UNIVERSIDADE FEDERAL DA BAHIA
FACULDADE DE MEDICINA
FUNDACAO OSWALDO CRUZ - FIOCRUZ
INSTITUTO GONCALO MONIZ

FIOCRUZ

Curso de Pds-Graduacdo em Patologia Humana

TESE DE DOUTORADO

LINFOCITOS T CD4" E AS DISTINTAS APRESENTACOES CLINICAS DA
TUBERCULOSE

PAULO SERGIO DE MORAIS DA SILVEIRA MATTOS

Salvador — Bahia
2022



UNIVERSIDADE FEDERAL DA BAHIA
FACULDADE DE MEDICINA
FUNDACAO OSWALDO CRUZ
INSTITUTO GONCALO MONIZ

Curso de Pds-Graduacdo em Patologia Humana

LINFOCITOS T CD4* E AS DISTINTAS APRESENTACOES CLINICAS DA
TUBERCULOSE

PAULO SERGIO DE MORAIS DA SILVEIRA MATTOS

Tese apresentada ao Curso de Pds-Graduacdo em

Patologia Humana para a obtencdo do grau de
Doutor.

Orientador: Dr. Bruno Bezerril Andrade

Salvador — Bahia
2022



Ficha Catalogréafiaca elaborada pela Biblioteca do
Instituto Gongalo Moniz / FIOCRUZ — Bahia — Salvador

M444|

Mattos, Paulo Sérgio de Morais da Silveira

Linfdcitos T CD4+ e as distintas apresentacdes clinicas da tuberculose /
Paulo Sérgio De Morais Da Silveira Mattos. _ Salvador, 2022.

80 f.:il.: 30 cm

Orientador: Dr. Bruno Bezerril Andrade

Tese (Doutorado em Patologia Humana) — Universidade Federal da
Bahia, Faculdade de Medicina, Instituto Gongalo Moniz, Fundacédo

Oswaldo Cruz, Salvador, 2022.

1. Tuberculose. 2. Células T CD4+. 3. HIV. 4. Biomarcadores. |. Titulo.

CDU 616-002.5




"Dinamica entre os linfécitos TCD4+ e as distintas apresentacies clinicas da tuberculose".

Paulo Sérgio de Morais da Silveira Mattos

FOLHA DE APHO\FA(;.ED

Salkvador, 20 de abril de 2022

COMISSAD EXAMINADORA,

e AT |t D lefied -
’ &
Dra. Tonya Azevedo Duarte Dra. Iukary Oliveira Takenami
Professora Professora
UFBA UNINASF

S i W e
L et e pge B s

A

- _I'L_'.H'.r"-:iz-‘f.'-ﬂ._'

Dr. Ricardo Riccio Oliveira
Pesquisador
IGMY FIDCRUZ

Dr. Jorge Claréncio Souza Andrade
uisador
IGM! FICCRUZ

) ; "|I i
e e
Dr. Bruno de Bezemil Andrade
Pesquisador
IGMFIOCRUZ




FONTES DE FINANCIAMENTO

“O presente trabalho foi realizado com apoio da Coordenagdo de Aperfeicoamento
de Pessoal de Nivel Superior - Brasil (CAPES) — Codigo de Financiamento 001”

A CAPES pelo fomento, apoio financeiro e consolidacio do programa de p6s-graduacéo
em Patologia Humana.

Departamento de Patologia e Medicina Legal, Faculdade de Medicina- UFBA.
Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico- CNPq
Fundacao de Amparo a Pesquisa do Estado da Bahia — FAPESB

Departamento de Ciéncia e Tecnologia (DECIT) - Secretaria de Ciéncia e Tecnologia
(SCTIE) — Ministério da Saude (25029.000507/2013-07)

Institutos Nacionais de Alergia e Doencas infecciosas (U01-Al069923)
National Institutes of Health (U01A1115940, U0O1AI069923)
Intramural Research Program of NIAID/NIH, Intramural- India
Centro de Pesquisa da AIDS da Emory University

Centro Nacional de Pesquisa de Primatas de Yerkes



A minha esposa Adrielle,
A minha mée Joselice
A0S meus tios e primos
Aos demais familiares

A0S meus sogros



AGRADECIMENTOS

Ao Dr. Bruno Bezerril Andrade por/pelo(a):

Aceitar-me como doutorando.

