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RESUMO

As células T CD4* participam da resposta imune de varias doencgas pulmonares.
Em doencas infecciosas que afetam os pulmdes, a resposta destas células pode gerar
protecdo ou agravamento. Na tuberculose causada pelo Mycobacterium tuberculosis, a
resposta de células T CD4* é regulada pelo préprio tecido pulméo, que controla a entrada
excessiva destas células no parénquima pulmonar. Este € um mecanismo que evita danos
aos Orgdos que possuem baixa capacidade regenerativa. Contudo, algumas doencas
graves podem induzir a entrada desregulada de células T, como em infec¢cbes por cepas
micobacterianas hipervirulentas e pelo virus Influenza. Neste contexto, ainda ndo se sabe
0 que regula a entrada destas células no tecido pulmonar durante estas infeccdes e suas
consequéncias. Portanto, este estudo buscou compreender o papel das células T CD4*
residentes na geracdo de dano pulmonar e agravamento de infeccées pulmonares e os
mecanismos envolvidos nesse processo. Para isso, utilizamos modelos de infec¢des
pulmonares graves induzidas por Mycobacterium bovis (MP287) e virus Influenza (PR8).
A infeccdo com a cepa MP287 induz lesdo pulmonar grave que esta associada a altos
nameros de células T CD4* residentes em camundongos C57BL/6 (WT). A deplecao de
células T CD4* 21 dias p.i. preveniu o agravamento da infec¢do. Em seguida, transferimos
ndmeros intermediarios (1x10°) e altos (3x108) de células T CD4* para camundongos Cd4
" infectados. Como resultado, apenas os camundongos que receberam altos nimeros de
células T CD4* desenvolveram tuberculose grave. A tuberculose grave induz a liberacédo
de altos niveis de ATP extracelular (eATP) que é reconhecido pelo receptor purinérgico
P2RX7. A interacdo eATP-P2RX7 € crucial para geragdo de ceélulas T residentes.
Adicionalmente, o P2RX7 ¢é altamente expresso em células T CD4* residentes no pulmao
durante a infeccéo por MP287. Por isso, avaliamos se a expressdo de P2RX7 pode regular
a residéncia de células T CD4* durante a infecgdo por MP287. Camundongos P2rx7” e
Cd4creP2rx7"foram infectados e desenvolveram tuberculose branda associada a baixos
nameros de células T CD4* residentes no pulmao. Apos a co-transferéncia de células T
CD4* isoladas de camundongos WT e P2rx7” para camundongos Cd4” encontramos
majoritariamente células T CD4* WT no parénquima pulmonar, enquanto as células T
CD4* P2rx7’- foram localizadas principalmente na vasculatura. Para avaliar se esse
fendmeno € infeccdo especifico ou ndo, utilizamos o modelo de infeccdo viral com a cepa
PR8. A deficiéncia de P2RX7 em células T preveniu a inflamacéo grave e formagéo de
fibrose no pulméo durante a infeccdo por PR8. Além disso, as células T CD4* residentes
estdo reduzidas nos camundongos deficientes de P2RX7. Para entender quais as vias
moleculares envolvidas neste fendbmeno, as células T CD4* residentes foram isoladas do
pulméo 7 dias p.i. com PR8 para execugdo de um RNAseq. Os dados gerados
demonstram que as células T CD4* residentes deficientes em P2RX7 tém expresséo
reduzida de genes relacionados a migracao e proliferacéo celular como: Cxcr3 e Mki67.
Estes dados indicam que a interacdo eATP-P2RX7 no pulméao durante infec¢des induz o
acumulo de células T CD4* no tecido, aumentando a migracdo e proliferacdo destas
células. Para entender qual € a fonte de eATP no tecido que as células T CD4" utilizam
durante a infecgao por PR8, infectamos camundongos deficientes de Panexina-1 (Panx-
1) total ou somente em células T. O nimero de células T CD4* residentes no pulméo foi
reduzido somente com a deficiéncia total de Panx-1. Portanto, estes dados indicam que o
reconhecimento paracrino de eATP via P2RX7 regula a residéncia de células T CD4* no
pulmé&o, determinando o destino de doencgas infecciosas locais.

Palavras chaves: Células T CD4*, dano pulmonar, infeccdo pulmonar e P2RX7.



ABSTRACT

CD4* T cells participate in the immune response of several lung diseases. In
infectious diseases that affect the lungs, CD4* T cells response can generate protection or
aggravation. During tuberculosis caused by Mycobacterium tuberculosis, CD4* T cell
response is regulated by the lung tissue, which controls the excessive entry of these cells
into the lung parenchyma. This is a mechanism that prevents damage to organs that have
low regenerative capacity. However, some severe diseases can induce unregulated entry
of T cells, as in infections with mycobacterial hypervirulent strains and the Influenza virus.
In this context, it is still unclear which mechanisms regulates the entry of these cells into
the lung tissue during these infections and their consequences. Therefore, this study
sought to understand the role of resident CD4* T cells in generating lung damage and
worsening lung infections and the mechanisms involved in this process. For this, we used
models of severe pulmonary infection induced by Mycobacterium bovis (MP287) and
Influenza virus (PR8). Infection with the MP287 strain induces severe lung injury that is
associated with high numbers of resident CD4* T cells in C57BL/6 (WT) mice. CD4* T cell
depletion 21 days p.i. prevented the worsening of infection. Next, we transferred
intermediate (1x10%) and high (3x108) numbers of CD4* T cells to infected Cd4” mice. As
a result, only mice that received high numbers of CD4* T cells developed severe
tuberculosis. Severe tuberculosis induces the release of high levels of extracellular ATP
(eATP) that is recognized by the purinergic receptor P2RX7. The eATP-P2RX7 interaction
is crucial for the generation of resident T cells. Additionally, P2RX7 is highly expressed on
lung-resident CD4* T cells during MP287 infection. In this way, we evaluated whether
P2RX7 expression can regulate CD4* T cell residence during MP287 infection. P2rx77"
and Cd4creP2rx7"" mice were infected and developed mild tuberculosis associated with
low numbers of lung-resident CD4* T cells. After co-transfer of CD4* T cells isolated from
WT and P2rx7” mice to Cd4” mice, we found mostly WT CD4* T cells in the lung
parenchyma, while P2rx7”- CD4* T cells were mainly located in the vasculature. To assess
whether this phenomenon is an infection-specific or not, we used the model of viral
infection with the PR8 strain. P2RX7 deficiency in T cells prevented severe inflammation
and fibrosis formation in the lung during PR8 infection. In addition, lung-resident CD4* T
cells are reduced in P2RX7-deficient mice. To understand the molecular pathways
involved in this phenomenon, lung-resident CD4* T cells were isolated from the lung 7
days p.i. with PR8 to RNAseq analysis. The data demonstrate that P2RX7-deficient
resident CD4* T cells have reduced expression of genes related to cell migration and
proliferation such as: Cxcr3 and Mki67. These data indicate that the eATP-P2RX7
interaction in the lung during infections induces the accumulation of CD4* T cells in the
tissue, increasing the migration and proliferation of these cells. To understand what is the
source of eATP in the lung tissue that CD4* T cells use during PR8 infection, we infected
Panexin 1 (Panx-1) mice deficient full or only in T cells. The number of lung-resident CD4*
T cells were reduced only with total Panx-1 deficiency. Therefore, these data indicate that
the paracrine recognition of eATP via P2RX7 regulates the residence of CD4* T cells in
the lung, determining the fate of local infectious diseases.

Keywords: CD4* T cells, Lung damage, Lung Infection and P2RX7.



LISTA DE ILUSTRACOES

Figura 1: Principais células imunes no pulmao de mamiferos...........cccceeevviieeiiieeeeennn. 26
Figura 2: Grau de toleradncia dos Orgaos a0 daN0...........ccuvueriieiiiiiiiiie e eiiiiee e e e 28
Figura 3: Incidéncia mundial da tuberculose em 2020.............ooovviiiiiiiiiiiiiinieeeieeeeeeee 29
Figura 4: Patogénese da tUDErCUIOSE. ...........uuueiiiiiiiii i 31
Figura 5: Resposta imune celular contra o Mtb.............cccoiririiicccic e, 33

Figura 6: Localizacao e resposta de células T CD4* no pulméo com tuberculose....... 37
Figura 7: Areas sazonais de risco para influenza: novembro-abril (azul), abril-
novembro (vermelho) e durante todo 0 ano (amarelo)................vvvviiiiiiiiiieeeeeeeeeeee, 39

Figura 8: Resposta primaria de células T CD4* e geracdo de memoria na infeccéo pelo

VITUS INFIUBNZAL ...ttt e e e e e e aaaaaa e e 44
Figura 9: Reconhecimento e hidrélise do @ATP.......coviiiiiiiiii e 46
Figura 10: Papel dual do receptor P2RX7 na infeccao por Mtb...........cccceeeeviieeiineeeeennn. 49
Figura 11: Efeitos da sinalizacdo purinérgica na ativacdo de células T....................... 50

Figura 12: Infiltrado e fenoétipo de células T CD4* no pulmé&o durante a tuberculose
grave causada pela cepa MBV MP287..........ooo e 64
Figura 13: Efeitos das células T CD4* residentes na gravidade da tuberculose
pulmonar causada pelacepa Mbv MP287 ..o 66
Figura 14: Efeitos da sinalizacdo via P2RX7 na residéncia de células T CD4* e no
agravamento da  tuberculose  pulmonar causada pela cepa Mbv

Figura 15: Efeitos da expresséao intrinseca de P2RX7 em células T no agravamento
da pulmonar causada pela cepa MbV MP287...........oooiiiiiiiiiiiiiieeeeeee e 70
Figura 16: Habilidade de nimeros intermediarios de células T CD4* WT e P2rx7/- em
acessar o parénquima pulmonar para transferir protecdo para camundongos Cd4--
1 (=T ox =T [0 1S TP PPPPPUPPTRRR 73
Figura 17: Efeitos da sinalizagéo via P2RX7 na residéncia de células T CD4* no
pulmé&o na tuberculose grave causada pela cepa Mbv MP287..........cccocoiiiiiiiiiiiins 74
Figura 18: Fendtipo das células T CD4* WT e P2rx7- residentes no pulmao durante a
tuberculose grave causada pela cepa Mbv MP287.........cccooviiiiiiiiiiiiie e 76
Figura 19: Fenétipo das células T CD4* WT e P2rx77- no mLN durante a tuberculose

grave causada pela cepa MbV MP287 ..o e e e e e e e eeaeaannens 78



Figura 20: Papel do receptor P2RX7 expresso por células T na inflamacao pulmonar
causada pelo VIrus INFIUBNZA. ...........ooii i 80
Figura 21: Papel do receptor P2RX7 no estabelecimento de células CD4* residentes
no durante a infecg@o pelo virus INflueNza..............coooiiiiiiiiieei e, 82
Figura 22: Efeitos da sinalizagdo via P2RX7 na residéncia de células T CD4* no
pulmé&o na infeccdo pelo virus INflueNza. ... 83
Figura 23: Efeitos da expressao intrinseca de P2RX7 na expressao de moléculas de
proliferacéo celular e adeséo tecidual em células T CD4* residentes do pulméo........ 85
Figura 24:. Efeitos dos canais de Panx-1 na infeccao pelo virus Influenza e na
residéncia de CEIUIAS T CDA ... e e 87
Figura 25: llustracdo esquematica mostrando o papel da interacdo eATP-P2RX7 na
residéncia de células T CD4* e suas implicagcbes no agravamento de infeccdes

PUIMONAIES. ...ttt e e e e e e e e e e e e e e e e e e e e e e e e e aaaaes 97



ACK
ADAM
ADC
ADP
ART
AS
ATP
BALT
BBG
Ca*

CD
cDNA
CCR
CFU
CTL
CXCR
DAMPs
DCs
D.O.
eATP
EDTA
ERK
ESAT-6
ESX-1
GM-CSF

HE
HEVs
HIV
IAV
IBV
ICV

LISTA DE ABREVIATURAS E SIGLAS

do inglés, Ammonium-Chloride-Potassium
do inglés, ADAM Metalloopeptidase domain 1
Albumina, Dextrose e Catalase
Adenosina Difosfato

do inglés, ADP-ribosyltransferase

Acido Sialico

Adenosina Trifosfato

Tecido Linfoide Associado aos Bronquios
do inglés, Brilliant blue G

Célcio

do inglés, Cluster of Differentiation

Acido Desoxirribonucleico Complementar
B-Chemokine Receptors

do inglés, Colony-Forming Unit

Linfécito T Citotdxico

a-Chemokine Receptors

Padrbes Moleculares Associados ao Dano
Células Dendriticas

Densidade Otica

Adenosina Trifosfato Extracelular

do inglés, Ethylenediaminetetraacetic Acid
do inglés, Extracellular Signal-Regulated Protein Kinases
do inglés Early-secreted target antigen

do inglés Esat-6 secretion system 1

Fator Estimulador de Coldnia de Granuldcitos
Hemaglutinina

Hematoxilina-Eosina

Vénulas de Endotélio Alto

Virus da Imunodeficiéncia Humana
Influenza virus A

Influenza virus B

Influenza virus C



IDV Influenza virus D

iIBALT Tecido Linfoide Induzido Associado aos Bronquios
IFN Interferon

lg Imunoglobulina

IL Interleucina

I.N. Intranasal

IRF Fator Regulador de Interferon

I.T. Intratraqueal

l.V. Intravenoso

K* Potéassio

KLRG1 do inglés, Killer Cell Lectin Like Receptor G1
MDR-TB Tuberculose Multidroga Resistente

MHC Complexo Principal de Histocompatibilidade
mLN Linfonodo Mediastinal

MMP Metaloproteinase da Matriz

MRNA RNA mensageiro

MUC Mucina

MT Tricomo de Masson

Mtb Mycobacterium tuberculosis

Mbv Mycobacterium bovis

N Neuraminidase

NAD* Nicotinamida-Adenina-Dinucleétido

NB-2 Laboratério de Biosseguranca Nivel 2

NB-3 Laboratorio de Biosseguranca Nivel 3
NFAT do inglés, Nuclear Factor of Activated T-cells
NK do inglés, Natural Killer Cell

NO Oxido Nitrico

OADC Oleato, Albumina, Dextrose e Catalase
OMS Organizacdo Mundial de Saude

PAMPs Padrdes Moleculares Associados a Patdgenos
P2R do inglés, Purinergic Receptor 2 Family
P2RX do inglés, P2X receptors

P2RY do inglés, P2Y receptors

PBS Solucédo Fosfatada Tamponada



PD-1
P.I.
PRR
RANTES
Secreted
RIG-1
RNA
S100A9
Sl

SFB
SPF

SR
ssRNA
TNF

Tfh

Th

TLR

™

Treg
TRM
tSNE
XDR-TB
WT

do inglés, Programmed Cell Death Protein 1
P6s infeccao
Receptor de Reconhecimento de Padrdes

do inglés Regulated on Activation, Normal T Cell Expressed and

Gene | Induzivel por Acido Retindico
Acido Ribonucleico

do inglés, S100 calcium-binding protein A9
Sistema Imunoldégico

Soro Fetal Bovino

Livre de Patdgenos Especificos

Sistema Respiratorio

RNA Fita Simples

Fator de Necrose Tumoral

Linfocito T Folicular

Linfocito T Auxiliar

Receptor do Tipo Toll

Transmembrana

Linfécito T Reguladora

Célula T de Memoria Residente

do inglés, t-distributed stochastic neighbor embedding
Tuberculose Extensivamente Resistente

do inglés Wild type



SUMARIO

L TN EEOTUGED ... 24
1.1, IMuNnologia PUIMONAT .....ccoii it e e 25
1.2, A TUDEICUIOSE ... 28
1.3. Respostaimune natuberculoSe ..., 30
1.4. Respostade células T CD4* na tuberculoSe.........ccccvvvviviiiiieeceeeeeiiiinnn, 35
1.5. A gripe sazonal causada pelo virus Influenza..........ccccccoeeeiiiiiiiiiiininnnnnnn. 38
1.6. Respostaimune nainfeccédo pelo virus Influenza..................coooevinnnnnnnnn. 40
1.7. Respostade células T CD4* na infeccdo pelo virus Influenza............... 43
1.8. Efeitos do reconhecimento do ATP extracelular...........cccccccceeiinniinnnnen. 45
1.9. Efeitos da sinalizacdo via P2RX7 em células T CD4*.............coeeeeeeeeee. 49

2 OB JEEIVOS oo 52
2.1, Geral oo 53
2.2, ESPECITICOS weeeeiieiiiie e 53

S MELOAOIOGIA ..o 54
I N £ T 1 = T PP TP PPPPPPPPPRPPPPN 55
3.2. MyCODbaCterium DOVIS ....ccoeiiiiiiie e 55
3.3 VITUS INTIUBNZA. ... 56
3.4. InfecCao dOS CaAMUNUONGOS ...uvuuiiiiie e 56
3.5. Deplecdo de Celulas T CDA™ ...t 56
3.6. Purificagcdo de células T CD4* e transferéncia adotiva.......ccccccceevvvveeeennnn.. 57
3.7. Marcacgao INtravaSCUIAI ..........uuuuiiiiie e 57
3.8. Processamento pulmonar e preparagéo das células.........cccccccvvvvvvvnennnnnn. 57
3.9. Analises por citometria de flUXO ........ccovviiiiiiiiiiiiiiiiiiiie 58
3.10. ANAliSe NIStOIOQICA «..cevvvviiiiiiiiiiiiiiiieieeeeee e 58
3.11. Quantificag@o dO CFU.........oouiiiiiiie e 58

3.12. Quantificacdo da carga Viral ..........cccevveiiiiiiiii e 59



3.13. Microscopia CONFOCAI ......cceviiiiiiiiiiiiiiiiiiiieeeeeeeeeee e 59

3.14. Geracgao de quimeras mistas de medula éssea........ccccccvvvvvvviiiiiiiiieennnnnnn. 59
3.15. Analises por RNA-SEQUENCING .....ccuuuriiiiieeeaee ettt e e e e e e 60
3.16. ANAlISES EStAlISTICAS ....uuuvriiiiiiiee it 60
4 RESUITAUOS ...ttt e e e e e e e 61
(@ o 1 1] o T P 62

Papel do receptor P2RX7 em células T CD4* na tuberculose pulmonar grave..62
4.1. Células T CD4" residentes efetoras agravam a tuberculose pulmonar....62

4.5. A expressao de P2RX7 em células T aumenta a residéncia de células T

CD4* efetoras no parénquima pulmonar resultando em tuberculose grave...69

4.6. Numeros intermediarios de células T CD4* residentes do pulméo levam a
protecdo mediada por P2RX7 contra formas graves de tuberculose.............. 71

4.7. O receptor P2RX7 promove a residéncia de células T CD4* efetoras

controlando a expressdo de CXCR3 e a proliferacdo celular na tuberculose

(@7 1011 (1 | Lo 2 79
Papel do receptor P2RX7 em células T CD4* na infec¢do pelo virus Influenza .79

4.8. O P2RX7 intrinseco das células T é crucial para a inflamacéo pulmonar e
0 estabelecimento de células T CD4* residentes na infeccdo pelo virus

INTIUBNZA .. e 79

4.9. A sinalizagao via P2RX7 em células T CD4* residentes leva ao aumento da
expressdo de genes relacionados a migracao e proliferacédo celular durante a

infecg@o pelo virus INfluenNza ... 84

4.10. A liberacéo paracrina de eATP através dos canais panexina-1 regula a

entrada de células T CD4* no parénquima pulmonar .........cccoeeeeveevviiiiieneeeennn. 86
B ST U 117 Lo LRSS 88
(0] o od 1T 17> Lo 1N U PTT 96

REFERENCIAS ..o e ettt 98



APENDICE A - Estratégia de gates utilizadas para a analise de células T CD4*

parenquimatosas € INtravasCUlares. ... 114

APENDICE B — Efeitos das células T CD4* residentes no pulm&o na inflamacéo e

dano pulmonar na tuberculose causada pela cepa Mbv MP287...........ccccccceeeeenenn. 116

APENDICE C - P2X7 Receptor Signaling Blockade Reduces Lung Inflammation and
Necrosis During Severe Experimental Tuberculosis. Frontiers in Cellular and
Infection MIicrobiology, 2021. ........iii i 118

APENDICE D - Harmful Effects of Granulocytic Myeloid-Derived Suppressor Cells on
Tuberculosis Caused by Hypervirulent Mycobacteria. The Journal of Infectious
[T ESY == RS 0 2 119

APENDICE E - Antitubercular and immunomodulatory activities of Eugenia astringens

n-hexane fraction. Phytomedicine PIUus, 2022...........ccooiiiiiiiiiiiiiiiiiieeeeeeeeeeei 120



1 Introducie



25

1.1. Imunologia pulmonar

Os pulmdes sdo 6rgéaos vitais conicos localizados na cavidade toracica e tém a
funcdo de extrair oxigénio do ar, transferi-lo para corrente sanguinea e eliminar didxido
de carbono para a atmosfera (TORTORA, 2018). Os pulmdes evoluiram para a forma
atual encontrada em mamiferos a partir de sacos aéreos descritos em fosseis de
peixes marinhos do género Bothriolepis (LIEM, 1988). Para manter a homeostase, 0s
pulmdes precisam interagir com outros sistemas do corpo humano, como Sistema
Imune (SI), por exemplo. Esta necessidade se torna mais clara quando pensamos que
0 contato direto com o ar torna 0 6rgdo mais exposto a toxinas, alérgenos e até mesmo
patégenos que sao inalados durante a respiracao (KUMAR, 2020).

O contato com diferentes tipos de antigenos faz com que os pulmdes tenham
uma assinatura imunoldgica especifica e independente de uma resposta imune
sistémica (LIPSCOMB et al., 1995; KUMAR, 2020). Muitos pesquisadores vém
estudando a resposta imune nos pulmdes, criando um grande campo de discussao
gue pode ser denominado como imunologia pulmonar. Antigos estudos em coelhos
demonstraram que o inoculo intranasal (i.n.) de pneumocécico foi capaz de gerar
protecdo contra reinfec¢cdes sem gerar uma resposta imunoldgica sistémica (BULL et
al., 1929). Ainda nesta linha, ha algumas décadas os cientistas Askonas e Humphrey
demonstraram que ap0s a imunizacao sistémica com antigenos de pneumocacico 0s
anticorpos de maior especificidade eram gerados somente nos pulmdes (ASKONAS
& HUMPHREY, 1958).

Quando se estuda a divisdo imunoldgica do tecido pulmonar saudavel é
possivel entender como a imunidade local citada anteriormente é gerada. A presenca
do Sl no pulmé&o pode ser dividida de acordo com a localizacdo das células imunes no
tecido (MCDERMOTT et al.,, 1982). Na parte superior dos pulmdes encontra-se a
mucosa onde os anticorpos do tipo IgA sdo predominantes, também se observa
glandulas e vias aéreas periféricas. As vias aéreas periféricas ndo possuem tecido
mucoso e a classe de anticorpos produzidos predominante é IgG. Esta regido esta em
contato direto com as células broncoalveolares que sdo majoritariamente macrofagos
(90%) e uma pequena quantidade de linfocitos (10%) (MCDERMOTT et al., 1982). O
epitélio pulmonar € muito importante como primeira linha de defesa, gerando uma

barreira fisica que protege o pulméo da entrada de antigenos que podem ser nocivos



26

ao tecido (Kumar, 2020). Além disso, o tecido epitelial pulmonar é um importante
compartimento para a acomodacdo de células imunes como linfécitos epiteliais
(BIENENSTOCK et al., 1973). No interior da parede dos bronquios estdo as células
linfoides respiratdrias que formam pequenos agregados celulares que se assemelham
as placas de peyer (BIENENSTOCK et al., 1973b) (Figura 1).
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Figura 1: Principais células imunes no pulméo de mamiferos.
Fonte: Kumar et al., 2020.

O conjunto de células e estruturas citadas acima juntas formam o tecido linfoide
associado aos brénquios (BALT) (RICHMOND et al., 1993; BIENENSTOCK, 1982). O
BALT é encontrado no pulméo saudavel de criancas e adolescentes, desaparecendo
na vida adulta e retornando somente em caso de doencas inflamatorias cronicas
(KIMURA et al., 2019). Os principais componentes celulares do BALT sao as células
B produtoras de IgA. Zonas de células T também s&o encontradas e ha interacdo com

células dendriticas também localizadas nesta regido. No BALT também ha presenca
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de vénulas de endotélio alto (HEVS) que contribui para o transporte de linfécitos entre
circulacéo e tecido (MCDERMOTT et al., 1982; SATO, 2000). Os linfocitos também
chegam pelos vasos sanguineos de forma regulada e patrulham o tecido
(BIENENSTOCK, 1984).

Até aqui é possivel compreender que os pulmbes possuem um tecido
imunolégico associado que é responsavel por proteger e manter sua homeostase
(BIENENSTOCK, 1984; KUMAR, 2020). Sendo assim, o tecido pulmonar pode ser
considerado um sitio imunoregulado, onde h&a células imunes programadas para
responderem naquele local de acordo com as especificidades do tecido (MEDZHITOV
et al., 2012). O pulmao ndo € um 6rgdo que permite respostas imunes agressivas. Um
exemplo disso é que as células imunes que residem no tecido saudavel possuem um
perfil regulador e reparador. Os macrofagos alveolares, por exemplo, ndo sdo bons
apresentadores de antigenos e ndo podem ser ativados como macréfagos
convencionais, sendo responsaveis apenas pela limpeza do tecido (MIYATA &
EEDEN, 2011). Da mesma forma, os linfocitos T localizados no tecido possuem perfil
Th2 caracterizados pela producédo de IL-4 (MEYER, 2001). Além disso, a circulacao
de células provenientes da circulacdo no pulmédo é regulada para que ndo haja
excesso de células infiltradas e atrapalhe a fisiologia respiratéria (SAKAI et al., 2014).
Esta estratégia do pulmao é possivelmente um mecanismo de defesa para protecéo
contra danos graves, uma vez que o pulmao nédo possui alta capacidade regenerativa.

A magnitude da imunopatologia causada por doencas infecciosas €
consequéncia da intensidade e duracao da resposta imune (MEDZHITOV et al., 2012).
A intensidade da resposta imune também é determinada pela sensibilidade do tecido
ao dano e sua capacidade regenerativa. O pulmé&o é um 6rgao vital de baixa tolerancia
ao dano (Figura 2). Este 6rgado possui uma linha ténue entre uma resposta imune
efetiva e a geracdo de dano (RAVIMOHAN et al., 2018). Uma resposta desregulada
das células imunes no pulméao pode causar danos teciduais graves e comprometer a
fisiologia respiratoria. 1sso € o que acontece em processos inflamatorios graves
causados por infecgcdes pulmonares como tuberculose, COVID-19 e infeccédo pelo
virus Influenza, por exemplo (RAVIMOHAN et al., 2018, AMARAL et al., 2014; KLOMP
et al., 2021; VON DER THUSEN & VAN DER EERDEN, 2020).
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Figura 2: Grau de tolerancia dos 6rgéos ao dano.
Fonte: Medzhitov et al., 2012.

