the view that
immature myeloid cells acquire immunosuppressive activity

when tuberculosis becomes severe [10, 11]. LyGGhi and
Ly6G™ cells from the lungs of tuberculosis-resistant C57BL/6
mice infected with H37Rv bacilli did not suppress T-cell func-
tion in vitro, but both cell populations showed immunosup-
pressive activity in tuberculosis-susceptible 129SvPas mice
[50]. MDSCs isolated from the bone marrow of tuberculosis-
susceptible I/St mice also suppressed T cells [10]. Although
the intense migration of MDSCs to the lungs during acute
infection seems to be harmful to the host, the presence of
a limited MDSC population during the chronic disease can
control inflammatory responses and prolong host survival, as
previously suggested [49].

The effects of anti-GR1 therapy administered when the dis-
ease worsened and MDSCs infiltrated the lungs allow us to un-
derstand important aspects regarding the role of these cells in
the pathogenesis of severe tuberculosis. The most striking ob-
servation in anti-GR1-treated mice was the presence of a large
number of extracellular bacteria proliferating inside the pulmo-
nary alveoli in medium-sized lesions, while the adjacent tissues
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were relatively preserved and apparently free of bacilli. This sce-
nario contrasts with the extensive inflammatory and necrotic le-
sions with many intracellular and extracellular bacilli observed
in isotype control-treated mice and suggests that GR1" cells,
mainly G-MDSCs in our experimental conditions, act as a per-
missive niche for intracellular mycobacterial growth [50] and
spread the bacilli throughout the lung tissue. Furthermore, the
massive death of infected G-MDSCs is apparently decisive for
the development of pulmonary necrotic lesions in MP287/03
infection.

Although the immunosuppressive activity of G-MDSCs
may contribute to increase the pulmonary bacterial load in
MP287/03-infected mice, GR1" cell depletion promoted a lim-
ited recovery in T-cell function, which does not seem to be
the main reason for the marked improvement of the disease.
Mycobacteria released from depleted cells proliferated extra-
cellularly in the alveoli apparently free of immunological con-
trol. The increase in IFN-y production ex vivo, but not in the
number of IFN-y* T cells per lung in vivo, can be explained
by the higher percentage of this population among infiltrating
leukocytes as a result of GR1" cell depletion. A reduction in
T-cell exhaustion leading to enhanced IFN-y secretion is an-
other feasible explanation. The efficacy of MDSC depletion
in improving pulmonary tuberculosis already in its advanced
stage expands the spectrum of possibilities for MDSC-targeted
therapies [19, 20].
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