Encantar-me pela citometria de fluxo.

Aprendizado e oportunidade cientifica, profissional e pessoal.
Paciéncia e persisténcia.

Preocupagdo com minha carreira académico-cientifica.
Risadas, choros e estresse, esses ultimos foram fundamentais para o meu
amadurecimento.

Café, “Brainstorming”, “Hotseat”, “deadline”.

Auxilio e preocupagdo com o0s experimentos/analises.
Fornecer uma excelente logistica para as analises de dados.
Ensinar o verdadeiro significado de ciéncia!!!

Ser a minha inspiragéo cientifica.

A Dra Valéria por/pelo(a):

Participar ativamente do meu crescimento cientifico e pessoal.
Colaboracéo em assuntos cientificos e pessoais.

Preocupacao.

Conselhos.

Caronas.

Transformar o LIB em um espaco agradavel ao trabalho.
Tornar harmoniosa a relagcdo aluno-coordenacao do PGPAT.

As minhas colegas de bancadas Beatriz Duarte e Beatriz \Vasconcelos
Aos colegas Kiyoshi, Caian, Deivide pela colaboracéo e a parceria durante todo esse tempo.

Aos colegas do LIB e demais laboratorios do IGM, que de alguma forma me incentivaram a

seguir a minha trajetoria.
A Andrezza Miranda, Juliana Oliveira e VVerena por todo o apoio logistico.

A Dra Marilda pela gestdo do IGM, atuando sempre com a razéo, nunca mediu esforcos para

ajudar a todos da comunidade do IGM!

A todos da plataforma de citometria de fluxo, sequenciamento e RT PCR: Liliane, Silvana e

Zaira por toda a ajuda!

A todos os membros do colegiado do PGPAT, a UFBA e o IGM a qual disponibilizaram

recursos, para a conclusé@o desse sonho.



“A tarefa ndo € tanto ver aquilo que ninguém
viu, mas pensar o que ninguém ainda
pensou sobre aquilo que todo mundo vé.”

(Arthur Schopenhauer)



MATTOS, Paulo Sérgio de Morais da Silveira. Linfécitos T CD4" e as distintas
apresentacdes clinicas da tuberculose. 2022. 86f. Tese (Doutorado em Patologia) —
Universidade Federal da Bahia. Faculdade de Medicina, Instituto Gongalo Moniz, Fundacéo
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RESUMO