1.2. A tuberculose

A tuberculose, embora seja uma doenca curavel, continua sendo uma das
principais causas de morbilidade e mortalidade a nivel mundial (WHO, 2021). Ela é
causada principalmente por um dos patdgenos mais prevalentes no mundo, o
Mycobacterium tuberculosis (Mtb), um microrganismo que apesar de infectar outros
orgaos, possui tropismo pelos pulmdes. Isso faz deste 6rgdo o principal alvo para
infeccdo pelo Mtb (NUNN et al., 2005). Estudos historicos demonstraram que Mtb tem
infectado humanos desde a antiguidade. Pesquisas realizadas em mumias egipcias
revelaram a presenca de sinais patologicos da tuberculose na coluna espinhal de
algumas delas. Contudo, somente em 1882 o médico alem&o, Robert Koch, identificou
gue a tuberculose era causada pelo bacilo (PIANTA & CAMPOS, 2001).

Mtb assim como todas as micobacterias, pertencem a ordem Actinomycetes, a
familia Mycobacteriaceae e ao género Mycobacterium. O género é composto por
muitas micobactérias patogénicas, de elevada importancia clinica. Muitos destes
patdgenos sdo capazes de causar doencas graves em humanos saudaveis, como a
tuberculose (M. tuberculosis) e a hanseniase (M. Leprae), enquanto outras espécies
séo oportunistas desencadeando a doenca em humanos imunodeficientes, como o M.
kansasii (DAI et al., 2011). A parede celular micobacteriana possui uma membrana
externa que se assemelha a parede celular de bactérias gram-positivas. Apesar desta
semelhanca, ndo possuem peptideoglicanos, tais como N-acetimuramico, mas o N-
glicolilmuramico. Sessenta por cento da parede celular micobacteriana é formada por
acidos graxos de cadeia longa, principalmente os acidos micélicos, que por ligacédo
covalente se associam aos polissacarideos da parede celular, o que dificulta a entrada
de nutrientes embora aumente a resisténcia celular a degradacdo enzimatica. As
micobactérias possuem em sua membrana celular proteinas chamadas de porinas

gue formam canais catibnicos para o controle da difusdo de moléculas hidrofilicas.
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Estas caracteristicas da parede celular micobacteriana possibilita a sobrevivéncia e
colonizacdo do micro-organismo no interior de macréfagos, células do sistema
imunologico especializadas na fagocitose e na eliminacédo de agentes patogénicos. A
fase intracelular acarreta em protecdo e maior resisténcia micobacteriana a
substancias antimicrobianas (TRABULSI & RACHILD, et al., 2008).

Na maioria dos casos de tuberculose pulmonar, os pacientes apresentam
sintomas como tosse por mais de duas ou trés semanas, falta de apetite, perda de
peso, suores noturnos e febre (NUNN et al., 2005). Esta doenca mostrou-se
progressivamente incidente nos dltimos anos, tornando-se um problema de escala
mundial (WHO, 2020; WHO, 2019; WHO, 2018). Diante deste cenario, um numero
estimado de 7 milhdes de pessoas adoeceram com tuberculose em 2018, sendo deste
total, 2 milhes de casos em coinfeccdo ao HIV e 1 milhdo de casos multidroga-
resistentes (MDR-TB) (WHO, 2019). Em 2019, 7.1 milhdes de casos de tuberculose
foram registrados e o nimero estimado de casos fatais decorrentes da infecgéo pelo
Mtb atingiu 1,4 milhdo em todo o mundo, tornando a tuberculose uma das dez
principais causas de morte no mundo (WHO, 2020). Em decorréncia da pandemia de
COVID-19, em 2020 houve uma grande queda na incidéncia de tuberculose a nivel
mundial, sendo registrados 5.8 milhdes de casos (Figura 3) (WHO, 2021).
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Figura 3: Incidéncia mundial da tuberculose em 2020.
Fonte: WHO, 2021.
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O tratamento padrdo para tuberculose esta bem estabelecida pela OMS
(ORGANIZACAO MUNDIAL DE SAUDE), sendo composto pelos farmacos
rifampicina, estreptomicina, isoniazida, pirazinamida e etambutol (ZHANG et al.,
2006). Em cerca de 95% dos casos de tuberculose desenvolvida pela primeira vez
ndo se observa resisténcia aos farmacos do tratamento padrdo, com uma taxa de
sucesso de 86% (WHO, 2015). O tratamento € realizado no periodo de 6 meses a 1
ano dependendo do quadro, resposta clinica do paciente e adequacao ao tratamento
(WHO,2020). O longo periodo de tratamento € um dos maiores motivos para a ma
adesdo a terapia, abandono da terapia e consequente surgimento de novos casos de
Tuberculose Multidroga Resistente (MDR-TB). Em casos de resisténcia aos
medicamentos de primeira linha, adota-se o tratamento com os farmacos de segunda
linha e terceira linha, os quais geralmente séo injetaveis. Estes possuem um alto custo
e muitos efeitos adversos, além da baixa efetividade nos pacientes com HIV (JANIN,
2007).

Alguns fatores determinam a incidéncia, curso da infeccdo e a severidade da
tuberculose, sendo eles: o aparecimento de novas cepas resistentes a medicamentos
disponiveis no mercado, o aumento dos casos de coinfec¢cdo com o HIV, desnutri¢éo,
tabagismo, alcoolismo, diabetes, poluicdo, baixa condicdo socioecondmica e a
viruléncia da cepa infectante (KOUL et al., 2011 e KUMAR et al., 2011). Cepas
hipervirulentas provocam uma inflamacdo grave, associada a alta carga bacilar e
elevado nivel de areas de dano e necrose pulmonar (RIBEIRO et al., 2014; AMARAL
et al., 2014).

1.3. Respostaimune natuberculose

Durante a infeccdo micobacteriana, os pulmdes entram em contato com o
microrganismo apos a inalacdo de aerossol contendo Mtb provenientes de um
individuo infectado. O aerossol inalado passa pelo trato respiratério superior e atinge
os pulmdes onde os bacilos sdo fagocitadas por macrofagos e células dendriticas
(DCs) alveolares (DHEDA et al., 2010; ORME, 2011; OGARRA et al., 2013).

Apés a infeccdo, o bacilo pode ser eliminado, manter-se em laténcia ou
desencadear uma infeccdo produtiva (Figura 4) (NUNES-ALVES et al., 2014). O
individuo infectado por Mtb em estagio latente pode desenvolver a fase ativa da

doenca quando ha ocorréncia de uma supresséao de sua vigilancia imunolégica, o que
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explica o aumento do numero de casos de tuberculose em pacientes com HIV (VAN
CREVEL et al., 2002). Embora, a resposta imune inata na tuberculose tenha baixo
efeito antibacteriano inicial no combate ao patdégeno, ela possui um importante papel

na geracdo de um ambiente adequado para o inicio da resposta imune adaptativa.
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Figura 4: Patogénese da tuberculose.
Fonte: Nunes-Alves et al., 2014.

O reconhecimento do bacilo pelos macréfagos e DCs envolve uma cascata de
sinalizacdo via interacdo de moléculas presentes nas micobactérias e receptores de
reconhecimento de padrdes (PRRs) presentes na superficie dos fagécitos (TLR-2,
CD14, receptor de manose, receptores scanvenger e receptores do complemento:
CR1, CR2 e CR4). Tal reconhecimento induz reorganizacdo do citoesqueleto do
fagdcito, processo envolvido na ativagdo da fagocitose do bacilo (LASUNSKAIA et al.,
2006). Apds serem fagocitadas, as micobactérias podem persistir no organismo se
utilizando de mecanismos de evaséao, tais como a modificagdo da composicdo do
fagossoma e inibindo a fusdo do fagossoma com o lisossoma (CLEMENS, 1996;
GLICKMAN et al., 2001; PIETERS, 2001; JAYACHANDRAN et al., 2007).
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A ativacdo dos macréfagos e DCs induz producdo de mediadores pro-
inflamatérios como as interleucinas IL-1, IL-6, IL-12 e IL-8, TNF-a, GM-CSF, RANTES
e espécies reativas de oxigénio e nitrogénio que ativam células endoteliais dos
capilares sanguineos adjacentes a expressarem moléculas de adeséo, possibilitando
o recrutamento e a diapedese de outras células inflamatdrias como mondcitos, DCs e
neutroéfilos para o local da infeccdo (ORME, 1987; FLYNN et al., 1992; ORME et al.,
1992; ORME et al., 1993; KAUFMANN, 2001).

Apesar de a resposta adaptativa ser mais eficiente no controle da infeccéo pelo
Mtb, alguns fatores do bacilo como genética, viruléncia, dentre outros, podem atrasar
a resposta. Por exemplo, algumas cepas podem inibir ou retardar a migracao das DCs
infectadas aos linfonodos, onde ocorre a apresentacdo de antigeno para os linfocitos
T, a fim de iniciar a resposta imune adaptativa (ERNST, 2012; OTTENHOFF &
KAUFMANN, 2012).

A resposta imunolégica mediada por células € predominante em infeccdes
micobacterianas. As células T ativadas iniciam a producdo de IFN-y, acelerando a
infiltrac&o celular no local da leséo e ativando ainda mais os macréfagos na resposta
contra os bacilos. A presenca de células T CD4* Thl e a producéo de IFN-y e TNF-a
conduzem ao desenvolvimento e organizacdo do granuloma, estrutura caracteristica
da resposta imunoldégica na tuberculose, que contribui para a contencdo do
crescimento micobacteriano (NUNES-ALVES et al., 2014).

A estrutura do granuloma é basicamente composta de macréfagos infectados,
macroéfagos epitelidides, foam cell (macrofagos espumosos que acumulam lipideos) e
neutrofilos no interior da estrutura, assim como linfocitos, na periferia. (SAUNDERS et
al., 1999; COOPER, 2009).

Além dos macrofagos e linfécitos T CD4* Thl, outras células envolvidas na
resposta imune nos casos de TB vém sendo estudadas. As células T CD8*, por
exemplo, interagem com o0s fagécitos, que podem apresentar produtos
micobacterianos, secretados no citosol celular via sistema ESX-1 micobacteriano,
através da apresentacdo cruzada. Uma vez ativadas, as células TCD8* contribuem
para a amplificacdo da resposta dos macrofagos através da producdo de IFN-y e
induzindo a morte das ceélulas infectadas via inducdo de FAS, FASL ou perforinas e
granzimas (Figura 5) (NUNES-ALVES et al., 2014; CANADAY et al., 2001; FERRAZ
et al., 2006). As células T CD4* Th17 também participam da resposta imune contra

micobactérias através da secrecdo das quimiocinas e IL-17, auxiliando no
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recrutamento de neutréfilos para o local da infec¢éo e contribuindo para a formagéo
do granuloma (KHADER & COOPER, 2008).
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Figura 5: Resposta imune celular contra o Mtb.
Fonte: Nunes-Alves et al., 2014.

A proliferagdo micobacteriana descontrolada no interior dos macréfagos e a
secrecdo de antigenos micobacterianos, como ESAT-6 em altas concentracées,
conduzem estas células a morte por necrose e a liberacdo dos bacilos, podendo
infectar novas células permissiveis e iniciar um novo ciclo de replicacéo (PARK et al.,
2005). Além da disseminacéo do Mtb, a liberacdo de material intracelular proveniente
da necrose celular, como os DAMPs (Padrées Moleculares Associados a Patdégenos)
ou alarminas, quando reconhecidos pelos macrofagos no local da lesédo impulsionam
a ativacédo de uma cascata de sinalizacéo, induzindo a formacgéo de inflamassomas,
producéo de citocinas inflamatérias e morte celular (DI VIRGILIO et al., 2001). A
resposta imunolégica gerada ap6s o reconhecimento dos DAMPs pode exacerbar a
resposta inflamatéria pulmonar e agrava o quadro patolégico do paciente infectado
(AMARAL et al., 2014; BOMFIM et al., 2017). A respeito dos DAMPs, existe uma
extensa lista de estas moléculas, incluindo citocinas (IL-1a, IL-13 e IL-18), proteinas

de choque térmico, defensinas, anexinas e galectinas. A adenosina trifosfato
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extracelular (eATP) também é uma alarmina, a qual € reconhecida por receptores
purinérgicos do tipo P2: P2RX e P2RY (BIANCHI, 2007; LOTZE et al. 2007; SATO et
al., 2009; BURNSTOCK et al., 2010; COUTINHO-SILVA & Ojcius, 2012).

Os neutréfilos anteriormente subestimados na resposta imune da tuberculose
tém sido associados a geracdo de dano tecidual em pacientes com quadro severo de
infeccéo por Mtb. Ao se acumularem no local de infecgdo, aumentam a producao de
fatores microbicidas como, por exemplo, o oxigénio reativo, as mieloperoxidases e as
metaloproteinases (MMPs), que quando produzidos de forma descontrolada sé&o
citotoéxicos, ocasionando a morte das células ao redor, propiciando a liberacdo de
maior quantidade de fatores relacionados ao dano culminando no extenso dano
tecidual nos pulmdes dos pacientes (TORRADO et al., 2011; ORME, 2014; ALMEIDA
et al.,, 2017; BOMFIM et al., 2021).

Manifestagcdes graves da tuberculose pulmonar podem estar acompanhadas da
formacao de cavidades no pulmédo. A formacéo de tais cavidades é promovida pelo
contato do crescente granuloma necrotico em lesfes primarias com espacos aéreos
nao danificados, o que possibilita o esvaziamento dos centros necroticos (caseos).
Contudo, o aparecimento das cavidades esta fortemente associado a uma resposta
inflamatéria exacerbada. Esta € descrita como pneumonia tuberculosa lipidica,
envolvendo o encontro de macréfagos espumosos com o bacilo inalado ou
provenientes de sitios infectados no interior dos alvéolos pulmonares. Isso conduz
uma rapida e forte resposta necrética com grande producdo de mediadores
inflamatérios, como MMP-1 ou outras colagenases responsaveis pela clivagem de
colageno e a formacéo da cavidade (HUNTER et al., 2011; DARTOIS, 2014 e ORME,
2014).

Sob este prisma, apesar resposta imune contra o bacilo ser essencial para a
defesa do paciente, em casos graves, o0 estado inflamatorio exacerbado aumenta de
forma descontrolada o recrutamento de novas células imunes para o local de infecgéo
e consequente producdo aumentada de mediadores inflamatorios. A resposta
inflamatoria exacerbada causada por células T CD4* Thl, por exemplo, torna-se uma
das maiores causas de dano tecidual. Desta forma, & necessario encontrar o limiar
entre uma resposta de células T CD4* que seja eficiente no controle micobacteriano

sem causar danos ao pulméo.
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1.4. Respostade células T CD4* natuberculose

As células T CD4* participam da resposta imune de muitas doencas
pulmonares, incluindo a tuberculose (BROWN et al., 2004; MCDERMOTT e KLEIN,
2018; SAKAI et al., 2014; SWADLING & MAINI, 2020). Nestas infec¢des, o acumulo
de subconjuntos distintos de células T CD4* pode mediar a prote¢do ou o agravamento
da doenca.

Classicamente, sabe-se que a resposta de células T CD4* é essencial para o
controle da replicacdo micobacteriana (MOGUES et al., 2001). Este fato € claramente
demonstrado na infecgdo de camundongos knockout de CD4* e de MHC (Complexo
Principal de Histocompatibilidade) de classe Il, que morrem rapidamente apls a
infeccdo comparados a camundongos Wild type (WT) (CARUSO et al., 1999). O
comprometimento no controle bacilar, também foi demonstrado em modelos utilizando
macacos, onde as células T CD4* foram depletadas com anticorpos. Nestes animais,
ndo apenas o controle do bacilo foi comprometido, mas também levou a reativacédo da
tuberculose latente (LIN et al., 2012).

O inicio da resposta de células T CD4* na tuberculose define o curso e o
resultado da infeccéo (SIA et al., 2019). Em camundongos, a resposta de células T
CD4* especificas para antigenos micobacterianos é detectada somente duas
semanas apoés a infeccao nos linfonodos de drenagem pulmonar. Ja4 no pulmao, sé é
identificada uma resposta realmente significativa apos trés semanas de infeccdo. Esta
resposta atrasada de células T CD4* € um contraste com outras infec¢des bacterianas
(FLYNN et al., 1995). Este atraso pode ser atribuido a diversos fatores, como: lento
crescimento micobacteriano, atraso da migracdo de DCs, dentre outros (SIA et al.,
2019). Juntos, estes fatores permitem o estabelecimento da infecgdo no pulméo.

A qualidade da resposta de células T CD4* contra micobactérias é relacionada
primordialmente com a producgéo de IFN-y e IL-12, citocinas produzidas pelo perfil de
células T CD4* Thl (OTTENHOFF et al., 1998). Camundongos deficientes de IFN-y
nao séo capazes de controlar a infeccao pela cepa Mtb H37Rv e sucumbem, assim
como os camundongos deficientes de IL-12 (FLYNN, 1993; COOPER, 1993). A
auséncia destas citocinas leva a um estado grave e consequente progressado da
tuberculose pelo fato destes estarem envolvidos na inducdo de outros mediadores
inflamatérios como 6xido nitrico (NO) e citocinas que irdo contribuir para o aumento

do killing dos macréfagos infectados e morte dos bacilos (XIE et al., 1994).
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A localizacao das células T CD4* especificas é determinante para a eficiéncia
da resposta mediada por estas células (Figura 6). Esse contexto se d& pela
necessidade de interacdo com macréfagos infectados (GAUTAM et al., 2017; MEHRA
et al., 2012). Novos estudos tém descrito duas diferentes populacdes de células T
CD4* presentes na vasculatura e parénquima pulmonar. Mais especificamente, as
células T CD4* efetoras Mtb especificas podem permanecer na circulagdo e povoar
as regides intravasculares pulmonares ou infiltrar o parénquima pulmonar,
estabelecendo residéncia (ANDERSON et al., 2014). A base molecular intrinseca que
determina a localizacdo destas células tem sido objeto de muitos estudos recentes,
mostrando, por exemplo, a importancia da expressao diferencial do receptor de
guimiocina entre esses dois subconjuntos celulares. Em resposta a cepa de baixa
viruléncia Mtb H37Rv, as células T CD4* que expressam o receptor de fractalcina
CX3CR1 tendem a permanecer na vasculatura e produzem altos niveis de IFN-y,
enquanto as células que expressam o receptor de quimiocina CXC Motif 3 (CXCR3)
tendem a estabelecer residéncia no parénquima e sdo mais eficazes na contencao da
infeccdo, apesar da menor producéo de IFN-y por célula (SALIN 2017, SAKAI et al.,
2014). O nivel de expresséo de moléculas como CD69, KLRG1 e PD-1 também foi
descrito como importante para o estabelecimento de células T CD4* na vasculatura e
parénquima pulmonar. Apesar disso, foram os receptores de quimiocina o ponto chave
para definir o destino destas células durante a infeccao cepa Mtb H37Rv (HOFT et al.,
2019).
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Figura 6: Localizacéo e resposta de células T CD4* no pulmé&o com tuberculose.
Fonte: Orme et al., 2014.

O equilibrio entre as respostas imunes protetoras promovidas pelas células T
CD4* que séao por definicdo pleiotropica e seus efeitos ndo intencionais no parénquima
pulmonar define se as células T CD4* residentes no pulmao serdo protetoras ou
prejudiciais para o tecido. (BARBER, 2017). Danos pulmonares causados por
inflamacdo exacerbada na tuberculose levam a liberacdo de sinais de danos ou
alarminas. Um dos DAMPs mais abundantes liberados durante processos de dano
tecidual e morte celular € o eATP (Adenosina Trifosfato Extracelular) (IDZKO et al.,
2007). Altos niveis de eATP s&o reconhecidos principalmente pelo receptor
purinérgico P2RX7 (BRANDAO-BURCH et al., 2012). As células T CD4* sdo uma das
células imunes que expressam maiores niveis de P2RX7, sendo capazes de
reconhecer o eATP (SALLES et al.,, 2017). O receptor P2RX7 é frequentemente
associado a geracdo e manutencdo de células T de memoria residentes (TRMS)
(BORGES DA SILVA et al., 2018, BORGES DA SILVA et al., 2020). Apesar disso, néo
esta claro como o reconhecimento do eATP influencia na residéncia de células T CD4*
e quais os efeitos desse processo.

De fato, as células T CD4* ndo sdo dispensaveis no controle micobacteriano na
tuberculose, determinando todo o curso da infecgdo. No entanto, como mencionada

anteriormente, a resposta imune relacionadas as células T CD4* também pode se
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tornar maligna, promovendo uma inflamacéo excessiva ou tornarem-se ineficazes

devido a exposicao crénica ao antigeno.

1.5. A gripe sazonal causada pelo virus Influenza

Historicamente, a gripe € uma doenca causada pelo virus Influenza que causa
epidemias todos os anos no mundo inteiro (Figura 7) (POTTER, 2021). A gripe €
transmitida por vias aéreas através da respiracdo, fala, tosse e espirro que geram
aerossois (KALIL & THOMAS et al., 2019). Os sintomas desta doenga podem ser leves
ou graves, iniciando-se 4 dias ap0s o0 contato com o virus. Sintomas como febre,
coriza, dor de garganta, dores musculares, dor de cabeca, tosse e fadiga séo
observados (DHARMAPALAN, 2020). Em periodos de epidemias sazonais, €
estimado que cerca de 80% das pessoas saudaveis que apresentam tosse ou dor de
garganta estejam infectadas pelo virus Influenza (KRAMMER et al., 2018).

Aproximadamente 5 milhdes de casos clinicos de infeccéo pelo virus Influenza
e 250 mil — 500 mil mortes sao notificadas anualmente no mundo inteiro (THOMPSON
et al., 2003). Os Estados Unidos e Brasil ainda estdo entre os paises com maior
incidéncia de gripe. Foram notificados aproximadamente 3,7 milhdes de casos de
gripe entre outubro de 2021 e fevereiro de 2022 nos Estados Unidos. Dentre estes
casos, houve aproximadamente 44 mil hospitalizacées e 3 mil mortes por pneumonia
associada a infeccdo pelo virus influenza (CENTERS FOR DISEASE CONTROL AND
PREVENTION, 2022). O Brasil registrou 5,8 mil casos e 1,1 mil mortes por influenza
em 2019. Em 2020, o nimero de casos sofreu uma queda, sendo estimado em 1,5 mil
infectados e 209 mortos (MINISTERIO DA SAUDE, 2020). Estes ainda s&o nimeros

altos para uma doenca que possui vacina no calendario de vacinacdo anual.
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Figura 7: Areas sazonais de risco para influenza: novembro-abril (azul), abril-novembro
(vermelho) e durante todo o ano (amarelo).
Fonte: Ninjatacoshell, 2011.

O virus Influenza foi isolado em laboratério pela primeira vez em 1932
(POTTER, 2021). O genoma do virus influenza é composto por RNA de fita simples
(ssRNA) segmentado de sentido negativo, que pode sintetizar RNA mensageiro
(mRNA) (DHARMAPALAN, 2020). As particulas virais que sdo chamadas de virions
sdo pleomorficas (isolados clinicos), variando entre as formas filamentosas,
baciliforme ou esférica (cepas laboratoriais) (DADONAITE et al., 2016).

Quatro espécies do virus influenza foram descritas até o momento, todos
pertencem a familia Orthomyxoviridae: Influenza virus A (IAV), Influenza virus B (IBV),
Influenza virus C (ICV) e Influenza virus D (IAV) (KRAMMER et al., 2018). A maior
parte dos casos graves de gripe, epidemias sazonais e pandemias esta relacionada
ao IAV. Esta espécie € capaz de infectar todos os tipos de pessoas, mas tende a ser
uma ameaca a vida de criancas, idosos e doentes cronicos. As aves aquaticas sao o
maior reservatorio de 1AV, mas o virus também é encontrado em mamiferos terrestres
e marinhos (LI et al., 2019; JOSEPH et al., 2017). Existem subtipos de IAV que séo
classificados de acordo com as proteinas virais hemaglutinina (H) e neuraminidase
(N) (ASHA, 2019). Até hoje foram identificados 18 subtipos H e 11 N. Em humanos,
apenas os subtipos H1-3 e N1-2 foram identificados. Atualmente, os subtipos de IAV
em circulagdo sdo HIN1 e H3N2 (SAUTTO & KIRCHENBAUM, 2018).

As espécies IBV e ICV também sao capazes de infectar humanos e animais,
mas o ICV afeta principalmente criancas de forma assintomatica e com sintomas leves
(KRAMMER et al., 2018; GHEBREHEWET et al., 2016). Ja o IDV é principalmente

encontrado em suinos e bovinos, mas ainda ndo existem casos que comprovem que
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este virus cause doenca em humanos (ASHA, 2019). Dentre as quatro espécies, 0s
estudos que buscam farmacos antivirais e vacinas focam principalmente nos tipos IAV
e IAB (ASHA, 2019).

Existem 3 principais formas de prevencdo da gripe causada pelo virus
Influenza: vacinagéo, quimioprofilaxia antiviral e controle de infeccdo. Dentre estas
medidas, a vacinacao é a forma primaria de protecdo contra possiveis agravamentos
da gripe (KRAMMER et al., 2018; DHARMAPALAN, 2020). As vacinas contra o virus
influenza sao trivalentes ou quadrivalentes e podem ser compostas de virus inativado
ou atenuado. As vacinas da gripe conferem de 50 a 60% de protec&o contra as cepas
H1N1, H3N2 da espécie IAV e mais duas cepas de IBV (SAUTTO et al., 2018). Estes
dados indicam a necessidade de estudos que busquem melhorar a resposta imune
conferida pelas vacinas para que ocorra o aumento da imunidade contra cepas do

virus Influenza.

1.6. Respostaimune nainfec¢ao pelo virus Influenza

Diferente do que € observado na tuberculose, a resposta imune contra o virus
influenza inicia-se de forma robusta no trato respiratério superior. Durante esta
infeccdo, a resposta pro-inflamatéria gerada pela imunidade inata serve como a
primeira linha de defesa do hospedeiro. Na fase tardia da infec¢cdo, a imunidade
adaptativa é crucial para conter a replicacdo viral e mediar a protecdo contra
reinfeccdes (WEI et al., 2014; CHEN et al., 2018).

Apos a inalacao, o virus entra em contato incialmente com as células epiteliais
das vias aéreas superiores do hospedeiro. As células epiteliais respiratorias
expressam constitutivamente em sua superficie glicoproteinas (MUC5AC, MUC5B e
MIC1) que sao ricas em acido sialico (AS) (ROY et al al., 2014; EHRE et al., 2012;
MCAULEY et al., 2017). As proteinas virais H ligam-se ao SA e a outros receptores
celulares, estabilizando o virus na membrana celular (XU et al., 2010). A ligacdo do
virus Influenza na superficie celular induz endocitose dependente das proteinas
claterina e clavolina (FONTANA et al.,, 2012). ApGs a endocitose, a liberacdo das
particulas virais acontece de forma dependente da queda do pH endossomal que
induz a abertura do canal de prétons M2, desencadeando a liberacdo do RNA viral
(LAMB et al., 1996). O RNA viral migra para o nucleo da célula e interage com

Importina-a/B, iniciando a replicagao (SUN et al., 2013).
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Os PRRs da imunidade inata fazem o reconhecimento inicial do virus Influenza.
Eles atuam no reconhecimento de padrdes moleculares associados a patdgenos e
inicia a ativacdo da imunidade inata (CAO et al., 2016; OUYANG et al., 2014). Dentre
os PRRs, o gene | induzivel por acido retindico (RIG-I) é predominante no
reconhecimento intracelular de ssRNA e leva a ativacdo de fatores de transcricdo
como IRF3 (Fator Regulador de Interferon 3), IRF7 e fator nuclear kappa B (NF-kB)
(PICHLMAIR et al., 2006; HISCOTT et al., 2006). Os TLRs endossomais TLR3, TLR7
e TLR8 também sdo PRRs criticos na resposta imune contra o virus Influenza
(TAKESHITA et al., 2006; GOUBAU et al., 2014). O reconhecimento via PRRs leva a
ativacao e translocacao de fatores de transcricdo e consequente transcricdo de genes
de IFNs do tipo | (IFN-a e IFN-B), IFNs do tipo Il (IFN-A1, IFN-A2, IFN-A3, IFN-A4) e
citocinas (TNF, IL6, IL1pB, etc.) antivirais (SHAN et al., 2016). Apesar de terem funcao
semelhante, os IFN-a/ e IFN-A possuem algumas diferencas para conferir protecao
durante a infeccdo. Camundongos infectados com Influenza foram tratados com IFN-
a e apresentaram maior patologia pulmonar e mortalidade. J& o tratamento com IFN-
A conferiu protecdo aos camundongos infectados (DAVIDSON et al., 2016; KIM et al.,
2016).

A producao dos mediadores mencionados acima ativa as epiteliais respiratorias
vizinhas néo infectadas para resposta antiviral e recruta células inatas circulantes
como: NKs, mondcitos, neutrofilos e DCs (CHEN et al., 2018). As células NK atuam
na vigilancia imunoldgica e utilizam sua atividade citotoxica para eliminar as células
infectadas pelo virus (MENDELSON et al., 2010; GUO et al., 2011). Os macréfagos
alveolares, mondcitos e neutrofilos limitam a proliferacdo viral fagocitando as células
infectadas (TUMPEY et al., 2005). As DCs internalizam e processam 0 virus, enquanto
migram para os linfonodos drenantes onde apresentam os peptideos virais via MHC
para as celulas T especificas, iniciando a resposta imune adaptativa
(GEURTSVANKESSEL et al., 2008; HINTZEN et al., 2006).

A resposta imune de células T e B é crucial contra o virus Influenza. As células
T CD4* e CD8* desempenham papel fundamental produzindo mediadores antivirais,
além de atuarem na morte de células infectadas (XIAOYONG et al., 2018). As DCs
apresentam os peptideos virais via MHC de classe | para as células T CD8* naives
gue se diferenciam em linfocitos T citotoxicos (CTLs) (GEURTSVANKESSEL et al.,
2008; KREIJTZ et al., 2011). Apés a ativagdo e diferenciagdo, as células T CD8*

regulam positivamente a expressdo de CXCR3 e CCR4 e migram para o pulméo
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infectado (JENNRICH et al., 2012; XIAOYONG et al., 2018). No tecido infectado,
essas células podem produzir citocinas como IFN-y que contribuira para ativagédo de
macrofagos e para a producédo de anticorpos IgG por células B (WHITMIRE et al.,
2005). Outro mecanismo efetor é a citotoxidade mediada por perforinas e granzimas
que exige contato célula-célula e induz apoptose nas células infectadas (VAN
DOMSELAAR & BOVENSCHEN, 2011). Alguns estudos também indicam que as
granzimas atuam impedindo a replicacdo viral clivando proteinas virais (ANDRADE,
2010). As células T de memdria também sdo essenciais na protecdo contra
reinfeccbes pelo virus Influenza (CERWENKA et al., 1999). As células CD8* TRMs
sdo geradas na infeccéo e apds a vacinacao contra a gripe, gerando rapida protecao
contra reinfeccdes (WAKIM et al., 2015). Neste contexto o reconhecimento de DAMPs
como o0 eATP é um sinal necessario para a geracao destas células em infec¢des virais
(BORGES DA SILVA et al., 2020). As células CD8* TRMs sdo encontradas no epitélio
nasal apos a infeccdo, onde restringem o acesso do virus ao Sistema respiratério
inferior, impedindo a disseminacéo viral para o pulméo (PIZZOLLA et al., 2017).

As células B ndo sdo meras coadjuvantes em resposta ao virus Influenza. Estas
células participam ativamente através da producédo de anticorpos neutralizantes e néo
neutralizantes (LOFANO et al., 2015). Nesta infeccdo a maior parte das células B
responsivas sdo especificas para a proteina H do virus (BARDELLI et al., 2013). Os
anticorpos nao neutralizantes correspondem a maior parte do pool de anticorpos
produzidos e agem diretamente na lise de células infectadas por meio da citotoxidade
mediada por anticorpos (LOFANO et al.,, 2015). Os anticorpos do tipo IgA sé&o
indispensaveis para evitar a transmissao viral, mas os anticorpos IgG sdo mais
abundantes e eficientes em controlar a infeccdo (SEIBERT et al., 2013). Até o
momento, a resposta de células B de memoria é a linha de defesa mais rapida utilizada
pelo sistema imune apos a vacinagao contra a gripe (FRASCA et al., 2016).

Assim como na tuberculose, uma resposta inflamatéria exacerbada durante a
infeccdo pelo virus Influenza pode lesionar o tecido pulmonar e comprometer a
fisiologia respiratoria. Alguns estudos ja demonstraram que o acumulo de células T
CD8* durante a infeccao agrava a lesdo pulmonar e aumenta a fibrose. As células T
CD4* séo indispenséaveis na imunidade antiviral e colaboram com as respostas de
células T CD8* e B, mas o infiltrado exacerbado e produgéo desregulada de citocinas
como IFN-y podem conduzir a doenca pulmonar para um desfecho grave. As

caracteristicas da resposta de células T CD4* serdo detalhadas no topico seguinte.
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1.7. Respostade células T CD4* na infec¢céo pelo virus Influenza

A resposta efetora de células T CD4* contra o virus Influenza comegou a ser
estudada entre 1990 e 1995, utilizando modelos de deplecdo por anticorpos e
camundongos deficientes de MHC de classe Il (ALLAN et al., 1990; BODMER et al.,
1993; TRIPP et al., 1995). Estes estudos demonstraram um papel secundério das
células T CD4* na infec¢cdo quando comparados as células T CD8* e células B. Na
auséncia da resposta de células T CD4*, apenas um atraso no clearence viral foi
observado (BODMER et al., 1993). Contudo, o requerimento da resposta destas
células durante a infeccao ficou mais evidente quando camundongos deficientes de
células B foram tratados com anti-CD4 (MOZDZANOWSKA et al.,, 2000). Neste
contexto, a resposta citotoxica das CTLs ficou comprometida e ndo foi capaz de
controlar a infeccéo pela cepa A/Puerto Rico/8/34 (PR8). Estes dados demonstraram
qgue as células T CD4* sdo um importante pilar para sustentar a resposta de células T
CD8*. Experimentos similares foram feitos, desta vez depletando células T CD8* em
camundongos deficientes de células B (MOZDZANOWSKA et al., 1997; TOPHAM &
DOHERTY, 1998). Interessantemente, os camundongos sem resposta de células T
CD8" e B sucumbiram rapidamente. Portanto, a resposta de células T CD4* sozinha
néo é capaz de controlar a infec¢éo pelo virus Influenza. E necessario que haja uma
cooperacao entre as respostas de células T e B para que haja sucesso no clearence
viral (BROWN et al., 2004).

As células T CD4* sdo capazes de reconhecer epitopos conservados de
proteinas virais internas (DEVARAJAN et al., 2016; VALKENBURG et al., 2018). Elas
séo ativadas nos linfonodos drenantes pelas DCs que carregam 0s peptideos virais
(Figura 8) (ITANO & JENKINS, 2003). Apos a ativagdo, a diferenciacéo para o perfil
Th1 é predominante, mas também ha envolvimento de células T CD4* Th2, Tfh e Treg
durante a infeccdo (GRUTA & TURNER, 2014; CHEN et al., 2018). As células Thl
migram para o tecido infectado, onde exercem sua fungéo efetora produzindo citocinas
como IFN-y, TNF-a e IL-2 que cooperam com a proliferagdo, ativacao e diferenciagao
de células T CD8*. As células Th2 regulam a producdo de anticorpos através da
producgéo de IL-4 e IL-13 (LAMB et al., 1982). As células Treg contribuem na redugéo
da resposta de células T CD8* quando a infeccdo € controlada, prevenindo dano
pulmonar por exacerbacdo da resposta inflamatoria no tecido (JIANG et al., 2011).

Contudo, este controle nem sempre é eficiente. As células Tfh s&o cruciais para
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formacdo de centros germinativos nos linfonodos, direcionando a produgéo de
anticorpos de alta afinidade contra o virus Influenza (BENTEBIBEL et al., 2016).

Influenza Mediastinal
Lymph Node

Antibody
Production

Traffic to lung
Figura 8: Resposta primaria de células T CD4* e geracdo de memdria na infec¢ao pelo virus

Influenza.
Fonte: Zens & Farber, 2014.

No pulméo infectado pela cepa PR8, dois novos subtipos de células T CD4*
residentes foram descritos recentemente (SWARNALEKHA et al.,, 2021). Estes
subtipos sado transcricionalmente semelhantes as células Thl e Tfh. O surgimento
destas células no pulmao ocorre de forma assincrona. Na fase aguda da doenca (7
dias p.i.), as células Thl (PSGL-1"FR4") sdo predominantes. Estas células Thil
contribuem para a resposta de células T CD8* e B na fase aguda, como mencionado
anteriormente (SCHREINER & KING, 2018). Na fase tardia, apés a eliminagédo do
virus (14-30 dias p.i.), se observa o direcionamento das células Thl para Trh (Célula
T helper residente) (PSLG-1°FR4"). A geracdo de células Trh requer a interagdo com
células B e é dependente da expressao de Bcl6. As células Trh podem ser vistas em
pequenos aglomerados ao lado de células B no parénquima pulmonar. Estas células
sdo cruciais para manter a producdo de anticorpos durante uma reinfeccao. Além
disso, elas também contribuem para geracdo de células TRMs CD8* (SON et al.,
2021).
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Na infeccéo pelo virus Influenza, assim como na tuberculose, ha a formacéo de
iBALT (Tecido Linféide Induzivel Associado aos Bronquios) (SCHREINER & KING,
2018). Esses aglomerados linfoides ndo indispensaveis para a manutencao de células
T CD4* residentes no pulméo. Durante a infeccao viral, as células T CD4* também
expressam altos niveis de CD69, CD103 e CXCR3 e migram para o parénquima
pulmonar, onde exercem sua fungéo de acordo com a fase da doencga. No entanto, é
a alta expressdo CXCR3 que determina o acumulo de células Thl no parénquima
pulmonar durante a infeccdo (DHUME et al., 2019).

As células T CD4* realmente possuem papel secundario na protecao durante a
infeccdo pelo virus Influenza. Porém, assim como em outras infec¢des pulmonares, o
acumulo destas células somado a uma resposta efetora desregulada esta associado
ao agravamento do dano no tecido pulmonar e, consequente, a liberacdo de grandes
guantidades de DAMPs (ZHAO et al.,, 2012). Este fato suporta a importancia de
estudos que busquem entender o que determina o acumulo excessivo destas células

no pulmao, visando melhorar o prognéstico da doenca.

1.8. Efeitos do reconhecimento do ATP extracelular

A Adenosina Trifosfato (ATP) intracelular possui um importante papel como
molécula energética nas reacdes celulares. Através das alteracdes metabdlicas, as
células podem regular a producéo desta molécula (BURNSTOCK & VERKHRATSKY,
2009). Esses mecanismos sao importantes para as funcdes vitais celulares como
replicacdo e ativacdo. O ATP exerce papel crucial no meio intracelular e ndo esta
presente em altas concentragdes no meio extracelular (LIPMANN, 2006). Baixos
niveis de eATP exercem importantes funcdes fisiologicas, tais como agregacao
plaguetaria, neurotransmissédo (periférica e central), funcdo cardiaca e contragéo
muscular (DRURY & SZENT-GYORGYI, 1929). No entanto, o ATP pode ser liberado
em altas concentragdes no processo de morte celular. Células ativadas e apoptéticas
utilizam a abertura de canais denominados panexina-1 para liberar ATP para o meio
extracelular e isso pode levar a uma consequente ruptura da membrana plasmatica
(CHEKENI et al., 2010; ZEH & LOTZE, 2015).

O ATP pode ser liberado para o meio extracelular por varios tipos celulares
assim como por exocitose em plaguetas e neurénios. No meio extracelular, o eATP

pode ser reconhecido por receptores presentes na superficie celular ou ser
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rapidamente hidrolisado em ADP, AMP e adenosina pela ectonucleotidases CD39 e
CD73, respectivamente (Figura 9) (GORDON, 1986; YEGUTKIN, 2008; RIVAS-
YANEZ et al., 2020.).
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Figura 9: Reconhecimento e hidrdlise do eATP.
Fonte: Rivas-Yéfez et al., 2020.

Dois grupos de receptores purinérgicos foram descritos, sendo eles, os
receptores P1, que sdo capazes de reconhecer adenosina e 0s receptores P2 que
reconheceriam o eATP. Dentre os receptores P2, duas familias foram identificadas
(BURNSTOCK, 1978; ABBRACCHIO & BURNSTOCK, 1994): o primeiro grupo é
composto por receptores ou canais ibnicos dependente de ligante, os quais sao
chamados de P2X. J& o grupo chamado de P2Y é composto de receptores que estédo
acoplados a proteina G (BURNSTOCK & KENNEDY, 1985).

Atualmente, sdo conhecidas oito isoformas na familia P2RY em mamiferos
(P2RY1, P2RY2, P2RY4, P2RY6, P2RY11, P2RY12, P2RY13 e P2RY14) e sete de
P2RX (P2RX1-P2RX7) (ABBRACCHIO et al., 2009; BURNSTOCK, 2007; MILLER et
al., 2011). Quanto a sua estrutura, os receptores da familia P2RX possuem os dois
dominios transmembrana (TM1 e TM2), além de um dominio extracelular responsavel
pela ligacdo com o ATP e uma porg¢ao n-terminal intracelular (BARRERA et al., 2005,
DI VIRGILIO, 2015). A estrutura destes receptores esta intimamente ligada a abertura
de canais ibnicos. A partir da abertura destes canais inicia-se um fluxo com entrada
de Na* e Ca2* e saida de K* e consequente despolarizacdo da membrana plasmatica.
O influxo de célcio esta envolvido diretamente na sinalizag&o celular (DI VIRGILIO,
2015, MILLER et al., 2011). Esta sinalizacdo pode levar a varios caminhos, incluindo
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a ativacao, proliferacéo e morte celular, por exemplo (ADINOLFI et al., 2005). Diante
desses fatos, nota-se que a familia P2RX possui um papel significativo na resposta de
células imunes.

Dentre todos os receptores P2RX, 0 mais estudado até o momento € o P2RX?7.
Em humanos o gene que codifica o receptor esta localizado no cromossomo 12 e em
camundongos no cromossomo 5. Este receptor € amplamente encontrado em tecidos
como o cérebro, musculo, pele, intestino, células imunes, dentre outros (COLLO et al.,
1997). No sistema imune, o P2RX7 €& expresso por macrofagos, mastocitos,
eosindfilos, DCs e linfécitos T (DI VIRGILIO et al., 2001). O P2RX7 especialmente é
capaz de responder a altas concentracfes de eATP e formar um poro permeéavel a
moléculas de até 900Da (DI VIRGILIO et al., 2001). Este contexto € caracteristico de
dano celular e tecidual, quadro observado em respostas imunes muito exacerbadas.

Um dos limitantes para a determinacdo do papel do P2RX7 em células do
sistema imune é a concentracdo de eATP disponivel no microambiente. Baixas
concentracOes de eATP favorecem a ativacdo e proliferacdo de células via P2RX7
(RISSIEK et al., 2015). Em contraste, altas concentracdes de eATP desencadeia a
morte celular apoptética ou necrética em alguns tipos celulares (ADINOLFI et al.,
2005; AMARAI et al., 2014). O tempo e intensidade do estimulo do P2RX7 também é
limitante para determinar o papel do receptor. A estimulacdo prolongada de P2RX7
induz a formacao de grandes poros na membrana plasmatica (DI VIRGILIO, et al.,
2001). Dependendo da intensidade e duragdo do estimulo, a predominancia de cada
uma dessas vias moleculares determina o gatilho para a morte celular por apoptose
ou necrose. A ativacdo combinada de diferentes vias moleculares culmina em
piroptose, pironecrose ou necroptose (BORTOLUCI & MEDZHITOV, 2010;
KACZMAREK et al., 2013). A ativagéo celular via P2RX7 pode levar a um fenébmeno
de dano celular em cascata. Portanto, o reconhecimento de eATP pelo receptor
P2RX7 contribui para o desenvolvimento e agravamento da inflamacdo estéril e
infecciosa em diversos modelos (DI VIRGILIO, et al., 2017).

Aléem de seus efeitos fisiolégicos, o P2RX7 também é um receptor muito
relevante em doencas infecciosas (MILLER et al., 2011). Nos ultimos tempos, este
receptor tem sido amplamente estudado na interagcdo patdégeno-hospedeiro.
Pesquisadores buscam ndo apenas entender o papel do receptor na inflamacao
proveniente de infec¢des, mas também como o P2RX7 contribui para a protecdo ou
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desenvolvimento de formas graves destas doencas infecciosas. (DI VIRGILIO et al.,
2017).

Alguns estudos demonstraram que a sinalizacao via P2RX7 pode aumentar a
resisténcia em casos de sepse (CSOKA et al., 2015). Além disso, a expressdo de
P2RX7 em neutrdfilos contribui para a eliminacdo de Streptococcus pneumoniae.
(KARMAKAR et al., 2016). Quando se trata de infec¢bes parasitarias, demonstrou-se
gue o P2RX7 participa da eliminacdo de parasitas intracelulares como Leishmania e
Toxoplasma (COUTINHO-SILVA et al., 2003, COUTINHO-SILVA & OJCIUS, 2012).
Na malaria experimental, nosso grupo de pesquisa demonstrou que o P2RX7 é crucial
para a eliminacdo do patdgeno (SALLES et al., 2014).

Em infeccBes virais, 0 eATP extracelular é essencial para promover imunidade
antiviral robusta aumentando a producéo de IFN- e outros mediadores inflamatérios
(ZHANG et al., 2017). Em alguns casos de infecg¢des virais persistentes, a sinalizagéo
via P2RX7 pode gerar inflamacao sistémica e levar a morte. O bloqueio da interacdo
P2RX7-eATP é eficiente no controle da inflamacé&o pulmonar, reduzindo infiltrado de
macrofagos, neutréfilos e producéo de citocinas inflamatérias durante infeccbes por
Influenza e adenovirus (LEYVA-GRADO et al., 2017; LEE et al., 2012).

Antigos trabalhos demonstram o papel do P2RX7 em infeccdes
micobacterianas. Lammas et al., (1997), por exemplo, demonstrou que o tratamento
de macréfagos humanos infectados com M. bovis BCG promoveu a morte destas
células e consequentemente, a morte dos bacilos. Apesar disso, o papel do P2RX7
na tuberculose sempre foi dito como controverso. Em estudos anteriores, Nn0SSo grupo
demonstrou que em infec¢des causadas por cepas micobacterianas hipervirulentas, o
P2RX7 contribui para o desenvolvimento de formas graves da doenca. Esse efeito
hiperinflamatorio ndo foi observado na infeccdo com cepas de baixa viruléncia como
a Mtb H37Rv. Os resultados sugeriram a necessidade de uma alta resposta
inflamatéria, gerando elevada morte necroética de macrofagos e liberacdo de eATP, o
gue s6 acontece na infeccdo pela cepa Mtb Beijing 1471 e principalmente pela cepa
Mbv MP287, ambos isolados clinicos hipervirulentos (Figura 10) (AMARAL et al.,
2014; EBERHARDT et al., 2022). Em 2017, ficou claro que a protecdo conferida a
camundongos deficientes de P2RX7 nao é proveniente da auséncia do receptor em
células estruturais do pulméo, mas sim de células derivadas da medula éssea
(BOMFIM et al., 2017). Contudo, o papel do receptor P2RX7 expresso



49

especificamente por células T CD4* ndo estava elucidado na tuberculose pulmonar

grave.
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Figura 10: Papel dual do receptor P2RX7 na infec¢cdo por Mtb.
Fonte: Eberhardt et al., 2022.

1.9. Efeitos da sinalizacdo via P2RX7 em células T CD4*

O papel da sinalizacédo através do reconhecimento do eATP por P2RX7 em
células T CD4* ainda ndo totalmente esclarecido, mas se sabe que favorece a ativacao
celular durante a sinapse imunoldgica. A ativacao antigeno-especifica de células T via
TCR e moléculas coestimuladoras induz a liberagdo de baixas concentracfes de ATP
pelos canais de panexina. O eATP liberado na sinapse é reconhecido pelos receptores
P2RX1 e P2RX4 que sao imediatamente recrutados para a sinapse (Figura 11). Ja o
P2RX7 permanece distribuido uniformemente pela membrana célula, podendo
reconhecer o eATP de forma autdcrina e paracrina. Este reconhecimento via
receptores P2RX aumenta o influxo de Ca* e ativa NFAT levando a producédo de
importantes mediadores, como IL-2 que aumenta a proliferacdo celular (RIVAS-
YANEZ et al., 2020; BURNSTOCK & BOEYNAEMS, 2014; JUNGER et al., 2011; YIP
et al., 2009).
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Figura 11: Efeitos da sinalizag&o purinérfica na ativagéo de células T.
Fonte: Burnstock & Boeynaems, 2014.

O receptor P2RX7 também é um importante direcionador da diferenciacéo de
células T CD4*. A deficiéncia de P2RX7 direciona a diferenciacéo de células T CD4*
para um perfil Th17 em camundongos com artrite induzida por coldgeno (FAN et al.,
2016). Essa diferenciacdo € mais evidente a partir de células T CD4" regulatérias.
Num ambiente rico em IL-6 e altos niveis de eATP, as células T CD4*FOXP3* ficam
prejudicadas em sua funcao supressora e diferenciam-se em células T CD4* Thl7
(SCHENK et al., 2011). Na malaria experimental, a diferenciacao de células Thl CD4*
protetoras € favorecida pela sinalizacdo via P2RX7 (SALLES et al.,, 2017). O
direcionamento da diferenciacdo de células T provavelmente esta relacionado com a
programacdo metabodlica celular induzida a partir interacdo eATP-P2RX7 (DI
VIRGILIO et al., 2017).

O papel do eATP na migracao de células da imunidade inata, como neutrofilos
esta bem descrito na literatura. Neste contexto, o reconhecimento do eATP é via
receptor P2Y2 (JUNGER, 2008). Contudo, pouco se sabe sobre o envolvimento de
altos niveis de eATP reconhecidos P2RX7 na migracdo e células T (Mishra et al.,
2016; DI VIRGILIO et al., 2017). Até o0 momento, 0 que se sabe é que o0 P2RX7 é
fundamental para a saida de células do linfonodo em direcdo aos tecidos. A
Sinalizagéo via P2RX7 induz o shedding L-selectina (CD62L) através da atividade das
metaloproteases ADAM10 e ADAM17 (LE GALL et al., 2009). Portanto, a deficiéncia

de P2RX7 pode gerar retencdo de células T nos linfonodos. Adicionalmente, novos
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estudos comprovam a acao do receptor P2RX7 na motilidade das células durante o
processo de ativacdo. A sinalizagdo via P2RX7 induz ondas de Ca* que agem de
forma paracrina nas células T vizinhas, reduzindo sua motilidade e melhorando a
interacdo com as DCs (WANG et al., 2014).

Por fim, mas ndo menos importante, o receptor P2RX7 pode agir na morte de
células T durante processos inflamatérios e de dano tecidual. Esse processo €
dependente do tempo de exposicdo, niveis de eATP e expressdo de
ectonucleotidases (RIVAS-YANEZ et al., 2020). Um tipo de morte celular regulado
pelo receptor P2RX7 € a apoptose. Este processo utiliza ndo apenas o eATP, mas
também baixas concentracbes de NAD™* que serve como substrato para ARTC2.2
catalisar a ribosilacdo de ADP do P2RX7 em camundongos, levando a imediata
ativacao e consequente morte celular induzida por NAD* (SEMAN et al., 2003). Esta
morte por ocorrer pela abertura de poros ndo seletivos na membrana celular ou via
fosforilagdo da proteina quinase % (ERK1/2) (AMSTRUP et al., 2003). A abertura de
poros néo seletivos pode também levar a morte celular por necrose, devido a entrada
e saida desregulada de ions e outras moléculas (TAYLOR et al., 2008). Como
mencionado anteriormente, em condic¢des de liberacao de altos niveis de ATP, alguns
subtipos de células T CD4* podem escapar da morte celular induzida por P2RX7
expressando CD39 e CD73. Desta forma, o eATP € hidrolisado antes de se ligar ao
P2RX7. Células T CD4* regulatérias utilizam este mecanismo para escapar da morte
em condic¢des inflamatérias graves (DEAGLIO et al., 2007; VIGNALI et al., 2008).

De fato, a expressdao de P2RX7 e a sinalizacdo gerada a partir do
reconhecimento de altos niveis de eATP pode direcionar o destino de células T CD4*
em diferentes modelos. Contudo, ainda nédo € claro os efeitos do P2RX7 expresso por
células T CD4"* durante infec¢des pulmonares graves como tuberculose e Influenza,

onde ha grande liberacéo de eATP.
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2.1. Geral

O objetivo principal deste trabalho foi compreender o papel das células T CD4*
residentes, particularmente da sinalizacao através do P2RX7, na geracao de lesbes

pulmonares decorrentes de infeccoes e os mecanismos envolvidos nesse processo.