INTRODUCAO: O diagnéstico da tuberculose (TB) pode ser realizado por deteccdo de M.
tuberculosis (MTB) em testes microbioldgicos, como baciloscopia e cultura ou ensaios de
biologia molecular. A intepretacdo desses exames € limitada, pois ndo trazem informacdes sobre
a repercussdo sistémica,celular, inflamatéria e apresentam baixa sensibilidade em individuos
paucibacilar. OBJETIVO: Avaliar a ativacao celular e as alteragdes fenotipicas em linfocitos
T CD4" em individuos com TB, coinfectados ou ndo com HIV. METODOS: Foram
desenvolvidos estudos e analise em dois momentos e universos. O primeiro foi um estudo de
caso controle com pacientes infectados com TB residentes no Brasil. Marcadores de ativagédo
celular (CD38, HLA-DR e/ou Ki-67) foram validados em células T CD4" especificas para MTB
em discriminar TB pulmonar (TBP), TB extrapulmonar (TBEP) e TB latente (ILTB). O efeito
da coinfeccdo pelo HIV no desempenho do diagndéstico das distintas formas de TB foi avaliado.
O segundo estudo de cooorte foi desenvolvido com pacientes de TB-HIV, residentes no sul da
india, antes e ap6s o inicio da terapia antiretroviral (TARV). Nesse estudo, foram analisadas
alteracOes fenotipicas em células T CD4", durante a ocorréncia da sindrome inflamatdria de
reconstituicdo imune (SIRI) e sua relacdo com a inflamacdo sistémica. Adicionalmente,
subpopulacdes de linfocitos T CD4* e biomarcadores no sangue periférico foram analisados.
RESULTADOS: Os pacientes com TBP e TBEP apresentaram uma maior frequéncia de
células T CD4* IFN-*, com expressdo de CD38, HLA-DR em comparacdo com ILTB. As
frequéncias de células HLA-DR+ ou Ki-67+ distinguiram com precisdo TBP de TBPE. A
infeccdo pelo HIV néo afetou a capacidade desses marcadores em distinguir TB ativa de ILTB
ou TBPde TBPE. No segundo estudo, a frequéncia de células T CD4 naive (CD27*CD45R0O"),
bem como de memoria efetora (CD27 CD45RO") distinguiram os individuos que
desenvolveram a SIRI dos que ndo apresentaram, entre a 2° e6° semana apés o inicio da TARV.
Analises posteriores revelaram que TARV pode reconstituir diferentes quantidades de
subconjuntos de linfocitos T CD4" com expansao preferencial decélulas CXCR3" CCR6™ em
pacientes com TB-SIRI. Além disso, houve expansao e restauracdo funcional de linfécitos T
CD4* CXCR3 CCR6", com expressao de marcadores de meméria central (CD27*CD45R0O") e
citocinas correspondentes, com reducdo nas células CXCR3 CCR6* ap6s TARV apenas
naqueles que desenvolveram TB-SIRI. CONCLUSAO: Os marcadores de ativacéo celular em
células T CD4" especificas para MTB distinguiram TB ativa de ILTB e TBP de TBPE,
independentemente do status de infeccdo pelo HIV. Os subconjuntos de células T CD4" estdo
fortemente associadas com SIRI.

Palavras-chave: Tuberculose. Células T CD4". HIV. Biomarcadores.



MATTOS, Paulo Sérgio de Morais da Silveira. Between CD4" T lymphocytes and the
different clinical presentations of tuberculosis. 2022. 86f. 2022. 86f. Tese (Doutorado em
Patologia) — Universidade Federal da Bahia, Faculdade de Medicina, Instituto Gongalo Moniz,
Fundacdo Oswaldo Cruz, Salvador, 2022.

ABSTRACT

INTRODUCTION: The diagnosis of tuberculosis (TB) is performed by means of the detection
of M. tuberculosis (MTB) in microbiological tests, such as smear and culture and molecular
biology assays. The interpretation of these tests is limited, as they do not provide information
on the systemic, cellular, and inflammatory repercussions and they have low sensitivity in
paucibacillary individuals. OBJECTIVE: To evaluate cell activation and phenotypic changes
in CD4" T lymphocytes in individuals with tuberculosis, with or without HIV. METHODS:
Initially, in a cohort from Brazil, the use of CD38, HLA-DR and/or Ki-67 cell activation
markers on MTB-specific CD4" T cells to discriminate pulmonary tuberculosis (PTB) from
extrapulmonary tuberculosis (EPTB) from latent tuberculosis infection (LTBI), as well as
EPTB from PTB, was validated. We also tested the effect of HIV coinfection on diagnostic
performance. Added to this thesis, another manuscript covering South Indian patients with TB-
HIV before and after initiation of ART, determining the phenotypic changes in CD4" T cells
during Tuberculosis-immune reconstitution inflammatory (SIRI) and their relationship with
systemic inflammation. In this study, we analyzed subpopulations of T lymphocytes and
biomarkers in peripheral blood. RESULTS: EPTB and PTB patients had a higher frequency of
T CD4" IFN-y* cells expressing CD38, HLA-DR compared to LTBI. Furthermore, the
frequencies of HLA-DR™ or Ki-67" cells accurately distinguished EPTB from PTB. HIV
infection did not affect the ability of these markers to distinguish active tuberculosis from LTBI
or EPTB from PTB. In the second study, the frequency of naive CD4 T cells (CD27*CD45R0O"),
as well as of effector memory (CD27 CD45R0Q") distinguished individuals who developed the
inflammatory reconstitution syndrome from those who did not, in the 2nd-6th week after
starting ART. Further analysis revealed that ART reconstituted different amounts of subsets of
CD4* T lymphocytes with preferential expansion of CXCR3" CCR6™ cells in TB-SIRI patients.
In addition, there was an expansion and functional restoration of CXCR3 CCR6 CD4*
lymphocytes expressing central memory markers (CD27* CD45RO*) and corresponding
cytokines, with a reduction in CXCR3 CCR6" cells after ART only in those who developed
TB-SIRI. CONCLUSION: Cell activation markers on CD4" T cells specific for MTB
distinguished active TB from LTBI and EPTB from PTB, regardless of HIV infection status.
CDA4" T cell subsets are strongly associated with SIRI.