2.2. Especificos

Identificar o papel das células T CD4* residentes efetoras no agravamento da

tuberculose pulmonar induzida por cepa hipervirulenta;

e Compreender o papel do receptor P2RX7 na residéncia de células T CD4*

efetoras na tuberculose pulmonar grave;

e Investigar como a expresséo de P2RX7 em células T determina o desfecho da

tuberculose pulmonar grave;

e Avaliar o papel do receptor P2RX7 na inflamacao pulmonar causada pelo virus

Influenza;

e Averiguar se 0S mecanismos que envolvem a sinalizacdo via P2RX7 e a
residéncia de células T CD4* estendem-se para outras infec¢cdes pulmonares,

como pelo virus Influenza.
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3.1. Animais

Camundongos das linhagens C57BL/6 (CD45.1 e CD45.2), Cd4”, P2rx7,
P2rx7tf Cd4cre, CD4creP2rx7% CMVcre, CMVcrePanx1f e Cd4crePanx1% livres
de patégenos especificos (SPF) de 6-8 foram utilizados neste projeto. Camundongos
machos foram usados para experimentos de tuberculose grave e camundongos
fémeas para experimentos com o virus Influenza. Os animais foram mantidos em
microisoladores nas instalagcdes de camundongos isogénicos do Instituto de Ciéncias
Biomédicas da Universidade de Séao Paulo (USP) (Sao Paulo, Brasil), do Centro de
Biociéncias e Biotecnologia da Universidade Estadual do Norte Fluminense (UENF)
(Rio de Janeiro, Brasil) ou do departamento de Imunologia da Mayo Clinic (Arizona,
EUA) até o momento da experimentagcdo. Para iniciar 0s experimentos, 0s
camundongos destinados a experimentos com modelo de tuberculose grave foram
transportados para o laboratério de Biosseguranca Nivel 3 (NB-3) do Instituto de
Ciéncias Farmacéuticas da USP ou do Laboratério de Biologia de Reconhecimento da
UENF, onde todos os experimentos com a cepa Mbv MP287 foram executados. Os
camundongos infectados com a cepa PR8 do virus Influenza foram mantidos no
laboratorio de Biosseguranca Nivel 2 (NB-2) da Mayo Clinic (Arizona, EUA). Em todos
0s experimentos, os camundongos foram distribuidos aleatoriamente em grupos
experimentais. Todos os procedimentos experimentais foram aprovados pelo comité
institucional de cuidado e uso de animais das instituicbes envolvidas no trabalho
(CEUA 5611150818, CEUA 402/2021 e IACUC A00005542-20).

3.2. Mycobacterium bovis

O isolado clinico hipervirulento Mbv MP287/03 foi cedido pelo Dr. José Soares
Ferreira Neto (Faculdade de Medicina Veterinaria e Zootecnia da Universidade de S&o
Paulo). A cepa foi congelada em meio Middlebrook 7H9 (Becton Dickinson, EUA)
suplementado com ADC (albumina, dextrose e catalase) (Difco, EUA) e mantida em
freezer -80°C até da experimentacdo. O monitoramento do crescimento
micobacteriano foi realizado medindo-se a Densidade Optica (D.O. 600nm) por
espectrofotometria (Biochrom, modelo Libra S6). Para a realizacdo dos experimentos,

a cepa micobacteriana foi descongelada e adicionada ao meio Middlebrook 7H9
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suplementado com 10% ADC. A cultura em suspensao micobacteriana foi agitada em
vortex (Biomatic, Brasil) e sonicada em banho de ultrassom (Ultrasonic Maxi cleaner
800 — Unique, Brasil) por 1 minuto para dispersar os grumos. A cultura foi incubada a
37°C e 5% de CO:2 por 5-7 dias. Apos este periodo a cepa atinge a D.O. suficiente

para a experimentacao.

3.3. Virus influenza

A cepa A/Puerto Rico/8/34 (PR8) do virus Influenza foi gentilmente cedida pelo
Dr. Jie Sun da Universidade da Virginia. Dr. Sun enviou aliquotas contendo ~1,1x10°
PFU, que foram armazenadas em freezer -80°C até o momento da infeccdo. No
momento da experimentacdo o estoque viral passou por diluicbes seriadas para
preparacao do in6culo de ~1400 PFU.

3.4. Infecgdo dos camundongos

As infecgbes com a cepa Mbv MP287 foram realizadas por via intratraqueal
(i.t.). Uma inciséo cirurgica foi realizada para expor a traqueia dos camundongos, onde
foi injetado 90 uL de inéculo contendo ~102 CFU diluido em PBS. Antes da cirurgia os
camundongos foram anestesiados com uma solucdo de cetamina (110 mg/kg) e
xilazina (15 mg/kg), sendo inoculados de 80 a 100 pL (dependendo do peso e sexo
dos animais) de anestésico por via intraperitoneal. Apés o procedimento cirlrgico 0s
animais foram suturados e mantidos aquecidos até se recuperarem da anestesia. Para
infec¢des com a cepa viral PR8, os camundongos foram anestesiados com isoflurano

e 20 pL de inéculo viral (~ 1400 PFU) diluido em PBS foi injetado por via intranasal.

3.5. Deplecéo de células T CD4*

Camundongos C57BL/6 foram infectados com a cepa Mbv MP287 e no dia 21
p.i. receberam uma Unica injecéo i.p. de anticorpo purificado GK 1.5 anti-a-CD4 (250
ug) (Bio X Cell). Este dia foi escolhido para o tratamento, pois € quando se inicia o
agravamento da doenca nos camundongos. No dia 28 p.i., os camundongos foram
eutanasiados e a deplecao foi verificada no pulméo por citometria de fluxo (Apéndice
A).
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3.6. Purificacéo de células T CD4* e transferéncia adotiva

As células T CD4* esplénicas foram isoladas de camundongos WT e P2rx7--
por selecdo negativa usando o Kit de Isolamento de Células T CD4* EasySep™ Mouse
(STEMCELL), seguindo o protocolo do fabricante. Apés o isolamento, obtivemos
~94% de pureza (Apéndice A). Em seguida, as células T CD4* foram transferidas
(1x108 ou 3x10° por camundongo) por via i.v. para camundongos Cd4” 5 dias apés a
infec¢gdo com a cepa Mbv MP287.

3.7. Marcagao intravascular

Para marcagdo das células intravasculares, os camundongos foram
anestesiados com isoflurano e receberam injecao intravenosa (i.v.) de 2,5 ug de um
anticorpo monoclonal (mAb) anti-CD45 (30-F11) marcado com fluoréforo (BioLegeng).
Apés 3 minutos, os camundongos foram eutanasiados para coleta do pulméo e
linfonodo mediastinal (MLN) (Anderson et al., 2014).

3.8. Processamento pulmonar e preparacéao das células

O pulméo foi coletado e os l6bulos processados e digeridos com colagenase
tipo IV (0,5 mg/mL) (Sigma-Aldrich) a 37° C por 40 minutos sob agitacdo (200 rpm)
(Amaral et al., 2019). A suspensao de células obtida foi homogeneizada e filtrada
através de filtros de células (Corning) e incubada com ACK Lysing Buffer (Thermo
Fisher Scientific) a temperatura ambiente durante um minuto para lisar os eritrQcitos.
ApoOs 2 minutos, a suspensao de células pulmonares foi lavada com PBS 10% de soro
fetal de vitela (Gibco, US) para bloquear a acdao do ACK. A suspenséo celular foi
centrifugada a 1.200 rpm por 5 minutos e ressuspensa em meio RPMI 1640
enriquecido com 10% de SFB (Soro Fetal Bovino) e 0,1% de gentamicina (Gibco,
EUA). Em seguida, os numeros de células pulmonares viaveis foram determinados

usando ensaio de exclusdo com trypan Blue.
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3.9. Anélises por citometria de fluxo

Células T foram isoladas do pulmao por digestao tecidual com colagenase IV
(0,5 mg/mL) e do mLN por digestdo mecanica. Nos experimentos de cotransferéncia
adotiva usando modelo de tuberculose grave e em todos os experimentos com virus
Influenza, 50 yg de nano anticorpo Treg-Protector (anti-ARTC2.2) (BioLegend) foram
injetados i.v. 30 minutos antes da eutandsia dos animais (Borges da Silva et al., 2019).
As células do pulmdo e mLN foram marcadas usando anticorpos monoclonais
conjugados a fluorocromos, sendo eles: anti-CD4, anti-CD8, anti-CD45, anti-CD45.1,
anti-CD45.2, anti-CD44, anti-CD69, anti-KLRG1, anti-CX3CR1, anti-CXCR3, anti-IFN-
Y, anti-P2RX7, anti-Ki-67 e anti-T-bet (BD Biosciences). Para marcacao intracelular ex
vivo de IFN-y, as células pulmonares foram incubadas com monensina (2 uM) por 4
horas a 37°C em atmosfera de CO2 a 5%, fixadas e permeabilizadas com kit BD
cytofix/cytoperm (BD Biosciences) (Amaral et al., 2019). O corante Live/Dead foi usado
para corar as células mortas. As células foram adquiridas usando citbmetro de fluxo
LSRFortessa™ ou FACSyphony™ A5 (BD Biosciences). A distribuicao convencional
e por tSNE (t-distributed Stochastic Neighbor Embedding) foram realizadas usando o

software FlowJo (BD Biosciences) (Bomfim et al., 2021).

3.10. Analise histolégica

O lobo superior direito do pulméo foi coletado, lavado em PBS e mantido em
paraformaldeido 10% por 24 horas. Apés este periodo o tecido foi fotografado para
analise macroscopica. Posteriormente, cortes histolégicos de aproximadamente 4-5
pum foram corados com Hematoxilina-eosina (HE) ou Tricrbmio de Masson (MT) para

visualizacdo microscoépica e posteriormente fotografados.

3.11. Quantificacdo do CFU

A suspensao pulmonar foi submetida a diluicdo seriada em PBS e logo apos foi
semeada em placas de Petri contendo meio Middlebrook 7H10 Agar (Becton
Dickinson, EUA) suplementado com 10% de OADC (oleato, albumina, dextrose e

catalase) (Difco, EUA). As placas foram seladas e mantidas em estufa a 37° C e 5%
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COz2 por 21 dias. Apés esse periodo, as colénias foram contadas para determinagéo

da carga micobacteriana pulmonar.

3.12. Quantificagao da carga viral

As cargas virais nos experimentos com a cepa PR8 foram definidas por PCR
guantitativa (qPCR), comparando a amplificacdo de amostras de sobrenadante
pulmonar com a amplificagdo de cDNA viral de uma amostra de concentragdo
conhecida de PFU (método da curva padrao). Os primers utilizados para amplificacéo
do cDNA do virus foram: PR8-NP, 5-GATTGGTGGAATTGGACGAT-3' and 5'-
AGAGCACCATTCTCTCTATT-3".

3.13. Microscopia confocal

Cortes parafinados de aproximadamente 10 um foram feitos com o lobo
superior direito do pulmé&o. Ap6s a desparafinacdo, os cortes foram submetidos a
recuperagdo antigénica com PBS 1x, tripsina (0,1%) e EDTA (1mM).
Subsequentemente, as secdes foram bloqueadas com 2% de BSA em PBS por 30
min e depois incubadas overnight a 4°C com anticorpo anti-S100A9 primario. Apos 24
horas, os cortes foram corados com anticorpo anti-CD4 e anti-IFN-y (BD Biosciences)
conjugado com fluorocromos PE e APC, respectivamente. As laminas foram tratadas
com o reagente Sudan Black B (Sigma-Aldrich) para remover a autofluorescéncia
natural do tecido. Em seguida, as laminas foram lavadas em PBS e cobertas com o
reagente antifade ProLong Gold (Invitrogen). Depois de marcadas e tratadas, as
laminas foram lavadas e as laminulas foram inseridas. O microscopio confocal SP5
de alta resolucdo (Leica) foi utilizado para visualizacdo das laminas e analise das

imagens realizadas no software Fiji.

3.14. Geracgao de quimeras mistas de medula 6ssea

Camundongos C57BL/6 (CD45.2) foram irradiados com 1000 rads no biotério
do Hospital Mayo Clinic (Scottsdale, Arizona) e reconstituidos com a mistura 1:1 de
célula da medula 6ssea de camundongos Cd4cre (CD45.2) e Cd4creP2rx/i/

(CD45.1/2). Os camundongos receberam antibiético na agua por 3 semanas apos a
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transferéncia. A reconstituicdo foi seguida semanalmente por citometria de fluxo e os
camundongos foram infectados pelo virus Influenza apds aproximadamente 1-2

meses.

3.15. Analises por RNA-sequencing

Camundongos Cd4cre e Cd4reP2rx7% foram infectados com a cepa PR8. No
dia 7 p.i., as células T CD45iv*CD44*CD4* e CD45ivCD44*CD4* dos pulmdes foram
isoladas (BD FACSAria lll Cell Sorter). O RNA foi extraido usando o RNeasy Plus Mini
Kit (QlAgen). A preparacédo da biblioteca e RNA-seq (plataforma DNBseq, PE 100bp
par-end read length) foi feita pela BGlI Americas. As leituras de RNA-seq foram
mapeadas e a matriz de contagem bruta foi gerada. A analise DEG foi feita usando
DESeq2, e genes com alteragbes >2 vezes e FDR <0,05 foram considerados para
analise de agrupamento de genes. Heatmaps, graficos de PCA e anadlises de
enriquecimento de vias foram gerados usando R-based BGI Dr. Tom online analysis

toolkit (https://www.bgi.com/global/dr-tom/).

3.16. Andlises estatisticas

Detalhes das analises estatisticas utilizadas para cada experimento podem ser
encontrados nas legendas das figuras. As andlises estatisticas foram realizadas
utilizando o software GraphPad Prism 9. Os dados foram descritos como média com
barras de erro indicando o SEM. O teste T foi usado para avaliar as diferencas entre
apenas dois grupos. O teste one-way ANOVA e o teste post hoc de Tukey foram
usados para avaliar os efeitos de apenas 1 parametro entre mais de 2 grupos. As
diferencas entre os grupos foram consideradas significativas quando p < 0,05 (*), p <
0,01 (**) ou p < 0,001 (***).


https://www.bgi.com/global/dr-tom/

Y Reswllades
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Capitulo 1

Papel do receptor P2RX7 em células T CD4* na tuberculose pulmonar grave

4.1. Células T CD4"* residentes efetoras agravam a tuberculose pulmonar

Inicialmente, induzimos um quadro de tuberculose pulmonar grave em
camundongos C57BL/6 (WT) através da infeccdo intratraqueal com a cepa
micobacteriana hipervirulenta Mbv MP287 (SANTIAGO-CARVALHO et al., 2021). A
infeccdo por MP287 é capaz de induzir lesdes pulmonares graves, associadas a
intenso infiltrado inflamatorio (#) e extensas areas de necrose pulmonar (*) aos 28 dias
p.i. (Figura 12A). Este fendmeno nédo € observado em infeccdes por cepas de baixa
viruléncia como Mtb H37Rv (RIBEIRO et al., 2014; AMARAL et al., 2014). Por isso, a
infeccdo por MP287 é o modelo ideal para avaliar as consequéncias da grande
liberacio de DAMPs devido a intensa morte celular no desenvolvimento da
tuberculose (AMARAL et al., 2014).

Em seguida, acessamos o infiltrado intravascular e parenquimatoso de células
T CD4* no pulméo usando marcacao intravenosa com anticorpos anti-CD45 3 minutos
antes da eutanasia dos camundongos (Anderson et al., 2014). Neste contexto,
notamos que 28 dias p.i. ha um nimero maior de células T CD44*CD4* residentes no
parénquima pulmonar (CD45iv)) do que na vasculatura (CD45iv*) (Figura 12B e
Apéndice A). Este resultado contrasta os observados em infec¢des pela cepa H37Ryv,
gue possui mais células T CD4* infiltradas na vasculatura e baixos numeros no
parénquima pulmonar (SAKAI et al., 2014). Nossos dados indicam que o intenso
infiltrado de células T CD4* residentes poderia contribuir para o agravamento das
lesdes pulmonares durante a infeccdo pela cepa MP287.

A fim de avaliar o fenétipo das células T CD4* no tecido pulmonar, nos
utiizamos marcadores caracteristicos de células T CD4* intravasculares e
parenquimatosas (Sakai et al., 2014). A analise por tSNE (t-distributed stochastic
neighbor embedding) de células T CD4* experimentadas evidenciou 0s
compartimentos intravascular (CD45ivCX3CR1*) e parenquimatosos (CD45iv-
CXCR3*) em camundongos WT infectados (Figura 12C). Adicionalmente,

observamos que as células T CD4* do parénquima expressaram niveis mais elevados
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do marcador de ativagdo e homing CD69. J& o marcador de células efetoras terminais,
KLRG1, que antes foi descrito como expresso principalmente em células T CD4*
intravasculares (Sakai et al., 2014), aqui é expresso em ambas as populacdes.
Como mencionado anteriormente, a expressdo do receptor P2RX7 é
constantemente associada a manutencdo do homing de células T em tecidos néo
linfoides (BORGES DA SILVA et al., 2020). Além disso, a expressao deste receptor é
aumentada em células imunes em casos de dano tecidual grave em que grandes
guantidades de eATP sao liberadas (RYAN et al., 1991). Portanto, avaliamos a
expressdo de P2RX7 em células T CD4* intravasculares e parenquimatosas 28 dias
p.i. em camundongos infectados com MP287. Notavelmente, o receptor P2RX7 foi
altamente expresso em células T CD45iv-CD44*CD4* de camundongos infectados em
comparacao com ceélulas T CD45ivtCD44*CD4* (Figura 12D). Esse resultado indica
gue o receptor P2RX7 pode ser importante para o estabelecimento das células T CD4*

efetoras no parénquima pulmonar.
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Figura 12: Infiltrado e fen6tipo de células T CD4* no pulméo durante atuberculose grave causada
pela cepa Mbv MP287. Camundongos C57BL/6 foram infectados com ~100 bacilos da cepa
hipervirulenta Mbv MP287. Camundongos néo infectados foram usados como controles. No dia 28 p.i.,
os camundongos receberam injecdo i.v. de anticorpos fluorescentes anti-CD45 3 minutos antes da
eutanasia. (A) As imagens mostram cortes representativos do pulmao infectado e controle coradas com
HE (500 um). (*) indicam areas de necrose e (#) indicam os sitios inflamatérios. (B) Expresséo de CD44
e CD45 i.v. em células T CD4*. (C) O grafico de distribuicdo espacial em tSNE (t-distributed stochastic
neighbor embedding) mostra a expressdo de CD45 i.v., CD44, KLRG1, CX3CR1, CD69 e CXCR3 em
células T CD4*. (D) Expressédo do receptor P2RX7 em células T CD45iv*CD44*CD4* e CD45iv-
CD44*CD4*. O gréfico violin mostra a Média Geométrica da Intensidade de Fluorescéncia (gMFI) de
P2RX7. Os dados sdo de 2—-3 experimentos independentes; n = 3-5 por grupo experimental. Os dados
gréaficos sdo mostrados como média + SEM. Os valores de p dos testes One-way ANOVA e post hoc
de Tukey sao indicados por *, p <0,05; **, p<0,01; ***, p<0,001.
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Para avaliar se a intensa infiltragdo de células T CD44*CD4* residentes
contribui para 0 agravamento da tuberculose, depletamos as células T CD4* com
apenas uma alta dose de anticorpo anti-a-CD4 no dia 21 p.i. (Figura 13A e Apéndice
B). Este € 0 momento em que o0 agravamento da doenga comeca em camundongos
infectados com a cepa MP287 (Bomfim et al., 2021). Como esperado, camundongos
WT infectados (IgG) comecam a perder peso 21 dias p.i. (Figura 13B). Em contraste,
os camundongos tratados com anticorpo a-CD4 recuperam o0 peso apos a deplecao
de células T CD4*. Apesar disso, a deplecéo de células T CD4* ndo contribuiu para a
reducdo da carga bacteriana pulmonar (Figura 13C). Adicionalmente, o peso do
pulmdo e o numero total de células estdo reduzidos em camundongos depletados
desta populacdo (Apéndice B). Camundongos infectados do grupo controle (IgG)
apresentam aumento do tamanho do lobo superior direito do pulméo e presenca de
multiplos nédulos, indicando tuberculose grave (Apéndice B). A histologia pulmonar
em hematoxilina-eosina (HE) revela que ha uma reducéo significativa nas areas de
inflamacéao (#) e necrose (*) apés a deplecédo de células T CD4* (Figura 13G).

Para confirmar se o nimero de células T CD4* infiltradas no pulmao durante a
infecgdo por MP287 determina a melhora ou piora da tuberculose em camundongos,
o modelo de transferéncia adotiva de altos (3x108) e intermediarios (1x108) nimeros
de células T CD4* 5 dias p.i. para camundongos Cd4”- (Figura 13E e Apéndice B).
Como resultado, os camundongos que receberam um ndamero maior de células T
CD4* perderam mais peso corporal do que os camundongos que receberam um
namero menor dessas células (Figura 13F). O CFU, peso pulmonar e infiltrado celular
estdo mais aumentados em camundongos transferidos com 3x10° do que em
camundongos que receberam 1x10° células T CD4* (Figura 13G e Apéndice B).

Juntos, estes resultados sugerem que na fase de agravamento da tuberculose,
as células T CD4* efetoras que residem no parénquima pulmonar contribuem para o

agravamento da tuberculose pulmonar causada por micobactérias hipervirulentas.
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Figura 13: Efeitos das células T CD4* residentes na gravidade da tuberculose pulmonar causada
pela cepa Mbv MP287. Camundongos C57BL/6 e Cd4”- foram infectados com ~100 bacilos da cepa
hipervirulenta Mbv MP287. Camundongos néo infectados foram usados como controles. No dia 28 p.i.,
os camundongos receberam injecdo i.v. de anticorpos fluorescentes anti-CD45 3 minutos antes da
eutanasia. (A) llustragdo esquematica do protocolo experimental. No dia 21 p.i., camundongos C57BL/6
infectados foram tratados com anticorpo a-CD4 (250 pg) ou IgG2b (controle isotipico). (B) Percentual
de peso corporal em relagéo ao dia 0 de infec¢édo. (C) CFU por grama de pulm&o. (D) Cortes histol6gicos
representativos dos pulm@es infectados corados com o HE (500 um). (*) indicam areas de necrose e
(#) indicam os sitios inflamatdrios. (E) llustracdo esquematica do protocolo experimental. No dia 5 p.i.
Camundongos Cd4- receberam células T CD4* esplénicas (1x10° ou 3x106) de camundongos WT. (F)
Porcentagens de peso corporal em relagdo ao dia 0. (G) CFU por grama de pulmdo. (H) Cortes
histolégicos representativos dos pulmdes infectados corados com o HE (500 um). (*) indicam &reas de
necrose e (#) indicam os sitios inflamatérios. Os dados sdo de 2—3 experimentos independentes; n =
3-5 por grupo experimental. Os dados gréaficos sdo mostrados como média + SEM. Os valores de p dos
testes One-way ANOVA e post hoc de Tukey séo indicados por *, p <0,05; **, p<0,01; ***, p<0,001.
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4.2. A deficiéncia de P2RX7 reduz a populacao de células T CD4* residentes e

previne a geracdo de formas graves de tuberculose pulmonar

Para avaliar se o receptor P2RX7 aumenta a residéncia de células T CD4*
efetoras, contribuindo para o agravamento da tuberculose, infectamos camundongos
WT e P2rx77- com a cepa MP287. Confirmando estudos anteriores do nosso grupo,
os dados demonstram que a sinalizacao via P2RX7 contribui para o desenvolvimento
de formas agressivas de tuberculose (AMARAL et al., 2014; BOMFIM et al., 2017).
Camundongos P2rx7-- foram mais resistentes a infeccdo pela cepa MP287 do que
camundongos WT (Figura 14A). Observamos que os camundongos P2rx7-/ tém
pulmdes mais leves e menor carga bacteriana 28 dias p.i. do que camundongos WT
(Figura 14B-C). As imagens histologicas confirmam a protecdo, sendo possivel
observar menor infiltrado inflamatério (#) e areas de necrose (*) em camundongos
P2rx77- do que em camundongos WT (Figura 14D). Adicionalmente, a populacédo de
células T CD44*CD4* residentes do parénquima pulmonar foi reduzida em
camundongos P2rx7-- infectados, enquanto nimeros semelhantes foram observados
na vasculatura (Figura 14E). O bloqueio farmacoldgico tardio do receptor P2RX7 com
0 antagonista Brilliant blue G (BBG) teve o mesmo efeito observado em camundongos
P2rx7/- (SANTIAGO-CARVALHO et al., 2021) (Apéndice C).
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Figura 14: Efeitos da sinalizagdo via P2RX7 na residéncia de células T CD4* e no agravamento
da tuberculose pulmonar causada pela cepa Mbv MP287. Camundongos C57BL/6 e P2rx7-- foram
infectados com ~100 bacilos da cepa hipervirulenta Mbv MP287. Camundongos nao infectados foram
usados como controles. No dia 28 p.i., os camundongos receberam injecdo i.v. de anticorpos
fluorescentes anti-CD45 3 minutos antes da eutanasia. (A) llustracdo esquemética do protocolo
experimental. (B) Peso do pulmé&o total em gramas. (C) CFU por grama de pulmao. (D) Cortes
histolégicos representativos dos pulmdes infectados corados com o HE (500 um). (*) indicam &reas de
necrose e (#) indicam os sitios inflamatérios. (E) Expressao de CD44 e CD45 i.v. em células T CD4".
Os dados sao de 2 experimentos independentes; n = 3-5 por grupo experimental. Os dados gréaficos
sdo mostrados como média = SEM. Os valores de p dos testes One-way ANOVA e post hoc de Tukey
séo indicados por *, p <0,05; **, p<0,01; ***, p<0,001.
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4.5. A expressao de P2RX7 em células T aumenta a residéncia de células T CD4*

efetoras no parénquima pulmonar resultando em tuberculose grave

Para avaliar se o desenvolvimento de formas graves de tuberculose e a
presenca de células T CD4* residentes estao relacionados a expressao de P2RX7 em
células T, foram gerados camundongos deficientes de P2RX7 somente em células T
(Cd4creP2rx7f) (Figura 15A). Camundongos P2rx7 foram usados como controle.
Como resultado, apés a infeccdo pela cepa MP287, os camundongos Cd4creP2rx7/
apresentaram ganho de peso corporal, sendo que o mesmo nao foi observado no
grupo controle P2rx7% que apresentou acentuada perda de peso corporal 21 dias p.i.
(Figura 15B). No dia 28 p.i., os pulmdes de camundongos Cd4creP2rx7%f eram mais
leves do que os de camundongos P2rx7%f (Figura 15C). Além disso, camundongos
Cd4creP2rx7%f controlaram melhor o crescimento micobacteriano pulmonar do que
camundongos P2rx7% (Figura 15D). A contagem de células infiltrados no pulméo
revelou um ndmero menor destas células em camundongos Cd4creP2rx7ff quando
comparados com camundongos P2rx7%f (Figura 15E). A analise histopatolégica do
tecido pulmonar revelou grande infiltrado inflamatério (#) e presenca de areas
necroéticas disseminadas (*) em camundongos P2rx7% infectados (Figura 15F). Em
camundongos Cd4creP2rx7%f infectados, observou-se reducdo do infiltrado
inflamatoério e menores areas de necrose.

Depois de avaliar os parametros patoldgicos, acessamos as células T CD4*
infiltradas no pulmdo de camundongos P2rx7%f e Cd4creP2rx7" por citometria de
fluxo. Os dados revelaram uma reducao na frequéncia e numero total de células T
CD44*CD4" residentes de camundongos Cd4creP2rx7% infectados (Figura 15G)
comparados a camundongos P2rx7%"f. Nao houve diferencas significativas no nimero
de células T CD44*CD4" intravasculares.

Esses dados indicam que o reconhecimento de eATP via P2RX7 pelas células
T contribui para o desenvolvimento de formas graves de tuberculose em
camundongos e isso pode estar relacionado a uma reducéo na infiltracdo de células

T CD44*CDA4* residentes no parénquima pulmonar.
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Figura 15: Efeitos da expressao intrinseca de P2RX7 em células T no agravamento da pulmonar
causada pela cepa Mbv MP287. Camundongos C57BL/6, P2rx7"1 e Cd4creP2rx7% foram infectados
com ~100 bacilos da cepa Mbv MP287 hipervirulenta. Camundongos néo infectados foram usados
como controles. No dia 28 p.i., 0s camundongos receberam injecéo i.v. de anticorpos fluorescentes anti-
CD45 3 minutos antes da eutanasia. (A) llustracdo esquematica do protocolo experimental. (B)
Percentual de peso corporal em relagédo ao dia O de infec¢do. (C) Peso do pulmdao total em gramas.
(D) CFU por grama de pulméo. (E) Namero total de células por pulmao total. (F) Cortes histolégicos
representativos dos pulmdes infectados corados com o HE (500 um). (*) indicam areas de necrose e
(#) indicam os sitios inflamatérios. (E) Expressao de CD44 e CD45 i.v. em células T CD4*. Os dados
sdo de 2 experimentos independentes; n = 3-5 por grupo experimental. Os dados graficos séo
mostrados como média £ SEM. Os valores de p dos testes One-way ANOVA e post hoc de Tukey sdo
indicados por *, p <0,05; **, p<0,01; ***, p<0,001.
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4.6. Numeros intermediarios de células T CD4" residentes do pulmé&o levam a
protecdo mediada por P2RX7 contra formas graves de tuberculose

Uma vez que ja sabemos o efeito de niumeros elevados de células T CD4* em
camundongos deficientes de P2RX7, agora gostariamos de entender o desfecho da
tuberculose quando ha baixos nimeros de células T CD4* deficientes de P2RX7. Por
isso, para investigar se baixos numeros de células T CD4* P2rx77 influencia na
geracdo de formas graves de tuberculose, camundongos Cd4”- foram infectados pela
cepa MP287 e 5 dias p.i. receberam transferéncia adotiva de 1x10°8 células T CD4*
esplénicas de camundongos WT (WT>Cd4”) ou P2rx7/ (P2rx7/->Cd4") (Figura
16A). Utilizamos camundongos Cd4”- ndo transferidos como controle, uma vez que
nao ha relatos da infeccdo destes animais com cepas micobacterianas hipervirulentas.

Os dados demonstram que camundongos P2rx7-/->Cd4/ e Cd4’ perderam
peso corporal progressivamente a partir do dia 21 p.i., mas a perda de peso corporal
nao foi observada em camundongos WT>Cd4 infectados (Figura 16B). No dia 28
p.i., pulmbes mais pesados foram encontrados em camundongos P2rx7-/->Cd47- e
Cd4” em comparacdo com camundongos WT>Cd4”- (Figura 16C). Apoiando um
papel crucial para o receptor P2RX7 nas func¢@es efetoras de células T CD4*, maiores
cargas bacterianas foram observadas nos pulmdes de camundongos P2rx7-/->Cd4’- e
Cd4’ em comparagdo com camundongos WT>Cd4” (Figura 16D). A andlise
histopatolégica confirmou a presenca de lesdes granulomatosas caracterizadas por
densos infiltrados celulares (#) em camundongos P2rx7-/->Cd4’- e Cd47 infectados e
areas extensas de necrose (*) apenas em camundongos P2rx7/>Cd4--. Pequenas
areas de inflamacdo sem necrose foram observadas em camundongos WT>Cd4--
(Figura 16E).

Para examinar a razao pela qual niumeros intermediarios de células T P2rx7--
CD4* ndo conseguiram transferir protecdo para camundongos Cd4”, as células T
CD4" intravasculares e parenquimatosas foram analisados no dia 28 p.i. por citometria
de fluxo. A maioria das células T CD4* foi encontrada no parénquima pulmonar de
camundongos WT>Cd4” infectados, enquanto essas células predominaram na
vasculatura pulmonar de camundongos P2rx7/->Cd4 infectados (Figura 16F). As
imagens de microscopia confocal mostram claramente menos células T CD4*
produtoras de IFN-y infitrando o pulmdo de camundongos P2rx77/->Cd4” em

comparacdo com camundongos WT>Cd4 infectados (Figura 16G). Além disso, a
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coloragdo para a alarmina S100A9 produzida por células mieloides evidenciou um
intenso dano ao tecido pulmonar em camundongos P2rx7/->Cd4- infectados.

Os dados descritos neste tdpico suportam que numeros intermediarios de
células T CD4* deficientes do receptor P2RX7 sado ineficazes em fornecer protecao a

camundongos Cd4”- infectados com a cepa MP287.
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Figura 16: Habilidade de nimeros intermediarios de células T CD4* WT e P2rx7" em acessar o
parénquima pulmonar para transferir protecdo para camundongos Cd4” infectados.
Camundongos Cd4-- foram infectados com ~100 bacilos da cepa MP287 hipervirulenta. Camundongos
ndo infectados foram usados como controles. No dia 5 p.i. camundongos Cd4-- receberam células T
CD4* esplénicas (1x108) de camundongos C57BL/6 e P2rx77. No dia 28 p.i.,, os camundongos
receberam injecdo i.v. de anticorpos fluorescentes anti-CD45 3 minutos antes da eutandasia. (A)
llustracdo esquemaética do protocolo experimental. (B) Percentual de peso corporal em relacdo ao dia
0 de infeccdo. (C) Peso do pulméao total em gramas. (D) CFU por grama de pulmdo. (E) Cortes
histolégicos representativos dos pulmdes infectados corados com o HE (500 um). (*) indicam areas de
necrose e (#) indicam os sitios inflamatérios. (F) Expresséo de CD44 e CD45 i.v. em células T CD4*.
(G) Imagens representativas de microscopia confocal mostram a expressao de CD4, IFN-y e S100A9
em tecido pulmonar infectado. As células foram coradas para CD4 (vermelho), IFN-y (magenta) e
S100A9 (verde) (50 uym). Os dados sédo de 2-4 experimentos independentes; n = 3-5 por grupo
experimental. Os dados graficos sdo mostrados como média + SEM. Os valores de p dos testes One-
way ANOVA e post hoc de Tukey séo indicados por *, p <0,05; **, p<0,01; ***, p<0,001.
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4.7. O receptor P2RX7 promove a residéncia de células T CD4* efetoras
controlando a expressdo de CXCR3 e a proliferacéo celular natuberculose grave

Para avaliar como as células T CD4* respondem a infeccéo pela cepa MP287
no mesmo ambiente, células T CD4* WT (CD45.1) e P2rx7/- (CD45.2) foram
cotransferidas para camundongos Cd4”’ 5 dias p.i. (Figura 17A). Nesses
experimentos, o hanocorpo anti-ARTC2.2 foi usado para prevenir a morte de células
residentes via P2RX7 durante o processamento do tecido pulmonar (BORGES DA
SILVA et al., 2019). Confirmando os dados anteriores, no dia 28 p.i., as células T CD4*
WT acumularam-se principalmente no parénquima pulmonar, enquanto as células T

CD4* P2rx7-- predominaram na vasculatura pulmonar (Figura 17B-C).
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Figura 17: Efeitos da sinalizagdo via P2RX7 na residéncia de células T CD4* no pulméo na
tuberculose grave causada pela cepa Mbv MP287. Camundongos Cd4 foram infectados com ~100
bacilos da cepa MP287 hipervirulenta. No dia 5 p.i. as células T CD4* esplénicas (1x10%) de
camundongos C57BL/6 e P2rx7- foram cotransferidas (1:1) para camundongos Cd4” infectados. No
dia 28 p.i., 0s camundongos receberam injecdo i.v. de anticorpos fluorescentes anti-CD45 3 minutos
antes da eutandsia. (A) llustragédo esquematica do protocolo experimental. (B) O grafico de distribuicéo
espacial em tSNE mostra a expressédo de CD45 i.v. através do mapa de calor. As células T CD45iv-
CD44*CD4* estdo representadas pelos marcadores sobrepostos CD45.1 e CD45.2. (C) Os gréficos
violin mostram a frequéncia (%) de células T CD45iv*CD44*CD4* e CD45iv-CD44*CD4* WT (CD45.1)
e P2rx7-/- (CD45.2). Os dados sdo de 2 experimentos independentes; n=5 por grupo experimental. Os
dados graficos sdo mostrados como média + SEM. Os valores de p do teste T ndo pareado séo
indicados por *, p <0,05; **, p<0,01; *** p <0,001.
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A partir deste momento mantivemos o foco das nossas anélises nas células T
CD44*CD4* residentes. Os resultados mais relevantes de células CD44*CD4*
intravasculares serdo descritos pontualmente. Avaliamos entdo as células T CD4*
residentes produtoras de IFN-y e as T-bet*. Nao foram observadas diferencas na
frequéncia de células T CD44*CD4" residentes WT e P2rx7-- produtoras de IFN-y e T-
bet*CD44* (Figura 18A-B). Em seguida, avaliamos a expressdao dos marcadores
essenciais para determinar a entrada e estabelecimento de células T CD4* residentes
no parénquima pulmonar: CD69, CXCR3 e CX3CR1 (Figura 18C). A expresséao do
CD69 é regulada positivamente nas células T CD4* P2rx7-- em comparagdo com as
células CD4* WT. Como demonstrado anteriormente, na infeccdo por MP287 o
receptor de quimiocina CXCR3 é crucial para determinar o fenétipo das células T CD4*
residentes no pulméo (Figura 18C). Neste contexto, as células T CD4* WT residentes
expressam niveis mais elevados de CXCR3 quando comparadas as células T CD4*
P2rx7--. O receptor de quimiocina CX3CR1 é expresso nos mesmos niveis em células
T CD4*WT e P2rx7-.

Também avaliamos a proliferacdo das células T CD4* residentes. A marcacao
de Ki-67 indica que as células T CD4* P2rx7-- tém capacidade prejudicada de proliferar
no parénquima pulmonar (Figura 18D). Para confirmar este resultado, os leucécitos
foram isolados do pulmédo no dia 28 p.i., em seguida corados com Cell Tracer e
mantidos em cultura ex vivo por 48 h. Os dados confirmam que as células T CD4* WT

proliferam de forma mais eficiente do que as células T CD4* P2rx7-- (Figura 18E).
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Figura 18: Fenétipo das células T CD4* WT e P2rx77 residentes no pulm&o durante a tuberculose
grave causada pela cepa Mbv MP287. Camundongos Cd4 foram infectados com ~100 bacilos da
cepa Mbv MP287 hipervirulenta. No dia 5 p.i. as células T CD4* esplénicas (1x108) de camundongos
C57BL/6 e P2rx7- foram cotransferidas (1:1) para camundongos Cd4 infectados. No dia 28 p.i., os
camundongos receberam injecdo i.v. de anticorpos fluorescentes anti-CD45 3 minutos antes da
eutanasia. (A) Expressao de CD4 e IFN-y em células T CD45iv-CD44*CD4* e naive. (B) Expresséao de
CD44 e T-bet em células T CD45iv-CD44*CD4*. (C) Expressao de CD69, CXCR3 e CX3CR1 em células
CD45iv-CD44*CD4* e naive. Os graficos violin mostram a Média Geométrica da Intensidade de
Fluorescéncia (gMFI) dos marcadores. (D) Expressdo de Ki-67 em células CD45iv-CD44*CD4*. O
grafico violin mostram a Média Geométrica da Intensidade de Fluorescéncia (gMFI) de Ki-67. (E)
Expressédo de Cell Tracer em células CD45iv-CD44*CD4*em 0 e 48 h pés marcacao. O grafico violin
demonstra o percentual de células que proliferaram em relacdo ao dia 0. Os dados sdo de 2
experimentos independentes; n=5 por grupo experimental. Os dados gréaficos sdo mostrados como
média + SEM. Os valores de p do teste T ndo pareado s&o indicados por *, p <0,05; **, p<0,01; ***, p
<0,001.
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Para avaliar se o destino das células T CD4* WT e P2rx7- foi determinado
antes de atingirem o pulmdo, analisamos essas células no linfonodo mediastinal
(mLN). Os dados indicam que ndo ha diferencas significativas na frequéncia de células
T CD44*CD4* WT e P2rx77-no mLN (Figura 19A). No entanto, ao contrario do pulmao,
a frequéncia de células T-bet*CD44* WT é maior do que as de células T-bet*CD44*
P2rx7-- no linfonodo drenante. (Figura 19B). Curiosamente, em contraste com o que
observamos no pulmao, as células T CD4* P2rx7-- expressam niveis mais elevados
de CXCR3 e CX3CR1 do que as células T CD4* WT em mLN (Figura 19C).

Os resultados reunidos nesse tépico mostram que o receptor P2RX7 determina
o destino das células T CD4*, aumentando a capacidade de acumulo no parénquima
pulmonar, controlando a expressédo de CXCR3 e a proliferacéo celular na tuberculose

causada pela cepa MP287.
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Figura 19: Fenoétipo das células T CD4* WT e P2rx7” no mLN durante a tuberculose grave
causada pela cepa Mbv MP287. Camundongos Cd4- foram infectados com ~100 bacilos da cepa
MP287 hipervirulenta. No dia 5 p.i. as células T CD4* esplénicas (1x10%) de camundongos C57BL/6 e
P2rx7--foram cotransferidas (1:1) para camundongos Cd4* infectados. No dia 28 p.i., os camundongos
receberam injecéo i.v. de anticorpos fluorescentes anti-CD45 3 minutos antes da eutanasia. (A) O
gréfico de distribuicdo espacial em tSNE mostra as células T CD44+*CD4* WT e P2rx77 que estdo
representadas pelos marcadores sobrepostos CD45.1 e CD45.2. (C) O gréfico violin mostra a
frequéncia (%) de células T WT CD44+CD4* (CD45.1) e CD44*CD4* P2rx7+- (CD45.2). (B) Expresséo
de CD44 e T-bet em células T CD44*CD4*. (C) Expressdo de CXCR3 e CX3CR1 em células
CD44+*CD4* e naive. Os gréficos violin mostram a Média Geométrica da Intensidade de Fluorescéncia
(gMFI) dos marcadores. O gréfico violin mostra o percentual de células que proliferaram em relacéo ao
dia 0. Os dados sédo de 2 experimentos independentes; n=5 por grupo experimental. Os dados graficos
sdo mostrados como média + SEM. Os valores de p do teste T ndo pareado sao indicados por *, p
<0,05; **, p<0,01; ***, p <0,001.
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Capitulo 2

Papel do receptor P2RX7 em células T CD4* na infec¢éo pelo virus Influenza

Até aqui, foi possivel entender o papel do receptor na residéncia de células T
CD4* efetoras e como isso determina o desfecho da tuberculose. Apesar disso, nédo
se sabia se este fendbmeno é infeccado especifico ou se é generalizavel a outras
infeccbes pulmonares. Para responder esta questdo, realizamos experimentos com
modelo de inflamacdo pulmonar causada pela cepa virulenta PR8 do virus Influenza.
Estes experimentos foram feitos no Departamento de Imunologia do Hospital Mayo

Clinic (Scottsdale, Arizona) sob a supervisao do Prof. Dr. Henrique Borges da Silva.

4.8. O P2RX7 intrinseco das células T é crucial para a inflamacao pulmonar e o
estabelecimento de células T CD4* residentes na infeccado pelo virus Influenza

Camundongos Cd4cre e Cd4creP2rx7%f foram infectados e ap6s 7 e 14 dias
p.i. os pulmbes foram coletados para analise (Figura 20A). Camundongos
Cd4creP2rx7%f sdo mais protegidos contra inflamacédo causada pela cepa PR8 do que
camundongos Cd4cre, apresentando menor perda de peso corporal na fase aguda da
infeccéo (6-8 dias p.i.) (Figura 20B). Especificamente no dia 14 p.i., 0s camundongos
Cd4creP2rx7%f exibiram pulmdes mais leves do que camundongos Cd4cre (Figura
20C). Nao houve diferencas na carga viral entre os grupos experimentais no dia 14
p.i. (Figura 20D). Menor infiltragdo celular também foi observada em camundongos
Cd4creP2rx7%" em relacdo aos camundongos Cd4cre (Figura 20E). Além disso, no
dia 14 p.i., o lobo pulmonar superior direito de camundongos Cd4creP2rx7% possuia
tamanho menor do que aquele de camundongos Cd4cre, assemelhando-se a
camundongos controles nao infectados (Figura 20F). Isso indica uma recuperacao
mais acelerada do tecido pulmonar. Os cortes histologicos (Tricomo de Masson)
demonstram que apenas no dia 14 p.i. ha reducdo na pneumonia causada pela cepa
PR8 em camundongos Cd4creP2rx7%1 mas ndo em camundongos Cd4cre (Figura
20G). Nossas andlises histolégicas também mostraram formacdo de fibrose no

pulméao de camundongos Cd4cre, mas ndo de camundongos Cd4creP2rx7M,
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Figura 20: Papel do receptor P2RX7 expresso por células T na inflamagédo pulmonar causada
pelo virus Influenza. Camundongos Cd4cre e Cd4creP2rx7% foram infectados com o virus Influenza
(PR8 - 1400 PFU). Camundongos néo infectados foram usados como controles. Nos dias 7 e 14 p.i.,
0s camundongos foram eutanasiados para coleta do pulm&o. (A) llustragdo esquemética do protocolo
experimental. (B) Percentual de peso corporal em relacdo ao dia 0 de infeccdo. (C) Peso do pulméao
total em gramas. (D) Carga viral por mL determinada por gPCR no dia 14 p.i. (E) NUmero total de células
por pulmao total. (F) Imagens macroscépicas dos lobos pulmonares superiores direitos sdo mostradas
(1 cm). (G) Cortes histologicos representativos dos pulmdes infectados corados com Tricomo de
Masson (20 ym). Os dados sdo de 2 experimentos independentes; n = 3-5 por grupo experimental. Os
dados graficos sdo mostrados como média + SEM. Os valores de p do teste T ndo pareado sdo
indicados por *, p <0,05; **, p<0,01; ***, p <0,001.
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Em seguida, acessamos a localizacdo das células T CD4* nos pulmbes
infectados e observamos a presenca de 3 populacdes de células CD44*CD4*. O nivel
de marcacéo para o anticorpo anti-CD45 i.v. determina as diferencas de localizacéo
das populacdes (Figura 21A). H4 uma populagdo CD45"CD44*CD4* que aparenta
estar no sangue e por isso € mais acessivel ao anti-CD45 i.v. Outra populagéo
CDA45iv*CD44*CD4 que pode estar de fato na vasculatura pulmonar, possivelmente
aderida ao endotélio vascular. E por fim, a populacdo CD45iv-CD44*CD4* que pode
ser caracterizada como residente do parénquima pulmonar.

Interessantemente, camundongos Cd4creP2rx7f apresentam maior nimero
de células CD45"CD44*CD4* nos dias 7 e 14 p.i. do que camundongos Cdé4cre
(Figura 21B). Ja os numeros de células CD45iv*CD44*CD4 esta aumentado somente
em camundongos Cd4cre. Confirmando o que foi observado na tuberculose grave, o
namero de células CD44*CD4* residentes estd reduzido em camundongos
Cd4creP2rx7% quando comparados com camundongos Cd4cre.
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Figura 21: Papel do receptor P2RX7 no estabelecimento de células CD4* residentes no durante
a infecgdo pelo virus Influenza. Camundongos Cd4cre e Cd4creP2rx7% foram infectados o virus
Influenza (PR8 - 1400 PFU). Camundongos néo infectados foram usados como controles. Nos dias 7 e
14 p.i., os camundongos receberam inje¢do i.v. de anticorpos fluorescentes anti-CD45 3 minutos antes
da eutanasia. (A) Expressao de CD45iv e CD44 em células T CD4* no pulméo. Os graficos de linha
mostram o nimero total de células CD45ivMCD44+*CD4*, CD45iv*CD44*CD4* e CD45iv-CD44*CD4* no
pulméo nos dias 7 e 14 p.i. Os dados sédo de 2 experimentos independentes; n = 3-5 por grupo
experimental. Os dados gréaficos sdo mostrados como média + SEM. Os valores de p do teste T ndo
pareado sédo indicados por *, p <0,05; **, p<0,01; ***, p <0,001.

Para avaliar as células T CD4* no mesmo microambiente e contexto infeccioso,
camundongos quimeras de medula 6ssea foram gerados. Os camundongos C57BL/6
(CD45.2) foram irradiados e receberam células da medula 6ssea de camundongos
Cd4cre (CD45.2) e Cd4creP2rx7%f (CD45.1). Ap6s a reconstituicdo, os camundongos
foram infectados com PR8 e apds 7 e 14 dias p.i. os pulmdes foram coletados para
analise. Os dados confirmam a existéncia das 3 popula¢gfes que foram descritas em
camundongos em camundongos Cd4cre e Cd4creP2rx7% (Figura 22). Nestes
animais, dentre as células T CDA45iv"'iCD44+*CD4* observamos majoritariamente T
CD4* P2rx77'-. J& as células T CD4* WT estdo majoritariamente dentre as células
CDA45iv*CD44*CD4+ e CD45iv-CD44*CD4".

Com os dados descritos neste topico, podemos afirmar que a deficiéncia de

P2RX7 em células T acelera a recuperacéo do tecido pulmonar apoés infeccédo pelo
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virus influenza e isso esta relacionado a capacidade prejudicada de infiltracdo de

células T CD4" residentes no parénquima pulmonar.
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Figura 22: Efeitos da sinalizacdo via P2RX7 na residéncia de células T CD4* no pulméo na
infecgdo pelo virus Influenza. Camundongos quimeras mistas (1:1) foram geradas utilizando a medula
6ssea de camundongos Cd4cre (CD45.2) e Cd4creP2rx771. Ap6s a reconstituicdo, os camundongos
foram infectadas com o virus Influenza (PR8 - 1400 PFU). Nos dias 7 e 14 p.i.,, os camundongos
receberam injecdo i.v. de anticorpos fluorescentes anti-CD45 3 minutos antes da eutandsia. (A)
llustracdo esquematica mostrando o protocolo experimental. (B) Expressao de CD45iv e CD44 em
células T CD4* no pulméo. (C) Expressdo de CD45.1 e CD45.2 em células T CD45ivNiCD44+*CD4*,
CD45iv*CD44*CD4* e CD45iv-CD44*CD4* no pulmao. (D) Os graficos de linha mostram o nimero total
de células CD45ivNiCD44+*CD4*, CD45iv*CD44+*CD4* e CD45iv-CD44*CD4* no pulméo nos dias 7 e 14
p.i. Os dados séo de 2 experimentos independentes; n = 3-5 por grupo experimental. Os dados graficos
sdo mostrados como média £+ SEM. Os valores de p do teste T ndo pareado sdo indicados por *, p
<0,05; **, p<0,01; ***, p <0,001.
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4.9. A sinalizagdo via P2RX7 em células T CD4* residentes leva ao aumento da
expressdo de genes relacionados a migracdo e proliferacdo celular durante a

infeccdo pelo virus Influenza

Em busca dos mecanismos envolvidos nos fendmenos observados até aqui,
procuramos definir as vias diferentemente expressas entre células T CD4"* residentes
WT e P2rx77. Isolamos as células T CD4" experimentadas da vasculatura e
parénquima pulmonar de camundongos Cd4cre e Cd4creP2rx7% infectados com o
virus Influenza e realizamos uma analise RNA-seq. A partir disso, detectamos mais
de 1000 genes diferencialmente expressos entre células T CD4* WT e P2rx77 no
tecido (Figura 23A). As poucas células T CD4" P2rx77- residentes do parénquima
pulmonar se agrupam separadas das células T CD4* WT. Inesperadamente, as
células T CD4* P2rx7-- intravasculares encontram-se transcricionalmente entre as
células T CD4* WT intravasculares e parenquimatosas (Figura 23B). Ambas as
tendéncias também sdo aparentes quando 0S principais genes expressos
diferencialmente sédo avaliados entre esses grupos (Figura 23C).

Também realizamos andlises de enriquecimento de vias desses grupos
experimentais e descobrimos que em comparacdo com células T CD4* P2rx7--
residentes, houve aumento da expressao de genes das vias de sinalizacao de ciclo
celular, adeséo e quimiocinas em células T CD4* WT residentes no pulmao (Figura
23D). Confirmando esta tendéncia, a expressdo do gene de proliferacdo Mki67 (que
codifica Ki-67), bem como de Cxcr3 e Cx3crl esta diminuida em células CD4* P2rx7-
I- residentes no pulméo (Figura 24E). A expressao proteica de Ki-67 e CXCR3 esta
correspondentemente diminuida em células T CD4* P2rx7-- residentes, enquanto a
expressdo de CX3CR1 esta aumentada (Figura 23F).

Mecanisticamente, estes dados indicam que a deficiéncia do receptor P2RX7
em células T CD4* reduz a expressdo de genes importantes para migracao destas
células para o parénquima pulmonar e de genes relacionados a proliferacdo destas
células no tecido. Isso impede o acumulo excessivo das células T CD4"* efetoras no
parénquima pulmonar e previne a geragdo de formas graves das infec¢des

pulmonares.
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Figura 23: Efeitos da expresséo intrinseca de P2RX7 na expressdo de moléculas de proliferacao
celular e adeséo tecidual em células T CD4" residentes do pulmé&o. Camundongos Cd4cre e células
Cd4creP2rx7 foram infectados com o virus Influenza (PR8 - 1400 PFU). No dia 7 p.i. as células T
CD45iv*CD44*CD4* e CD45iv-CD44*CD4* do pulméo foram isoladas por cell sorting e a andlise RNA-
seq foi realizada. (A) Grafico de dispersdo com genes diferencialmente expressos (DEGs) destacados
entre células T CD4" residentes WT e P2rx77- (B) Gréaficos de Andlise de Componente Principal (PCA)
representando as assinaturas transcricionais relativas de células T CD4* parenquimatosas e
intravasculares. (C) Heatmap exibindo os DEGs entre células T CD4* residentes WT e P2rx7--; DEGs
representativos mais altos em células T CD4* WT ou P2rx7-- estdo mostrados. (D) Lista de vias de
transcricdo enriquecidas em células T CD4* residentes WT do pulm&o em comparagdo com P2rx7-- (E)
Valores de mRNA por milh&o para Cxcr3, Cx3crl, Cd69 e Mki67 em células T CD4+ WT e P2rx7-". (F)
Em outros experimentos, camundongos Cd4cre e Cd4creP2rx7 foram infectados com PR8 e a
expressédo proteica de diferentes moléculas foi avaliada por citometria de fluxo (dia 7 p.i.). Valores
médios de gMFI para CXCR3, CX3CR1, CD69 e porcentagens de células Ki-67* em células T CD4*
residentes WT e P2rx7-- sdo mostrados. Para o0 RNA-seq cada replicata € um pool de células T CD4+
residentes, n=5 camundongos por grupo. Em (F), os dados séo de 2 experimentos independentes; n=3-
4 por grupo experimental. Os dados gréaficos sdo mostrados como média + SEM. Os valores de p do
teste T ndo pareado sao indicados por *, p <0,05; **, p<0,01; *** p <0,001.
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4.10. A liberagao parécrina de eATP através dos canais panexina-1regula a

entrada de células T CD4* no parénquima pulmonar

Apoés definir que a deteccdo de eATP via P2RX7 promove a residéncia
pulmonar de células T CD4* em resposta a infec¢fes locais, nosso objetivo foi definir
a origem da fonte de eATP nos pulmdes de camundongos infectados e como ela
influencia a entrada e estabelecimento de células T CD4* residentes no pulméo. A
acao dos canais Panexina-1 (Panx-1) como fonte de eATP pulmonar foi recentemente
demonstrada no contexto da exposicao a alérgenos (MEDINA et al., 2021). Assim,
avaliamos o papel de Panx-1 na residéncia de células T CD4* pulmonares em resposta
a infeccdo por Influenza. Para isso, camundongos deficientes de Panx-1
(CMVcrePanx1%M) e WT (CMVcre) foram infectados com a cepa PR8. Inicialmente
avaliamos os parametros de protecdo. Camundongos CMVcrePanx1%f perdem menos
pesos do que camundongos CMVcre (Figura 24A). Pulmdes mais leves também
foram observados em camundongos CMVcrePanx1® em comparacdo com
camundongos CMVcre (Figura 24B). Nao ha diferencas na carga viral entre 0s grupos
no dia 7 p.i. (Figura 24C). Adicionalmente, observamos que o nimero de células T
CD45ivCD44*CD4* estd reduzido em camundongos CMVcrePanx1" em
comparacao com camundongos CMVcre.

Para avaliar se os efeitos observamos nos camundongos deficientes de Panx-
1 estava relacionada a expressao do gene em células T, infectamos camundongos
deficientes de Panx-1 em células T (Cd4crePanx1%f). Camundongos Cd4cre foram
utilizados como controle. Ndo houve diferencas entre 0s grupos quanto ao peso
corporal, peso pulmonar, carga viral e nimero de células T CD45iv-CD44*CD4*
(Figura 24E-H).

Juntos, estes dados indicam que a expressao de canais de Panx-1 € crucial
para a infiltracdo de células T CD4* residentes no pulméao durante a infeccdo pelo virus
Influenza. Contudo, este fendmeno nédo esta relacionado com a expressao de Panx-1
somente em células T. Os canais de Panx-1 sé@o, possivelmente, a fonte de eATP que
as células T CD4* sentem via P2RX7 e que contribui para a entrada e acumulo no

tecido pulmonar.
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Figura 24: Efeitos dos canais de Panx-1 na infec¢cdo pelo virus Influenza e na residéncia de
células T CD4". Camundongos CMVcre, CMVcrePanx1", Cd4cre e Cd4crePanx1™ foram infectados
com o virus Influenza (PR8 - 1400 PFU). No dia 7 p.i. os camundongos receberam injecao i.v. de
anticorpos fluorescentes anti-CD45 3 minutos antes da eutanasia. (A) llustracdo esquematica
mostrando o protocolo experimental. (B) Percentual de peso corporal em relagéo ao dia O de infeccéo
de camundongos CMVcre e CMVcrePanx1™ (C) Peso do pulméo total em gramas de camundongos
CMVcre e CMVcrePanx1". (D) Carga viral por mL no pulmdo de camundongos CMVcre e
CMVcrePanx1 determinada por qPCR. (E) NUmero total de células T CD45iv-CD44+*CD4* por pulméo
camundongos CMVcre e CMVcrePanx1", (F) llustracdo esquematica mostrando o protocolo
experimental. (G) Percentual de peso corporal em relacdo ao dia O de infeccdo de camundongos Cd4cre
e Cd4crePanx1", (H) Peso do pulm&o total em gramas de camundongos Cd4cre e Cd4crePanx1™f, (1)
Carga viral por mL no pulméo de camundongos Cd4cre e Cd4crePanx1" determinada por gPCR. (J)
NUmero total de células T CD45iv-CD44*CD4* por pulméo camundongos Cd4cre e Cd4crePanx1%f. Os
dados sdo de 2 experimentos independentes; n = 2-3 por grupo experimental. Os dados gréaficos sédo
mostrados como média + SEM. Os valores de p do teste T ndo pareado séo indicados por *, p <0,05;
** p<0,01; ***, p <0,001.
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As células T CD4* sdo cruciais para a defesa do hospedeiro contra infeccoes
pulmonares, sendo até alvo para o estudo de vacinas. Contudo, ha um grande dilema
envolvendo a resposta de células T CD4* durante infeccdes pulmonares (BARBER,
2017. Apesar de serem potentes em conferir protecdo, a resposta efetora excessivo
de células T CD4* pode trazer danos irreversiveis a tecidos com baixa capacidade
regenerativa. Alguns grupos de pesquisa cogitaram o papel controverso das células T
CD4*, mas nenhum havia demonstrado de forma sélida o potencial patolégico destas
células. Neste trabalho, demonstramos o lado ruim da resposta de células T CD4+,
onde elas podem determinar o agravamento de doencgas pulmonares causadas por
micobactéria hipervirulenta e pelo virus Influenza.

Nosso modelo de tuberculose grave induzido pela micobactéria hipervirulenta
MP278 ja foi descrito como o melhor para entender os fatores que agravam a doenca
(AMARAL et al., 2014; BOMFIM et al., 2021; SANTIAGO-CARVALHO et al., 2021). A
infeccdo por MP287 induz a morte necroética das células infectadas e liberacdo de
DAMPs. Isso gera lesdo pulmonar agressiva e irreversivel que aumenta a morbidade
e mortalidade dos camundongos infectados em 28 dias p.i. Essa doenca grave so
pode ser observada com cepas hipervirulentas. A cepa de baixa viruléncia, Mtb
H37Rv, ndo gera patologia necrética no pulmdo e 100% dos camundongos
sobrevivem, entrando em fase cronica 40 dias p.i. (RIBEIRO et al., 2014; AMARAL et
al., 2014; ALMEIDA et al., 2017).

As diferencas entre a tuberculose causada por MP287 e H37Rv néo se limitam
somente a patologia, mas também ao infiltrado e localizacdo de células T CD4* no
tecido. Em camundongos infectados com H37Rv, as células T CD4* especificas para
Mtb estéo localizadas majoritariamente na vasculatura pulmonar (SAKAI et al., 2014).
Somente um baixo nimero de células T CD4* que produzem baixos niveis de IFN-y
conseguem acessar o tecido e gerar protecdo contra o Mth. Em nosso modelo, o
oposto foi observado. A infecgdo por MP287 induz o alto infiltrado de células T CD4*
no parénquima e somente uma pequena parte é encontrada na vasculatura pulmonar.

Estas comparacdes trouxeram a tona o questionamento de que o acumulo
excessivo de células T CD4* no parénquima pulmonar poderia ser a causa e nao a
consequéncia do agravamento da infeccéo por MP287. A deplecéo das células T CD4*
confirmou que, na fase de agravamento da infec¢céo, estas células contribuem para
severidade da doenca. Adicionalmente, o modelo de transferéncia de diferentes

guantidades (1x10°8 ou 3x10°) de células T CD4* reforcaram que o nimero de células
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gue acessam o parénquima pulmonar é determinante para gerar prote¢ao ou piora da
tuberculose. A explicacdo para este fenomeno pode estar na producdo excessiva de
citocinas como IFN-y e TNF-a. A alta produgao destas citocinas no tecido pode induzir
0 acumulo de mais células imunes, hiperativacdo de macrofagos, morte celular, dentre
outros efeitos (LIU & JANEWAY, 1990; ADLER et al., 1994; COLLINS et al., 2020). Se
tratando de uma infeccdo grave em um tecido sensivel a inflamacéo, essa resposta
desregulada pode causar danos ao pulméo, comprometendo a fisiologia respiratéria.
Neste contexto, a entrada de quantidades intermediarias de células T CD4* que
produzem baixos niveis de IFN-y é suficiente para contribuir para a eliminacado dos
bacilos sem causar dados ao tecido.

Em busca de mecanismos envolvidos no acumulo de células T CD4* residentes
gue observamos na infeccdo por MP287, avaliamos o fendtipo destas células
utilizando marcadores que caracterizam células intravasculares e parenquimatosas.
Além disso, a expressao destes marcadores ainda ndo havia sido demonstrada em
uma infeccao por cepa hipervirulente. Na infeccdo por MP287, os marcadores que
determinam a divisdo entre células T CD4"* intravasculares e parenquimatosas (além
do CD45 i.v.) sao principalmente CX3CR1 e CXCRS, respectivamente. O KLRG1, que
na infeccao por H37Rv é expresso principalmente em células T CD4"* intravasculares
(REILEY, et al., 2010; SAKAI et al., 2014; SALLIN et al., 2017), ndo contribuiu para
separacao das populacées na infeccao por MP287. Este marcador foi expresso em
altos niveis em ambas populacdes. Isso indica que a infec¢ao pela cepa MP287 induz
a diferenciacéo de células T CD4" efetoras terminais ndo apenas na vasculatura, mas
também no parénquima pulmonar.

O P2RX7 nao havia sido descrito como um marcador determinante para
caracterizacao de células T CD4" intravasculares e parenquimatosas na tuberculose.
Assim, neste estudo demonstramos que este receptor € um importante marcador para
determinar o fenétipo e localizagéo de células T CD4* no tecido pulmonar. As células
T CD4* residentes expressam niveis mais altos de P2RX7 em comparagdo com as
células T CD4* da vasculatura. Isso pode ser consequéncia dos altos niveis de eATP
gue séao liberados no parénquima pulmonar devido a morte de células infectadas pela
cepa MP287 (RIBEIRO et al., 2014; AMARAL et al., 2014; GRASSI, 2020).

Em infeccdes virais, a expressdo de P2RX7 tem papel crucial na geragao e
manutencao de células TRMs em varios 6rgéos néo linfoides (BORGES DA SILVA et
al., 2018; BORGES DA SILVA et al., 2020). Adicionalmente, sabemos que o0 P2RX7
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tem baixa afinidade pelo eATP e precisa sentir altos niveis do nucleotideo para ser
ativado (DI VIRGILIO et al., 2001). Nosso grupo ja demonstrou que em infec¢des por
cepas hipervirulentas ha alta liberacdo eATP e a expressao de P2RX7 em células
hematopoiéticas € determinante para a geracdo de formas graves de tuberculose
(AMARAL et al., 2014; BOMFIM et al., 2017). A infeccdo pela cepa MP287 gera um
dano pulmonar grave e alta liberagao de eATP. Diante disso, decidimos avaliar se o
receptor P2RX7 era capaz de guiar o acumulo de células T CD4* residentes efetoras
e contribuir para o agravando da patologia pulmonar durante infeccdes.

Camundongos deficientes de P2RX7 infectados com MP287 desenvolvem
tuberculose branda e reducdo no numero de células T CD4* residentes em
comparacao com camundongos WT. Uma possivel interpretacdo para a este resultado
pode ser a reducéo do dano pulmonar e da carga bacteriana em camundongos P2rx7-
I~ infectados, resultando em menor acimulo dessas células no parénquima pulmonar.
Por se tratar de um camundongo full knockout, esse modelo ndo é suficiente para
afirmar que a reducdo no namero de células T CD4* residentes ocorre exclusivamente
devido a deficiéncia de P2RX7 nestas células. Consequentemente, outros modelos
experimentais foram utilizados para investigar o papel do receptor P2RX7 em células
T.

Avaliamos se a expressao intrinseca de P2RX7 em células T era responsavel
pelos fenbmenos de protecdo e reducdo de células T CD4* residentes utilizando
camundongos Cd4creP2rx7%i. Como em camundongos P2rx7-, uma importante
protecdo contra a infeccdo por MP287 também foi observada em camundongos
Cd4creP2rx7%. Uma possivel explicacdo para este achado é que a protecéo contra
formas graves de tuberculose observada em camundongos Cd4creP2rx7%f. esta
relacionada com a reducéo da populagcéo de células T CD4* residentes. Portanto, a
reducdo do infiltrado de células T CD4* no parénquima pulmonar previne o
agravamento da tuberculose causada pela cepa MP287.

Neste ponto do estudo nos preocupamos em avaliar se os dados obtidos até o
momento eram reprodutiveis em outro modelo de infec¢do pulmonar. Escolhemos o
modelo de infecgcdo com a cepa PR8 do virus Influenza. Este modelo de infec¢do gera
uma inflamacdo robusta e intenso infiltrado de células T CD4* no parénquima
pulmonar (SUN et al., 2009; GOPLEN et al., 2020). Infectando camundongos Cd4cre
e Cd4creP2rx7% com a cepa PR8 confirmamos que os resultados obtidos em modelo

de tuberculose néo é infeccéo especifico, podendo ser extrapolado para a infeccao
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pelo virus Influenza. Diferente da infeccdo por MP287, que tem 100% de mortalidade
em 30 dias p.i. (BOMFIM et al., 2021), o modelo de infeccdo por PR8 nos permitiu
avaliar a recuperacdo dos camundongos infectados. Esta condicdo nos mostrou que
a expressao de P2RX7 em células T contribui para a intensificacdo da inflamacéo,
deixando sequelas (fibrose) apds a eliminacdo viral 14 dias p.i. Estes achados também
suportam que o acumulo das células T CD4"* efetoras residentes durante a infeccao
por MP287 e PR8 leva ao agravamento do dano pulmonar.

Devemos considerar que camundongos Cd4creP2rx71M também séao
deficientes de P2RX7 em células T CD8*. Sabemos que na tuberculose as células T
CD8* nédo séo cruciais para a resposta antimicobacteriana, mas elas séo centrais na
resposta antiviral. Por isso, utilizamos modelos de transferéncia adotiva para
camundongos Cd47 infectados, na busca de realmente estudar os efeitos da
deficiéncia de P2RX7 somente em células T CD4*. Este modelo j& foi utilizado pelo
Nosso grupo para estudar o papel do receptor P2RX7 na geracdo de células T CD4*
Th1l na malaria experimental (SALLES et al.,, 2017). Neste contexto, escolhemos
guantidades intermediarias (1x10%) de células T CD4* WT e P2rx77 para as
transferéncias, uma vez que ja sabemos o efeito de altas quantidades destas células
em camundongos WT e P2rx7-".

Como ja esperavamos, a transferéncia de 1x10° células T CD4* WT para
camundongos Cd4 infectados por MP287 gerou alta protecdo contra formas graves
de tuberculose. Interessantemente, quando transferimos 1x108 células T CD4* P2rx7-
I-, estas ndo foram capazes de conferir prote¢cdo aos camundongos Cd4”-. Uma boa
explicacdo para este fendbmeno é que as células T CD4* P2rx7-- possuem habilidade
reduzida de entrada no parénquima pulmonar. Se ndo ha entrada de quantidades
intermediarias de células T CD4*, ndo ha interacdo das células T CD4* com os
macrofagos e DCs infectados (GAUTAM et al., 2017; MEHRA et al., 2012). Isso
permite o crescimento micobacteriano descontrolado, gerando um quadro infeccioso
grave, como observado em camundongos P2rx7/->Cd4”-. Os dados de citometria
confirmaram que 56% de células T CD44*CD4* WT foram localizadas no parénquima
pulmonar, enquanto somente 29% das Células T CD44*CD4* P2rx7/- acessaram o
tecido.

E importante mencionar que a expresséo de P2RX7 direciona a diferenciacio
para o perfil Thl na malaria experimental (SALLES et al., 2017) e observamos o

mesmo quando avaliamos estas células no mLN durante a infeccdo por MP287.
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Contudo, no pulmdo ndo ha quaisquer diferencas na frequéncia de células T
Tbet*CD4* ou na producéo de IFN-y quando comparamos células T CD4* WT e P27
-, Portanto, se quantidades intermediarias de células T CD4* P2rx7/- conseguem
acessar o tecido infectado, estas células podem exercer sua funcdo efetora
normalmente. Possivelmente, isso é que acontece em camundongos P2rx7--.

A frequéncia de células T CD44*CD4* no mLN no dia 28 p.i, por MP287 néo
muda entre células WT e P2rx7--. Portanto, as diferencas em quantidade de células T
CD4* P2rx7-- acontecem exclusivamente no pulmao.

Estudamos as células T CD4* WT e P2rx7- juntas nos mesmos camundongos,
eliminando qualquer interferéncia do microambiente que havia nos modelos utilizados
anteriormente. Nos experimentos de cotransferéncia adotiva (infectados com MP287)
e de camundongos quimeras mistas (infectados com PR8) confirmamos que somente
as células T CD4* WT séo capazes infiltrar majoritariamente o parénquima pulmonar.
A grande parte de células T CD4* P2rx7-- encontradas no pulméo localizam-se na
vasculatura. Estes dados confirmam que a deficiéncia de P2RX7 em células T CD4*
reduz a infiltracdo de destas células no parénquima pulmonar.

A infeccé@o pela cepa PR8 revelou a existéncia de 3 populagfes de células T
CD4+ no pulméo, as quais ndo foram observadas na infeccdo por MP287:
CD45ivNCD44*CD4*, CD45iv*CD44*CD4"* e CD45ivCD44*CD4*. Apesar de termos
analisado a frequéncia das popula¢cdes separadamente, consideramos que as células
T residentes sdo CDA45iv*CD44*CD4* e CD45ivCD44*CD4*. Neste contexto, as
células CD45iv*CD44*CD4* estdo iniciando o acesso ao parénquima pulmonar.
Possivelmente, estas populagdes ndo foram observadas na infeccdo por MP287,
porqué nossos experimentos com este modelo foram feitos numa fase avancada da
doenca, onde a maior parte das células ja migraram para o parénquima pulmonar.

Neste estudo descrevemos dois cenarios: um relacionado ao alto numero de
células T CD4* e outro a baixos niumeros destas células. Podemos dizer que expressar
P2RX7 em um contexto que ha altas quantidades de células T CD4* para migrar para
o pulmao e responder a infec¢ao pode induzir o acimulo excessivo destas células no
tecido, causando uma doenca grave. Em contrapartida, num contexto em que se tem
numeros intermediarios de células T CD4*, a expressado de P2RX7 facilita o acesso
ao tecido, gerando protecao contra a infeccdo sem causar dano.

Nosso proximo passo foi entender como o P2RX7 favorece o acumulo de

células T CD4* no parénquima pulmonar durante a infeccdo por MP287 e PR8. Para
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isso, avaliamos a expressao dos marcadores (CD69, CXCR3 e CX3CR1) que
determinam a entrada e estabelecimento das células T CD4* residentes. Dentre todos
os marcadores, durante as infecc6es por MP287 e PR8, as células T CD4* P2rx7--
demonstraram baixa expressdo de CXCR3 em comparacdo com as células WT. Na
infeccéo pela cepa H37Rv, um dos principais receptores de quimiocina que determina
o homing de células T CD4* residentes € 0 CXCR3 (HOFT et al., 2019). Na infec¢éo
por MP287 demonstramos que dentre os marcadores que utilizamos, CXCR3 foi o
principal para determinar o fenétipo de células T CD4* residentes (CXCR3*CD45iv").
Na infeccdo pelo virus Influenza as células T CD4* Thl precisam expressar CXCR3
para entrar no tecido e exercer sua funcao efetora (DHUME et al., 2019). Podemos
concluir que a interacdo eATP-P2RX7 contribui para o aumento da expressao de
CXCR3 em células T CD4*, permitindo a entrada destas células no parénquima
pulmonar durante as infec¢cdes por MP287 e PR8. As analises por RNA-seq suportam
nossas conclusdes e demonstram que as principais diferencas moleculares entre as
células T CD4* WT e P2rx7-- estdo em vias relacionadas a migracao e ciclo celular.

Em relacéo ao ciclo celular e proliferacdo, nossos dados demonstraram que as
células T CD4* P2rx7-- possuem habilidade reduzida de proliferacdo em comparacao
com células T CD4* WT, nos dois modelos infecciosos. O papel do P2RX7 na
proliferacdo de células T ja € bem conhecido. Schenk et al., (2018) demonstrou que o
reconhecimento do eATP liberado pelos canais de Panx-1 controla a proliferacao de
células T. Portanto, uma vez localizadas no parénquima pulmonar, a interacdo eATP-
P2RX7 é utlizada para o acumulo de células T CD4* residentes através da
proliferacéo celular.

Por fim, mas ndo menos importante, avaliamos se o reconhecimento do eATP
pelas células T CD4* acontece de forma autdcrina ou paracrina. Sabemos que os
canais de Panx-1 participam da liberacédo de eATP em células ativadas e apoptoéticas
(CHEKENI et al.,, 2010; SHARMA et al., 2018). Esses canais sd0 expressos em
diversos tipos celulares, incluindo células estruturais e células imunes (MA et al.,
2012). As células T CD4* expressam Panx-1 e pode reconhecer via P2RX7 o eATP
liberado por estes canais de forma autécrina ou paracrina. Nossos dados
demonstraram que durante a infecgéo pelo virus Influenza, a expresséo de Panx-1 em
células T nao interfere no acumulo destas células no parénquima pulmonar. Contudo,
camundongos deficientes de Panx-1 em todos os tecidos possuem redugdo no

numero de células T CD4* residentes. Adicionalmente, estes camundongos estéo
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protegidos contra a inflamacdo grave causada pela cepa PR8. Uma possivel
explicacdo para este resultado € que a quantidade de eATP liberado pelas células T
CD4+ nao é suficiente para controlar a sua entrada no parénquima pulmonar. No
entanto, os altos niveis de eATP liberados pelas células do tecido pode ser sentido via
P2RX7 pelas células T CD4*, ativando as vias de migracao e proliferacdo necessarias
para o acumulo no parénquima pulmonar.

Neste trabalho demonstramos que o receptor P2RX7 controla o acumulo das
células T CD4* no parénquima pulmonar, contribuindo para o agravamento das
infecgBes por micobactéria hipervirulenta e pelo virus Influenza. Adicionalmente,
Nosso grupo ja demonstrou que o blogueio farmacolégico do receptor P2RX7 previne
0 acumulo de células T CD4"* residentes, impedindo a geracao de formas graves de
tuberculose (SANTIAGO-CARVALHO et al., 2021). Portanto, diante dos dados
discutidos neste trabalho, podemos afirmar que o estudo abre novas perspectivas de
intervencdes terapéuticas que visam prevenir ou reduzir o agravamento de doengas

infecciosas que agridem o pulméo.



6 Conclustie
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Os resultados apresentados nessa tese mostram que as células T CD4*
residentes, que antes eram demonstradas somente como protetoras durante
infeccbes pulmonares, podem aumentar a gravidade destas doencas. Na infeccéo
pulmonar grave causada pela cepa hipervirulenta Mbv MP287 e pelo virus Influenza
h& um aumento excessivo de células T CD4* residentes que desencadeiam um grave
dano pulmonar. Demonstramos que a entrada e acumulo destas células no
parénquima pulmonar é controlado pelo reconhecimento paracrino do eATP (liberado
através dos canais de Panx-1) pelo receptor purinérgico P2RX7 (Figura 25). A
interacdo eATP-P2RX7 leva ao aumento da expressdo de genes relacionados a
migracdo e proliferagdo celular como: Cxcr3 e Mki67. O aumento desses genes
regulam o acesso e aumento do niumero das células T CD4" no tecido e subsequente

agravamento da lesao pulmonar.

P2rx7/-CD4* T cells WT CD4* T cells

WT CD4* T cell

P2rx7/CD4* T cell

P2RX7

eATP

CXCR3

CXCL9, CXCL10 or
CXCL11

Pannexin 1

Figure 25: llustracdo esquematica mostrando o papel da interagcdo eATP-P2RX7 na residéncia
de células T CD4* e suas implicagdes no agravamento de infecgBes pulmonares. Durante
infeccdes pulmonares, as células T CD4* expressam altos niveis de P2RX7 e podem sentir
paracrinamente o eATP liberado por canais de Panx-1. A sinalizacdo a partir da interacdo eATP-P2RX7
leva ao aumento da expressdo de CXCR3, permitindo a entrada destas células no paréngquima
pulmonar. Uma vez dentro do tecido, o reconhecimento do eATP pelo P2RX7 também aumenta a
proliferacdo das células T CD4* residentes. A entrada desregulada e proliferacdo destas células no
pulméo aumenta o dano tecidual, agravando as doencas. Created with BioRender.com.
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APENDICE A - Estratégia de gates utilizadas para a analise de células T CD4*

parenquimatosas e intravasculares.



A Gate strategy for parenchymal and intravascular CD4* T cell phenotyping
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APENDICE B — Efeitos das células T CD4* residentes no pulmé&o na inflamac&o e

dano pulmonar na tuberculose causada pela cepa Mbv MP287.
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APENDICE C - P2X7 Receptor Signaling Blockade Reduces Lung Inflammation and
Necrosis During Severe Experimental Tuberculosis. Frontiers in Cellular and
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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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Santiago-Carvalho et al.

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)
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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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FIGURE 1 | The expression of P2RX7 gene and P2X7 receptor is increased in the peripheral blood of TB patients and on lung leukocytes of mice with severe TB.
(A) Gene expression counts were z-score normalized across all samples. Log, fold-change and -logyo P. adjust from DEG analysis are shown in the right annotation
of the heat map. Genes were ordered by hierarchical clustering (Euclidean distance). (B-E) C57BL/6 mice were infected i.t. with ~100 MP287/03 bacilli. Uninfected
mice were used as control group. Mouse lungs were evaluated at day 28 of infection. (B) Lung weights, CFUs per lung and leukocyte (CD45*) cell numbers per lung
are shown. (C) Representative lung sections stained with hematoxylin-eosin method (scale bars correspond to 500 pm) of infected and control group. Asterisks (*)
indicate necrotic areas and hash signs (#) indicate alveolitis. (D) Immunofluorescence staining for the P2X7 receptor (green) in representative lung sections (scale bars
correspond to 50 pm). (E) Histograms show P2X7 expression in lung leukocytes. Mean fluorescence intensities (MFIs) of P2X7 expression are shown in the bar
graph. 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 three to five mice in each group.

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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FIGURE 2 | P2X7 pharmacological blockade at advanced pulmonary TB reduces the disease severity in mice. C57BL/6 mice were infected i.t. with ~100 MP287/03
bacilli. Uninfected mice were used as control group. The P2X7 inhibitor BBG was administered i.p. at a dose of 45 mg/Kg, every 2 days, from day 21 of infection.
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
(circles) are shown. (E-G) Lung weights, cell numbers per lung and CFUs per lung are shown. Significant differences were observed between the indicated groups
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
uninfected and infected groups are not shown. Data are representative of two independent experiments with three to four mice in each group.

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

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

N Neutrophils
M Necrotic leukocytes
N CD4* T cells
{ Dendritic cells
U IFN-y

$IL-6

Severe
tuberculosis

, Mycobacteria

@) CD# Teel

Untreated

@ Neutrophil (GR1+CD11b*)

o i
P ‘7 Necrotic leukocyte
\/\\//

P2X7-direct therapy

{ Neutrophils

& Necrotic leukocytes
J CD4* T cells

4 Dendritic cells

\ M IFNy

\ MIL-6

% Dendritic cell (CD11¢*CD11b*)

IFN-y
o IL-6
® TNF«

FIGURE 5 | Schematic illustration shows the effects of P2X7-directed therapy on the pulmonary inflammatory response to hypervirulent mycobacterial infection.
P2X7-mediated necrotic death of lung leukocytes promote bacillus spread and ATP release to the extracellular milieu. Extracellular ATP at high concentration
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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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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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)
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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 antibodies or isotype control. A, Left, Cell counts per lung. Dot plots show GR1, CD11b, Ly6G,

and Ly6C expression in CD4"CD8 CD197NK1.1°CD11¢™CD45* live cells. Right, GR1™,

T-cell counts per lung. C, Dot plots of intracellular interferon (IFN) v in CD44*CD62L

GR1", Ly6G*, and Ly6C* cell numbers per lung. B, Total CD4* and CD44*CD62L"CDBI*CDA*
CDB9'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].

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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ABSTRACT

Background: In Brazil, the Eugenia genus is traditionally used to treat several types of human diseases, including
diabetes, gastric ulcers and rheumatoid arthritis. Previous studies demonstrated that medicinal properties of
Eugenia astringens Cambess (Myrtaceae), popularly known as “baguacu’ in Brazil, were associated with anti-
inflammatory and antimicrobial activities exhibited by the plant extracts. Anti-tubercular effects of
E. astringens have not been elucidated yet.

Aim of the study: To study anti-tubercular and immunomodulatory potential of the E. astringens leaves extracts
(syn. E. umbelliflora O. Berg), as well as the chemical profiles of active fractions.

Methods: The plant material was collected in the Parque Nacional da Restinga de Jurubatiba (Rio de Janeiro) and
the leaves were dried and extracted with ethanol. The extracts were partitioned, to yield n-hexane (Hex),
dichloromethane (DCM), ethyl acetate (EtOAc) and n-butanol (BuOH) fractions. The crude extract and fractions
were evaluated for antitubercular effects in broth cultures of M. tuberculosis strains and assessed for cytotoxicity
in mammalian cell cultures by the MTT method. The Hex fraction, exhibiting low cytotoxicity and stronger
inhibitory effect on mycobacterial growth relative to other fractions, was selected for the further studies.
Immunomodulatory effects of the Hex fraction were evaluated in the RAW 264.7 macrophages, stimulated by
LPS to produce inflammatory mediators, such as TNF-a, IL-6 and nitric oxide. Additionally, the effects on
mitogen-stimulated human lymphocyte functions were estimated by measuring cell proliferation and IFN-y
production.

Results: The E. astringens Hex fraction inhibited growth of mycobacterial strains both in the bacterial culture and
infected macrophages, demonstrating strong anti-tubercular potential. In addition, this fraction suppressed
secretion of inflammatory cytokines and reduced production of nitric oxide through inhibition of iNOS expres-
sion in the LPS-stimulated macrophages. In the mitogen-stimulated lymphocyte assay, Hex fraction inhibited cell
proliferation but did not alter IFN-y production. GC-MS analyses showed that the Hex fraction is composed by
caryophyllene-type, eudesmane-type, cadinene-type, and aromadendrene-type sesquiterpenes; and 28 com-
pounds were identified, including spathulenol, previously described for antitubercular acitivity. It is possible that
the overall biological efficiency of the Hex fraction depends on the cumulative and/or synergistic effect of these
sesquiterpenes.
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Conclusion: The Hex fraction of E. astringens leaves showed strong antitubercular and immunomodulatory ac-
tivities, demonstrating pharmacological potential of the identified compounds for the development of new anti-

TB drugs.

Abbreviations

ADC albumin, dextrose, catalase
BCG Bacillus Calmette—Guérin
BSA Bovine Serum Albumin
BuOH n-butanol

CFU Colony-forming unit

DAB 3,3'-diaminobenzidine

DCM Dichloromethane

DMEM-F12 Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-
12

DMF Dimethylformamide

DMSO  Dimethyl sulfoxide
ELISA  Enzyme-linked Immunosorbent Assay
EtOAc  Ethyl acetate

FBS Fetal Bovine Serum

GC-FID Gas chromatography-flame ionization detector
GC-MS Gas chromatography-mass spectrometry

Hex n-hexane

1Cso Half maximal inhibitory concentration

IL-6 Interleukin-6

INF-y Interferon gamma

iNOS Nitric Oxide Synthase
kDa Kilodalton

L-NMMA L-N®monomethyl Arginine acetate

LPS Lipopolysaccharide

LRI Linear Retention Indices;

Mbv Mycobacterium bovis

MIC Minimum Inhibitory Concentration
MOI Multiplicity of Infection

Hg Microgram

Mtb Mycobacterium tuberculosis

MTT 2H-Tetrazolium, 2-(4,5-dimethyl-2-thiazolyl)—3,5-
diphenyl-, bromide

NO Nitric Oxide

OADC Oleic acid, albumin, dextrose, catalase
0.D. Optical density

PBMC  Peripheral blood mononuclear cells
PBS Phosphate-buffered saline

PBST Phosphate-buffered saline plus Tween
PHA Phytohemagglutinin

RPMI Cell Culture Medium Roswell Park Memorial Institute
SDS Sodium Dodecyl Sulfate

SEM Standard Error of the Mean

TB Tuberculosis

TBST Tris-buffered saline containing 0.05% Tween

TNF-a  Tumor Necrosis Factor Alpha.

1. Introduction

The Myrtaceae family (The Angiosperm Phylogeny Group, 2009) is
composed of large trees and shrubs, which are inserted in approximately
150 genera and 3600 species (Cronquist, 1981). One of them is the genus
Eugenia, including approximately 600 species, of which 400 are growing
in Brazil (Cronquist, 1981). The Eugenia species are widely used in
popular medicine because of their pharmacological and economic po-
tential (Queiroz et al., 2015). Some species of the genus Eugenia are
commonly associated with ethnobotanical use. For example, the leaves
and fruits of the species E. brasiliensis and E. beaurepaireana were used by
native population for the treatment of diarrhea, ulcerative and inflam-
matory diseases (Revilla J, 2002).

The species E. astringens Cambess (syn. E. umbelliflora O. Berg),
popularly known as “araponga”, "baguacu", "guapé" or "guaramirim",
can be found as a shrub or a small tree that measures 3 to 10 m. The
species is widely found throughout the Brazilian regions, especially in
the Atlantic Forest biome (Legrand and Klein, 1969). Its leaves and fruits
have been used to treat diarrhea by local people around the “Restinga de
Jurubatiba National Park”, Rio de Janeiro, Brazil (Santos et al., 2009).
Previous studies demonstrated that the extracts, fractions and essential
oils isolated from the fruits of E. astringens exhibited antioxidant, hy-
poglycemic, hypocholesterolemic, anti-dermatophytic and anti-ulcer
potential (Machado et al., 2009; Magina et al., 2010; Meyre-Silva
et al., 2009). Additionally, preparations obtained from E. astringens and
other species of Eugenia genus were studied for activity against
gram-positive and gram-negative bacteria and some species of yeast-like
fungi (reviewed by da Costa et al., 2020; De Souza et al., 2018). Sig-
nificant diversity of antimicrobial effects, associated with variability in
the chemical composition, was described for different species that may

be attributed to intrinsic interspecies differences, different plant organs
or extraction techniques used for preparation of plant samples. The
E. astringens preparations (extracts, fractions or essential oils) exhibited
antibacterial activity predominantly against gram-positive bacteria,
including strains of Staphylococcus aureusand Bacillus subtilis (Faqueti
et al., 2015; Machado et al., 2005), with no or weak inhibitory effect on
the growth of gram- negative bacteria and yeasts (Faqueti et al., 2015;
Farias et al., 2020; Machado et al., 2009; Magina et al., 2009).

However, the chemical and biological properties of Eugenia species
were poorly investigated regarding its antitubercular potential. Inhibi-
tory effect on growth of tuberculous mycobacteria was demonstrated
only for the extracts from E. mansoni and E. repanda (Bertucci et al.,
2009), but not for those from E. uniflora (Bertucci et al., 2009) or
E. pyriformis (Chavasco et al., 2014). There is still no report on activity of
E. astringens against mycobacterial strains causing tuberculosis (TB), as
well as on the inflammatory process generated by these strains.

TB continues as a most deadly infectious disease in adults, causing
1.4 million deaths annually (WHO, 2020). A growing incidence of
drug-resistant TB contributes to high mortality rate. Hypervirulent and
drug-resistant strains can cause an exacerbated inflammatory process in
the lungs, leading to necrotic pathology, formation of cavities, loss of
respiratory function and death (Hunter et al., 2011; Orme and Basaraba,
2014).

In recent years, host-directed adjuvant therapy directed on inhibition
of exacerbated inflammation was suggested for the treatment of severe
cases (Palucci et al., 2018; Young et al., 2020). In this context, new
pharmacological agents, exhibiting dual, antitubercular and
anti-inflammatory activities, can provide therapeutic advantage in the
severe TB cases. Natural products are important candidates in this
search since about 70% of medicines used to treat infections are of
natural origin (Dashti et al., 2014).

Given the wide range of biological properties attributed to
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E. astringens, in this study, we evaluated the antitubercular, immuno-
modulatory and anti-inflammatory activities of ethanolic extract and
fractions obtained from the leaves of this plant. Our data demonstrated
that the hexane fraction derived from the crude extract of the leaves
exhibited the highest inhibitory ability to restrict the growth of Mtb
strains, suppress production of inflammatory mediators by stimulated
macrophages and inhibit lymphocyte proliferation, without interfering
with the production of IFN-y.

2. Materials and methods
2.1. Plant material, extraction, and fractionation

The Eugenia astringens Cambess collection was authorized under
SISBIO/ICMBio number: 62.455-11, and the work was authorized by
SISGEN/MMA number: AAA989F. Leaves from E. astringens were ob-
tained at Parque Nacional da Restinga de Jurubatiba (RJ/Brazil) in
Quissama (22°19.828’S; 41°46.338'0) on July 17, 2013. The botanical
identification was carried out by Dr. Tatiana U. P. Konno, and a voucher
specimen was deposited under the number RFA40506 in NUPEM, UFRJ
Macaé.

The dried powder of leaves from E. astringens was extracted by static
maceration with ethanol 92.8% w/w (Casa Wolff, Rio de Janeiro,
Brazil), with the extraction solvent being renewed until the plant ma-
terial was completely depleted. The ethanol extract was filtered and
dried to give the crude extract.

The crude extract was resuspended in a water/methanol solution
(9:1, v/v), then partitioned liquid/liquid with organic solvents in
increasing order of polarity: n-hexane (Hex), dichloromethane (DCM),
ethyl acetate (EtOAc), and n-butanol (BuOH) (TEDIA, Fairfield, USA).
The samples of dried fractions (10 mg) were solubilized in dime-
thylsulfoxide (DMSO - Sigma-Aldrich), according to polarity, at a stock
concentration of 20 mg/ml and sterilized by filtration using Millipore
nylon membrane (0.22 pm).

2.2. Gas chromatography analyses

Gas chromatography-mass spectrometry (GC-MS) analyses were
performed on Shimadzu QP2010S equipment using a Restek RTX-5MS
(5% phenyl/95% polydimethylsiloxane, Restek Corporation, Pennsyl-
vania, USA) fused silica capillary column (30 m x 0.25 mm, film thick-
ness 0.25 um), using helium as carrier gas (1.5 ml.min~1). The injector
temperature was 220 °C and the column oven programmed was 60-290
°C at 3 °C min~ L. Transfer line temperature was 240 °C, ion source was
at 230 °C, EIMS, 70 eV, Scan Range 35-500, 1 scan/sec., solvent cut time
3.0 min.

Gas chromatography-flame ionization detector (GC-FID) analyses
were performed on Shimadzu GC-2010 Plus equipment using a Zebron™
ZB-5MS (5% phenyl/95% polydimethylsiloxane, Phenomenex Inc., CA,
USA) fused silica capillary column (30 m x 0.25 mm, film thickness 0.25
um), using hydrogen as carrier gas (1.0 ml.min~?, linear velocity). The
injector temperature was 250 °C and the column oven programmed was
60-246 °C at 3 °C min~! and hold time for 5 min at 246 °C. The FID
temperature was 290 °C, the sample rate of signal acquire was 40 msec
and delay time 3.0 min. The sample solutions (1.0 mg/ml) were dis-
solved in hexane, and 1.0 pl was injected with split 1:25, and was
analyzed in triplicate to obtain the% area of the constituents. A standard
solution of n-alkanes C7-C30 (Supelco®) was used to obtain the
experimental gas chromatographic linear retention indices (LRI).

Constituents of the fraction were identified by comparing the LRI
(GC-FID) and MS fragmentation pattern (GC-MS) for each compound
with corresponding reference data (Adams, 2007).

2.3. Mycobacterial culture and evaluation of bacterial growth

Three mycobacterial strains differed in virulence were used in this
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study: M. bovis BCG (avirulent strain), M. tuberculosis H37Rv (standard
virulent strain), and M. tuberculosis Beijing M299 (clinical isolate
exhibiting increased virulence and resistance to rifampicin). Mbv strain
BCG (Onco-BCG vaccine, Moreau strain, Copenhagen SEED# July 1978)
was obtained from the Butantan Institute (Sao Paulo). The standard
laboratory strain Mtb H37Rv (ATCC27294) and Mtb strain M299, iso-
lated from a TB patient in Mozambique and characterized for virulence
(Almeida et al., 2017; Ribeiro et al., 2014) and rifampicin susceptibility
(Ventura et al., 2015) in previous studies, were provided by Dr. Philip
Suffys (Fundacao Oswaldo Cruz, Fiocruz, Brazil). Mycobacterial strains
were grown in Middlebrook 7H9 medium Difco (Detroit, MI, USA),
containing 0.05% Tween 80 and,10% albumin, dextrose, catalase- ADC
Difco (Detroit, MI, USA), for 7 days at 37 °C under Biosecurity level 3
containment conditions. The suspensions densities were measured by
optical densitometry at 600 nm (ODggp) and corresponding bacterial
concentrations were determined for each strain by colony-forming units
(CFU) test, plating ten-fold serial dilutions of bacterial suspensions on
Middlebrook 7H10 agar plates supplemented with 0.5% glycerol and
10% oleic acid-albumin-dextrose-catalase enrichment- OADC Difco
(Detroit, MI, USA). The colony numbers were quantified after 21 days
incubation at 37 °C.

The bacterial suspensions were plated (1 x 107 CFU/ml) and incu-
bated in the presence of plant ethanolic extract or fractions (BuOH,
EtOAc, DCM and Hex) at the concentration of 4, 20, 100 and 500 pg/ml
or left untreated. Anti-TB antibiotic rifampicin (0.001 to 0.03 pg/ml for
Mbv BCG, 0.001 to 1 pg/ml for H37Rv and 0.008 to 10 pg/ml for Mtb
M299 strain) was used as a control of bacterial growth inhibition. As a
positive control for mycobacterial growth, Mbv BCG or Mtb H37Rv in
untreated culture were used. The plates were sealed and incubated at
37 °C for 7 days for Mbv BCG and 5 days for the Mtb strains. After this
period, the bacterial cultures were incubated for 3 h with MTT (3-(4,5-
dimethylthiazol-2-yl)—2,5-diphenyltetrazolium bromide) solution (5
mg/ml) and then treated with extraction buffer for dissolution of for-
mazan cristals prepared with 20% sodium dodecyl sulfate- SDS, 50%
dimethylformamide- DMF Sigma-Aldrich (St Louis, MO, USA) for an
additional 18 h. The optical density was measured at 570 nm.

2.4. Evaluation of mycobacterial growth in culture of infected
macrophages

Murine RAW 264.7 macrophage-like cell line ATCC (Manassas, VA,
USA) was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM-F12)
supplemented with 10% fetal bovine serum (FBS) at 37 °C in 5% CO4
incubator. For experiments, the cells were seeded in 96-well plates (5 x
10°cells/well) and incubated for 24 h at 37 °C. The mycobacterial sus-
pension (strains BCG or H37Rv) was adjusted to 0.1 and added to the
macrophage culture at the MOI of 1:1 (bacillus/macrophage) for 3 h at
37 °C. Extracellular bacteria were eliminated by 5 washes with sterile
PBS and the infected cell monolayers were treated for 4 days with n-
hexane fraction (Hex) at the concentrations of 4, 20, and 100 pg/ml or
with rifampicin (0.001, 0.003 and 0.03 pg/ml for BCG and 0.001, 0.01
and 1 pg/ml to H37Rv). As a positive control for mycobacterial growth,
untreated Mbv BCG and Mtb H37Rv strain was used. On day 4 after
infection, the infected monolayers were lysed with 1% saponin to
release intracellular bacteria and ten-fold serial dilutions in sterile PBS
were plated on 7H10 agar plates for the CFU test.

2.5. Cytotoxicity assays

Cytotoxicity of the E. astringens ethanol extract and fractions towards
mammalian cells was studied in the cultures of RAW 264.7 cells and
epithelial Vero cells. The cells were cultured in DMEM-F12 supple-
mented with 10% FBS at 37 °C in 5% CO, incubator. For experiments,
the cells were seeded in 96-well plates (5 x 10° cells/well) and treated
with the samples (4, 20, 100 and 500 pg/ml) for 24 h at 37 C. The
resulted cell viability was examined by colorimetric MTT tetrazolium
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reduction assay. For this, the medium of each well was removed and
DMEM medium containing 5 mg/ml MTT solution was added to each
well. After 2 h of incubation at 37 °C in the absence of light, the medium
was removed and the formazan crystals were dissolved with acidified
isopropanol (4 mM). Absorbance was read at 540 nm. Cells treated with
1% Triton X-100 detergent were used as a positive control (100%
cytotoxicity), untreated cells were used as a negative control. The results
were expressed as a percentage of the maximal absorbance value of the
positive control and reported as means of three independent assays +
the standard deviation.% cytotoxicity = [(Asamp — Ab) x 100] / (Ap —
Ab), where Ab is an absorbance of negative control; Asamp is an
absorbance of the test well, Ap - absorbance of positive control.

2.6. Production of inflammatory mediators by LPS-stimulated
macrophages

RAW 264.7 macrophages were plated in 96-well plates (5 x 10° cell/
well). After 24 h incubation at 37 °C, cells were stimulated with 1 pg/ml
LPS (Escherichia coli 055: B5 - Sigma-Aldrich) and treated with the Hex
fraction of E. astringens (4, 20 and 100 pg/ml) for additional 24 h. The
culture supernatants were collected for the quantification of inflam-
matory mediators: nitric oxide (NO), tumor necrosis factor-alpha (TNF-
o) and interleukin-6 (IL-6).

Production of NO was assessed by the Griess method, through in-
cubation of the cells with 1% p-aminobenzenesulfonamide + 0.1%
naphthylenediamine dihydrochloride in 5% phosphoric acid — Sigma-
Aldrich) to measure nitrite, a stable NO metabolite. The NO inhibitor,
L-NMMA (NG-methyl-i-arginine acetate - Sigma-Aldrich), was used as a
positive control of NO inhibition at 20 ug/ml.

For the quantification of TNF-a, the L929 fibroblast bioassay, based
on the sensitivity of L929 cells to the cytotoxic effect of TNF-a, was
performed. The L929 cells were plated (2.5 x 105 cell/well) and after 24
h incubation at 37 °C, the macrophage culture supernatants and acti-
nomycin D (2 pg/ml) were added. After incubation for additional 24 h,
the cell viability was assessed by the MTT method. Quantification of IL-
6 in the macrophage culture supernatants was performed by the ELISA,
using commercial Mouse IL-6 kit (BD Biosciences, San Jose, CA, USA)
and the manufacturer’s instructions.

Non-stimulated and untreated macrophages were used as a negative
control (C-) and macrophages stimulated with LPS were used as a pos-
itive control (C+).

2.7. Evaluation of iNOS expression by western blot

RAW 264.7 macrophages were plated (1 x 108 cells/ml) in a 6-well
plate and incubated for 24 h at 37 °C. After 24 h, the macrophage cul-
tures were treated with Hex fraction (20 and 100 pg/ml) and/or LPS (1
pg/ml) for an additional 24 h. The cell monolayers were washed with
PBS, scraped, and centrifuged to obtain a cell pellet. The cells were lysed
in a buffer (10% SDS, 20% glycerol, 5% 2-mercaptoethanol, 2% bro-
mophenol blue, and 1 M Tris-HCl, pH 6.8, containing protease in-
hibitors — Sigma-Aldrich). Protein concentration was estimated by the
Bradford method. Sixty micrograms of the protein were submitted to
10% SDS-polyacrylamide gel in the MiniVE Vertical Electrophoresis
System (GE-Healthcare, Santa Cruz Biotechnology) for electrophoresis
and then transferred to nitrocellulose membrane. The resulted mem-
brane was then blocked in Tris-buffered saline containing 0.05% Tween
(TBST) and 2.5% bovine serum albumin (BSA) overnight at 4 °C. Sub-
sequently, the membrane was incubated with a monoclonal antibody
against iNOS, 1:1000 (BD Bioscience) for 1 h at room temperature. After
the incubation period, the membrane was washed and incubated with
rabbit horseradish peroxidase-conjugated secondary antibody, 1:5000
(GE-Healthcare, Santa Cruz Biotechnology) for 1 h at room temperature.
Finally, the membrane was washed extensively, and the bands were
developed using 3,3'-diaminobenzidine (DAB - Sigma-Aldrich) and
H20; substrate. Non-stimulated and untreated macrophage culture was
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Table 1
Chemical composition of Hex fraction from E. astringens.
Peak LRI LRI Compounds Area SD
calc Lit %
1 1374 1373 Ylangene <a-> 0,37 0,01
2 1382 NI CisHas 0,08 0,01
3 1388 1389 Elemene <f-> 0,06 0,02
4 1403 1400 Longipinene <f-> 0,08 0,01
5 1418 1417 Caryophyllene <(E)-> 1,09 0,24
6 1429 1430 Copaene<f-> 1,00 0,01
7 1437 1439 Aromadendrene 3,83 0,02
8 1448 1448 Muurola-3,5-diene <cis-> 0,52 0,02
9 1458 1458 Aromadendrene <allo-> 1,10 0,02
10 1468 1465 Muurola-4(14),5-diene <cis-> 1,05 0,00
11 1473 1475 Gurjunene <y-> 0,39 0,01
12 1487 1489 Selinene <f-> 6,05 0,09
13 1490 1492 Selinene <5-> 0,59 0,08
14 1494 1498 Selinene <a-> 2,77 0,48
15 1511 1511 Amorphene <§-> 0,48 0,02
16 1514 1513 Cadinene <y-> 0,24 0,01
17 1520 1521 Calamenene <trans-> 5,53 0,05
18 1553 1544 Calacorene <a-> 1,18 0,11
19 1560 NI Cy5Ha60 0,83 0,03
20 1575 1577 Spathulenol 3,54 0,12
21 1580 NI C15H260% 1,84 0,10
22 1584 1582 Caryophyllene oxide* 6,83 0,21
23 1592 1592 Viridiflorol 1,01 0,05
24 1602 1600 Guaiol 0,94 0,01
25 1605 NI Cy5H240 0,16 0,01
26 1610 NI Cy5Ha60 0,20 0,02
27 1615 NI C15Ha0 0,39 0,00
28 1623 NI C15H260 0,17 0,02
29 1624 1627 Cubenol <1-epi-> 2,56 0,03
30 1630 NI Cy5Hz60 1,03 0,03
31 1631 NI Caryophylla-4(12),8(13)-dien-5a-ol 1,14 0,04
32 1635 1639 Caryophylla-4(12),8(13)-dien- 5,24 0,16
5p-ol
33 1641 1639 Cy5H240 0,52 0,01
34 1649 NI C15H260 0,39 0,01
35 1654 1656 Bisabolol oxide B <a-> 4,85 0,32
36 1656 1658 Selin-11-en-4-a-ol 4,78 0,10
37 1668 1668 Caryophyllene <14-hydroxy- 3,78 0,02
9-epi-(E)->
38 1672 NI Cy5H60 0,27 0,01
39 1676 1676 Guaia-3,10(14)-dien-11-o0l 0,24 0,01
40 1680 NI Cy5H240 0,71 0,03
41 1728 NI Cy5H220 0,62 0,02
42 1810 NI Cy5Hy40 1,22 0,94
43 1826 NI C15H2602 1,10 0,46
44 1828 NI Cy5H2602 0,79 0,47
45 1835 NI Cy5H2602 1,50 0,04
46 1840 NI C15H2602 0,48 0,02
47 1845 NI Cy5H2602 0,04 0,02
48 1860 NI Cy5H2602 0,61 0,03
49 1864 NI C15H2602 0,55 0,01
50 1873 NI Ciy5H2602 0,15 0,01
51 1879 NI C15H2602 8,30 0,22
52 1883 NI C15H2602 0,37 0,01
53 1894 NI C15H2402 0,27 0,01
54 1899 NI Cy5H2602 0,22 0,01
55 1924 NI C15Ha602 0,32 0,01
56 1927 NI CzoH360 1,00 0,04
57 1934 NI CooHs00 0,56 0,04
58 1958 NI Ca0H400 4,16 0,13
59 2158 NI C20H400 1,05 0,05
60 2386 NI Bisoflex DOA (plasticizer)** 8,09 0,29
61 2600 NI Phthalic acid derivative** 0,79 0,04
Sesquiterpene hydrocarbons 26,39
Oxygenated sesquiterpenes 57,96
Diterpenes 6,77
Total identified 69,16

NI: Not identified.
" overlap signal.

" contaminant identified by similarity data comparison (NIST08).
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used as a negative control (C™) and the LPS treated-macrophages as a
positive control (C+). The protein bands were scanned and the densi-
tometric analysis was performed using Image J software of National
Institutes of Health (NIH - Bethesda, MD, USA).

2.8. Lymphocyte proliferation assay and quantification of IFN-y
production

Peripheral blood mononuclear cells (PBMC) were isolated from the
peripheral blood of healthy male individuals (with their consent and was
approved by the institutional human experimentation committee) by
gradient centrifugation with Ficoll-Paque. The cells were washed two to
three times with RPMI-1640 medium (Gibco/Life Technologies), by
centrifugation cycles at 4 °C for 10 min. After centrifugation, the cells
were plated (1 x 10° cells/well) in RPMI-1640 supplemented with 20%
FBS, 0.4% gentamycin, 0.1 mM t-glutamine and the phytohemagglu-
tinin, PHA, 5 pg/ml (Sigma-Aldrich) was added as a mitogen. The PBMC
were incubated for 5 days at 37 °C and 5% CO, in the presence of Hex
fraction of E. astringens (4, 20, and 100 pg/ml) or without the fraction.
The cells were left untreated with the PHA for the negative control. Cell
viability during the test was more than 95% determined by the Trypan
blue dye exclusion test. Cell proliferation capacity was assessed using
the MTT method. Cyclosporine (Sigma-Aldrich), an immunosuppressive
drug, was used for control of the cell proliferation inhibition. Unsti-
mulated and untreated cells were used as a negative control (C-) and
untreated PHA-stimulated cells were used as a positive control (C+)
Production of IFN-y by the mitogen-stimulated cells was measured in the
culture supernatant, using Human IFN-y ELISA kit (BD Biosciences),
following the manufacturer’s protocol.

2.9. Statistical analysis

The data were presented as mean + standard error of the mean
(SEM). One-way analysis of variance (ANOVA), followed by Tukey’s
post-test, was used to compare multiple groups, and p values <0.05 were
considered significant. The ICsy and MICs( values were calculated by
non-linear regression. The used software was GraphPad Prism 4 and 6.

3. Results and discussion

3.1. Phytochemical investigation by gas chromatography-mass
spectrometry

The phytochemical profile for the bioactive Hex fraction obtained by
GC-MS (Suppl. Fig.1) revealed sesquiterpenes as the main constituents
(84.35%). A total of 61 compounds were annotated (Table S1 - Sup-
plementary Material) and 28 were identified (Table 1), corresponding
to 69.16% of the chromatogram total area. Among the identified com-
pounds from Hex fraction, caryophyllene-type (18.08%), eudesmane-
type (14.18%), cadinene-type (11.55%), and aromadendrene-type
(9.48%) sesquiterpenes are the most abundant skeletons (Table 1).
The fraction has 13 major constituents between 2.5 and 8.3%, being
them caryophyllene oxide (6.83%), -selinene (6.05%), (E)-calamenene
(5.53%), caryophylla-4(12),8(13)-dien-5p-ol (5.24%), a-bisabolol oxide
B (4.85%), Selin-11-en-4-a-ol (4.78%), aromadendrene (3.83%),
14-hydroxy-9-epi-(E)-caryophyllene (3.78%), spathulenol (3.54%),
a-selinene (2.77%), 1-epi-cubenol (2.56%), and two not identified
compounds, a sesquiterpene C5H2602 (8.30%) and a diterpene CooH400
(4.16%) (Table 1).

In previous studies, similar sesquiterpene-types (Table 1) were
found in a variety of preparations from E. astringens and other Eugenia
species (De Souza et al., 2018) Thus, -caryophyllene, a-copaene and
(Z)-calamenene, was related to the essential oil from E. astringens leaves
collected in Juréia, Sao Paulo State (Apel et al., 2002). The
aromadendrene-type sesquiterpenes: aromadendrene, viridiflorol and
spathulenol were found in the essential oil of E. astringens species
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Table 2
Minimum inhibitory concentrations of E. astringens extract and its fractions
suppressing the growth of M. bovis BCG and M. tuberculosis strain H37Rv in broth
culture.

MICs (pg/mL)

Samples M. bovis BCG M. tuberculosis H37Rv
Extract 98.3 +1.3 > 500

BuOH fraction 90.7 + 1.7 > 500

EtOAc fraction 57.7 £1.3 > 500

DCM fraction 28.7 £ 1.4 449 + 1.5

Hex fraction 159+ 1.2 18.6 + 1.6
Rifampicin* 0.01 £ 0.5 0.1 £0.2

" Anti-TB drug.

collected in Santo Amaro da Imperatriz, Santa Catarina State (Magina
et al., 2009). Caryophyllene oxide and f-selinene, major constituents of
the Hex fraction in our study, were identified in the essential oil of
E. uniflora L. chemotype obtained in the Amazon region (Figueiredo
etal., 2019). These data demonstrate that the compounds of E. astringens
from Jurubatiba Restinga identified in this study are similar to the
sesquiterpene skeletons found in the Eugenia genera.

3.2. Effect of E. astringens extract and fractions on growth rates of
M. bovis BCG and M. tuberculosis H37Rv strains in bacterial culture

The data presented in Table 2 demonstrate that the Hex and DCM
fractions were notably the most potent inhibitors of mycobacterial
growth. The ability of these fractions to suppress BCG growth (MICsg
15.9 + 1.2 ug/ml and 28.7 + 1.4 ug/ml, respectively) was at least 3-fold
higher than that of the crude extract (MICsy 98,.3 £+ 1.3 ug/ml).
Importantly, these fractions were able to inhibit the growth of virulent
Mtb strain H37Rv as well, and again the Hex fraction was the most
potent, exhibiting the lowest (MICso 18.6 + 1.6 ug/ml), whereas the
crude extract exhibited only weak activity against the virulent strain
(MICsp > 500 ug/ml). Nevertheless, none of the samples tested was more
active than the standard anti-TB drug rifampicin (Table 2).

The highest antitubercular activity observed for the Hex fraction can
be attributed to the fact that the nonpolar compounds generally
concentrated in this fraction could provide a direct effect on the outer
membrane of mycobacterial cell wall, rich in lipids, or could better
penetrate it to reach their molecular targets inside the cell (Chen et al.,
2018).

Da Costa et al. (2020) have recently reviewed chemical compositions
and antimicrobial activity of different Brazilian Eugenia species. The
essential oil of E. involucrate, rich in sesquiterpenes B-elemene and spa-
thulenol, displayed activity against Gram-positive (S. mitis and
S. sanguinis) and Gram-negative bacteria (P. nigrescens and P. gingivalis),
with MIC ranging from 100 to 400 ug/mL. Activity against P. aeruginosa
(MIC > 250 pg/mL) and E. coli (MIC > 477 pg/mL) have been described
for oils of E. astringens, E. beaurepaireana and E. brasiliensis (Magina et al.,
2009) mainly composed viridiflorol and p-pinene, spathulenol and
pB-caryophyllene. In addition, oils of E. uniflora, rich in cyclic oxygenated
sesquiterpenes, showed activity against S. mutans and S. sobrinus (MIC
50 pg/mL) and K. rhizophila (MIC 500 pg/mL). Machado et al. (2005)
reported that the methanolic extract of E. astringens leaves and respec-
tive fractions DCM and EtOAc exhibited activity only against gram
positive bacteria, B. cereus, S. aureus, S. saprophyticus and S. agalactiae
(MIC 10-80 ug/ml). Acetonic extract of E. uniflora leaves and their
aqueous fraction (presence of high content of polyphenols) inhibited
S. aureus, S. epidermidis, E. faecalis, S. enteretidis, P. aeruginosa but not
E. coli (Falcao et al., 2018). In a different way, ethanolic leaves extract of
E. calycina and their hexanic fraction displayed weak activity or were
inactive against the Gram-positive and Gram-negative bacteria (Ferreira
et al., 2014). In this study, the level of susceptibility of M. bovis BCG and
Mtb to ethanolic extract of E. astringens leaves (MIC values between 100
and >500 pg/ml) was comparable to that observed in the literature to
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Fig. 1. Relative cytotoxicity of the extract and fractions of E. astringens evaluated in the cell cultures of macrophage-like RAW 264.7 cells and epithelial Vero cells.
(A) RAW 264.7 cells were stimulated by LPS and treated with the E. astringens samples (4, 20, 100, and 500 pg/ml) for 24 h. (B) Vero cells were plated and treated
with the E. astringens Hex fraction (4, 20, and 100 pg/ml) for 24 h. After incubation, cell viability was measured by the MTT test. Untreated cells were used as a
negative control (C-) and the cells treated with 1% of Triton X-100 were used as a positive control of 100% cytotoxicity (C+). Arithmetic means + standard deviation.

P < 0.001 (***) in relation to the non-treated cells in each group (n = 3).

other Eugenia species against different bacteria species. On the other
hand, the E. astringens Hex fraction showed notable inhibitory activity
and lower MICs values against Mycobacterium strains when compared
to that described by Ferreira et al. (2014) in relation E. calycina Hex
fraction that is also mainly composed of terpenes. A broad-spectrum
bactericidal activity in same material is associated to the presence of
wide variety active constituents. However, many antimicrobial com-
pounds when active on Mtb are effective only at high concentrations due
to the complex composition and thickness of the Mtb cell wall (Maitra
et al., 2019). The predominance of terpenes in the chemical composition
of Eugenia has been associated with antimicrobial activity, although the
presence and concentration of these substances vary among different
Eugenia species, different parts of the plant and extraction technique.
Differences in bioactivity may be related to geographical and seasonal
variations, yields and chemical variability and extraction technique
utilized (Costa et al., 2020).

We can only speculate about active substances contributing to the
observed antitubercular action of the E. astringens Hex fraction. In pre-
vious studies, sesquiterpenes, isolated from plants and other natural
sources, have been reported as inhibitors of Mtb and other mycobacte-
rial species (Salomon and Schimidt, 2012) and might be responsible for
the activity of E. astringens Hex fraction against Mtb, since eudesmene
(14.18%), caryophyllene (18.08%), cadinene (11.55%) and aromaden-
drane (9.48%) sesquiterpene-types are the most abundant in this

fraction (Table 1). The eudesmene-type sesquiterpenes isolated from
endophytic Streptomyces sp. of Kandelia candel, kadinols A-E, showed
activity against M. vaccae (Ding et al., 2012). The essential oils of Lippia
trifolia and L. fucata, containing significant quantities of p-car-
yophyllene, 12.8% and 7.6%, respectively, exhibited activity against
Mtb (Santana Juliao et al. 2009). Additionally, viridiflorol and spathu-
lenol, aromadendrene-type sesquiterpenes, detected in the Hex fraction
of E. astringens in this study, previously were described for the antitu-
bercular activity. The sesquiterpene viridiflorol isolated from Allophylus
edulis essential oil (Trevizan et al., 2016) and the spathulenol, isolated
from Psidium guineense (Do Nascimento et al., 2018), exhibited ability to
inhibit growth of reference Mtb strain H37Rv. Of importance, the spa-
thulenol isolated from an extract of Azorella compacta was twice more
effective on drug-resistant clinical isolates of Mtb (MIC and MBC =
6.25 pg/ml) than the susceptible strain H37Rv (MIC and MBC = 12.5
pg/ml) (Dzul-Beh et al., 2019). In accordance with these data, the spa-
thulenol isolated from Ocotea notata leaves has been shown to inhibit
growth of M. tuberculosis strains, including the strain H37Rv and highly
virulent clinical Mtb isolate M299 (MICsy 36.9 and 42.1 pg/ml,
respectively), in the previous work of our group (Costa et al., 2020).
Therefore, we suggest that the overall antitubercular effect of the Hex
fraction of E. astringens might be associated with the presence of spa-
thulenol, viridiforol and other sesquiterpenes which can exhibit cumu-
lative and/or synergistic antitubercular activity.
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Table 3
Evaluation of the cytotoxic effects (ICso) of E. astringens extract and its fractions
on macrophage-like RAW 264.7 cells and epithelial Vero cells by MTT assay.

Samples RAW 264.7 cellsICsq (pg/mL) Vero cellsICsq (pg/mL)
Extract 91.1 +£1.7 —

BuOH fraction > 500 —

EtOAc fraction 215.4 £ 0.9 —

DCM fraction 49.7 + 2.4 —

Hex fraction 214.8 £ 2.0 > 100

3.3. Evaluation of cellular toxicity of the extract and fractions of
E. astringens in cell culture

The most of samples exhibited high cytotoxicity only at the highest
concentrations tested (500 pg/ml) by exception of the BuOH fraction
that was not toxic for the RAW264.7 cells (Fig. 1A). (IC5¢ > 500 pg/ml).
The EtOAc and Hex fractions presented relatively low toxicity, exhibit-
ing an ICsq value higher than 200 pg/mL (Table 3)

Among the fractions active against Mbv BCG and Mtb H37Rv strains
(DCM and Hex fractions), the Hex fraction exhibited the lowest cell
cytotoxicity. This fraction was additionally tested for cytotoxic effect in
the culture of African monkey kidney epithelial cells (Vero ATCC ® CCL-
81 ™) in concentrations 4, 20, and 100 pg/ml (Fig. 1B). Very low
cytotoxicity was demonstrated in all the concentrations tested, The Hex
fraction was selected for the further study of antitubercular properties of
E. astringens, in infected macrophages.

3.4. Effect of n-hexane fraction of E. astringens on the intracellular
growth of BCG and H37Ryv strains in macrophages and on the growth of
hypervirulent M. tuberculosis strain M299 in broth

As shown in Fig. 2A, the Hex fraction was able to reduce the bacillary
load in macrophages infected with Mbv BCG (MICsp 11.2 + 1.2 pg/ml),
resulting in a 61%, 85% and 100% inhibition at concentrations of 4, 20
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and 100 pg/ml, respectively. In the cultures infected with Mtb H37Rv
strain, the mycobacterial growth inhibition occurred mainly at con-
centrations of 20 and 100 pg/ml (MICsy 20.0 + 1.2 pug/ml), resulting in
85% and 94% reduction of the CFU bacterial count compared to un-
treated controls. Nevertheless, it should be noted that the anti-TB drug,
rifampicin was more active to inhibit the intracellular growth of Mbv
BCG and Mtb H37Rv (Fig. 2A).

To further evaluate the antitubercular potential, the Hex fraction of
E. astringens was tested against clinically relevant Mtb strain, belonging
to the modern Beijing sub-lineage, that in our previous studies demon-
strated increased virulence (Ribeiro et al., 2014; Almeida et al., 2017)
and resistance to rifampicin (Ventura et al., 2015).

The Hex fraction, used at 20 and 100 pg/ml, potentially inhibited the
growth of Mtb strain M299 (Fig. 2B), by 60% and 70%, respectively. It is
important to note that the concentration of standard anti-TB drug,
rifampicin, had to be increased at least ten-fold for the M299 (MICs( 5.3
+ 1.3 pg/ml) compared to that established for reference H37Rv strain
(Table 2). In contrast, the MICsq of Hex fraction used for the treatment
of M299 strain was lower than that established for the reference strain
(Table 2 and Fig. 2B).

The obtained data demonstrate strong inhibitory activity of the
E. astringens Hex fraction against Mtb growth in broth and in macro-
phages. To the best of our knowledge, this is the first report demon-
strating antitubercular activity of E. astringens preparations. Selectivity
of the observed antitubercular effect was not verified in this study.
However, a recent study conducted by Farias et al. (2020) showed that
the Hex fractions obtained from fruits or leaves of E. umbelliflora (sin.
E. astringens) were able to inhibit growth of S. aureus (MIC 15-30
mg/ml), with no activity against E. coli and C. albicans. These data
suggest that the Hex fraction exhibiting antitubercular effects in our
study, can be active against some gram-positive bacteria as well. Some of
the active substances composing Hex fractions could act on the common
targets in various gram-positive bacteria, including mycobacteria, but
also do not exclude the presence of substances with the selective action.
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Fig. 2. Inhibitory effect of Hex fraction of E. astringens on the intracellular growth of BCG and Mtb H37Rv strains in macrophages (A) and the growth of hypervirulent
Mtb strain M299 in broth culture (B). (A) RAW 264.7 macrophages were infected with BCG or Mtb H37Rv strains at the infection ratio of 1:1 and treated with the Hex
fraction (4, 20, and 100 pg/ml) or rifampicin (0.001, 0.003 and 0.03 pg/ml for BCG and 0.001, 0.01 and 1 pg/ml to H37Rv) for 4 days. As a positive control for
mycobacterial growth, untreated Mbv BCG and Mtb H37Rv strain was used. Bacterial viability was determined by counting of CFU in the macrophage lysates
obtained on day 4. (B) Hypervirulent Mtb strain M299 was plated in wells (1 x 10° CFU/well) and treated with the Hex fraction (4, 20, and 100 pg/ml) or rifampicin
(0.008, 1 and 10 pg/ml) or left untreated for 5 days. As a positive control for growth, untreated Mtb M299 strain was used. The MTT method was used to evaluate
mycobacterial growth, and the growth value in untreated cultures was attributed 100%. Relative values are means + standard deviation (n = 2). P < 0.01 (**) and P

< 0.001 (***), compared with the untreated group.
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Fig. 3. Immunomodulatory effect of Hex fraction from E. astringens on RAW 264.7 macrophages stimulated with LPS. Cells were stimulated with LPS (1 pg/ml) and
treated with the Hex fraction (4, 20, and 100 pg/ml) for 24 h. Then, the culture supernatants and the cells were collected for quantification of inflammatory me-
diators, TNF-a, IL-6, and NO, and iNOS expression in macrophages, respectively. (A) TNF-a production was measured by the 1929 fibroblast viability indirect
bioassay. (B) IL-6 production was measured by ELISA. (C) NO production was measured by the Griess method. Treatment with :-NMMA was used as a control to
inhibit NO production. (D) iNOS expression was evaluated by Western blot. Lower panel, quantification of the protein levels by densitometric analysis of the
immunoreactive bands was inserted. Each band was compared to positive control band (C+), and the value for the positive control set to 1. (A-D) Non-stimulated and
untreated macrophages were used as a negative control (C-) and macrophages stimulated with LPS were used as a positive control (C+). Values are mean + standard
deviation. All test values were compared with the C+ value. P < 0.01 (**) and P < 0.001 (***). (n = 3).

Further fractionation and testing for selective antitubercular action may
result in isolation of active compounds or most active sub-fractions
grouping active compounds with cumulative effect.

3.5. Immunomodulatory effect of E. astringens hex fraction on LPS-
stimulated RAW 264.7 macrophages

The second step of this work was to investigate the immunomodu-
latory effect of the Hex fraction assessed through the production of TNF-
a, IL-6 and NO by LPS-stimulated RAW 264.7 macrophages.

TNF-a and IL-6 are important inflammatory cytokines produced by
activated macrophages and T cells (Balkwill and Mantovani, 2001).
These cytokines are essential for the innate defense of the host against
mycobacteria during the early stage of infection. Macrophages activated
by cytokines or microbial compounds, such as LPS, produce nitric oxide
(NO) (Macmicking et al., 1997). It is an important inflammatory medi-
ator, responsible for the death of mycobacteria, also acting as a vaso-
dilator, leukocyte recruiter, and inducer of apoptosis (Bogdan et al.,
2001). However, high levels of TNF-q, IL-6, and NO contribute to
pathogenesis of severe progressive TB, promoting pulmonary infiltration
with inflammatory leukocytes, necrotic cell death and tissue damage
(Santiago-Carvalho et al., 2021).

As shown in Fig. 3, Hex fraction inhibited TNF-a production by the

LPS-stimulated macrophages at all concentrations tested, causing 77%
inhibition by the higher concentration (ICs¢ 58.0 £ 1.7 pg/ml) (Fig. 3A).
The TNF-a inhibition may be related to the presence of the compound
(E)-bisabol-11-0l (Table 1), which has already been shown to reduce
TNF-a in the peritoneal cavity of animals with carrageenan-induced
inflammation (Rocha et al., 2011). The effect of the Hex fraction on
production of IL-6 (ICsp 15.3 £+ 1.0 pg/ml) and NO (ICs5¢ 25.6 + 1.4
pg/ml) was even stronger, reaching more than 90% inhibition at 100
pg/mL (Fig. 3B and 3C). The inhibitory effect of the Hex fraction on NO
production was stronger than that of T a known nonselective inhibitor of
induced nitric oxide synthase, .-NMMA (ICso 32.3 + 1.5 pg/ml). The
inhibitory activities of the Hex fraction were not related to its cytotox-
icity to macrophages, as the cytotoxic concentration was higher than the
active one (Table 3).

To study the mechanism of NO inhibition by Hex fraction, we eval-
uated the iNOS expression in macrophages treated with LPS and Hex
fraction by Western blot. NO is biosynthesized by inducible nitric oxide
synthase (iNOS) from r-arginine in macrophages activated by proin-
flammatory stimuli (Perez and Laughon, 2015), therefore, inhibition of
the expression or enzymatic activity of iNOS may reduce production of
NO and its cytotoxic effects in tissues (Guzik et al., 2003).

The concentration range in which Hex fraction inhibited NO pro-
duction (20 and 100 pg/ml) was used to study its effects on iNOS
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Fig. 4. The effects of Hex fraction from E. astringens on proliferation and IFN-y production by PHA-stimulated human peripheral blood mononuclear cells. Donor
peripheral blood PBMC were obtained by Ficoll gradient centrifugation. After separation, the cells were plated (1 x 10° cells/ml), stimulated with PHA (5 pg/ml),
and treated with Hex fraction (4, 20, and 100 pg/ml). After 5 days, (A) cell proliferation was measured by MTT assay, (B) cell viability was verified by Trypan blue
exclusion test, and (C). IFN-y production was measured in the culture supernatant by ELISA. Cyclosporin (CYA), an immunosuppressive drug, was used to inhibit the
proliferation of PHA-stimulated cells and used as an additional control in the proliferation test. Unstimulated and untreated cells were used as a negative control (C-)
and untreated PHA-stimulated cells were used as a positive control (C+). Values are mean =+ standard deviation. P < 0.001 (***). (n = 3).
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1. Santiago-Carvalho et al.

expression. The Hex fraction almost completely inhibited iNOS expres-
sion at 100 pg/ml and when used at the lower concentration, the iNOS
expression was reduced by about 30% (Fig. 3D). These results demon-
strated that the inhibitory effect of Hex fraction on NO production by
macrophages (Fig. 3C) was mediated by suppression of iNOS expression.

Recently, anti-inflammatory properties of E. astringens were
demonstrated in the carrageenan-induced inflammation model in mice
(Goldoni et al., 2019). A methanolic extract obtained from the leaves of
E. astringens (E. umbellifiora) reduced polymorphonuclear cell infiltra-
tion and formation of non-haemorrhagic fibrin exudates through the
inhibition of IL-1p production in this model.

Various compounds found in the Hex fraction of E. astringens in this
study were previously described as potent anti-inflammatory sub-
stances. The compound spathulenol, (Table 1), previously was detected
by our group in the Hex fraction from Ocotea notata leaves, and its ac-
tivity in inhibition of NO production by macrophages was demonstrated
(Costa et al., 2020). Additionally, Do Nascimento et al. (2018) showed
significant inhibition of inflammation in murine models of
carrageenan-induced paw edema and pleurisy in mice treated with
spathulenol isolated from essential oil and extracts from the leaves of
Psidium guineense. The same models of caraageenan-induced inflamma-
tion were used by Trevizan et al. (2016) to demonstrate
anti-inflammatory effects of the viridiflorol isolated from essential oil of
Allophylus edulis leaves. Remarkably, in all these studies (Costa et al.,
2020; Nascimento et al. 2018; Trevizan et al., 2016), anti-inflammatory
effects were studied along with the antitubercular activity of isolated
from plants spathulenol and viridiflorol, demonstrating that these
agents exhibited dual activity, anti-inflammatory and antitubercular.
These data suggest that the presence of spathulenol and viridiflorol in
the Hex fraction of E. astringens may contribute to the inhibitory effects
on production of proinflammatory mediators by stimulated macro-
phages, as well as to the antitubercular activity, observed in our study.

3.6. Inhibitory effect of E. astringens hex fraction on mitogen- stimulated
proliferation and IFN-y production by human lymphocytes

We also evaluated the effect of the Hex fraction on mitogen-
stimulated lymphocyte proliferation and IFN-y production. Peripheral
blood lymphocytes are crucial in the response against mycobacteria. T
cells are able to respond specifically on mycobacterial antigens and non-
specifically to the mitogens, such as phytohemagglutinin, PHA, exhib-
iting high levels of proliferation and production of IFN-y and other cy-
tokines (Datta and Sarvetnick, 2009).

Hex fraction was able to reduce PHA-induced proliferation of the
PBMC isolated from healthy donors up to 84% (ICs¢ 28.7 + 4.5 pg/ml)
(Fig. 4A). The viability of PBMC cells was monitored by trypan blue
exclusion test, demonstrating 95% of Trypan blue-negative cells
throughout the course of experiment (ICso > 100 pg/ml) (Fig. 4B).
These data discard possible contribution of cytotoxicity to the inhibitory
effect of Hex fraction on lymphocyte proliferation. Some of compounds
found in the Hex fraction of E. astringens (Table 1) were demonstrated to
inhibit lymphocyte proliferation in previous studies. Thus, a tricyclic
sesquiterpene, copaene, exhibited direct immunosuppressive activity on
the human PHA-stimulated lymphocytes in vitro (Tiirkez et al., 2014).
Remarkably, the treatment with Hex fraction had no significant effect on
production of IFN-y by the PHA-stimulated lymphocytes (ICso > 100
pg/ml). This observation is important, since IFN-y, produced by acti-
vated lymphocytes, is one of the main protective factors against path-
ogenic mycobacteria. This cytokine activates macrophages to Kkill
intracellular mycobacteria, promotes in synergy with TNF-a granuloma
formation and acts as a negative regulator of deleterious IL-17-driven
responses to mycobacteria that are associated with excessive neutro-
phil recruitment and consequent tissue damage (Almeida et al., 2017;
Santiago-Carvalho et al., 2021).
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4. Conclusion

The Hex fraction obtained from the leaves of E. astringens exhibited
strong antitubercular potential, inhibiting growth of M. tuberculosis,
strains in bacterial culture and in the infected macrophages. Addition-
ally, the Hex fraction suppressed production of proinflammatory medi-
ators by stimulated macrophages and inhibited mitogen-stimulated T
cell proliferation without interference with IFN-y production (Fig. 5).
The described properties may be related to the major compounds
composing the Hex fraction, presented mainly by sesquiterpenes. Some
of these compounds, such as spathulenol and viridiflorol isolated from
other plants, were previously described for antitubercular and anti-
inflammatory activities. It is possible that the overall biological effi-
ciency of the Hex fraction depends on the cumulative and/or synergistic
effect of these compounds and other sesquiterpenes. Thus, the Hex
fraction of E. astringens is an important source of new compounds with
dual, antitubercular and immunomodulatory activities, encouraging
isolation and further investigation of the therapeutic effects of these
compounds in animal models of severe pulmonary TB.
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