Keywords: Tuberculosis. CD4" T cells. HIV. Biomarker.
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1 INTRODUCAO

1.1 EPIDEMIOLOGIA

A tuberculose (TB), é um problema de satde publica que apresenta distribuicdo global,
com maiores registros de casos na India, Indonésia, China, Filipinas, Paquistdo, Nigéria,
Bangladesh e Africa do Sul (Figura 1) (ORGANIZAGAO MUNDIAL DA SAUDE, 2021). Em 2020,
foi responsavel por infectar aproximadamente 9,9 milhdes de pessoas e causar 1,5 milhdes de
6bitos no mundo, representando uma das principais causas de dbito por doenca infecciosas,
superando o HIV e perdendo apenas para a doenga do coronavirus (COVID-19). Durante a
pandemia da COVID-19 houve reducéo das taxas de casos notificados de TB em paises com
alta carga da doenca, o que indica uma provavel subnotificacdo do nimero total de casos e
Obitos descritos para o periodo. Além disso, a pandemia prejudicou os programas de tratamento
e prevencdo para a erradicagdo da TB, anteriormente instituidos pela Organizacdo das Nagdes
Unidas (ONU), devido a interrupcao do acesso aos servicos de salde, reducdo dos recursos e o
remanejamento de profissionais de salde e equipamentos para 0 combate a pandemia

(GLAZIOU, 2020; KANCHAR; SWAMINATHAN, 2019).

Bangladesh

Q__ g Filipinas

& ? ) R
- ¢ ) 0
Nimero estimados 4 b o [
de casos de TB 3 B 4 aquista \ ﬁo 00
J ¥ -y
100 000 __.AOW o 9 o
- . .65
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frica do = )7
Africa do Sul
2 000 000

Figura 1 - Incidéncia estimada de tuberculose em 2020, para paises com pelo menos 100.000 casos incidentes.
Fonte: Adaptado de (WHO, 2021)
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Assim como outros paises, 0 Brasil tem apresentado declinio nas taxas de incidéncia e
mortalidade nas Ultimas décadas, principalmente associado & melhoria das condi¢des de vida
da populacéo e a realizagdo de programas de controle da TB (PELISSARI et al., 2018). Entretanto,
0 Brasil continua entre os 30 paises de alta carga para a TB, sendo, portanto, considerado
prioritério para o controle da doenga no mundo (ORGANIZAGAO MUNDIAL DA SAUDE, 2019).
Em 2020, o Brasil registrou 66.819 casos novos de TB, com um coeficiente de incidéncia de
31,6 casos por 100 mil habitantes. Em 2019, foram notificados cerca de 4,5 mil dbitos pela
doenca, com um coeficiente de mortalidade de 2,2 ébitos por 100 mil habitante. Os estados com
maiores numeros de casos notificados de TB foi S&o Paulo seguido pelo Rio de Janeiro, Rio
Grande do Sul, Bahia e Amazonas. As cidades que apresentaram maiores nimero de casos de
TB nesse periodo foram o Rio de Janeiro, Sdo Paulo, Manaus, Salvador, Fortaleza (ARRIAGA
etal., 2021).

1.2 O AGENTE ETIOLOGICO

A TB é causada por Mycobacterium tuberculosis (MTB) ou bacilo de Koch, assim
chamado por ter sido identificado pelo cientista alemdo Robert Koch, em 1882. O MTB é uma
bactéria pertencente ao complexo Mycobacterium tuberculosis, do qual também fazem parte as
espécies M. bovis, M. bovis — BCG, M. africanum, M. microti, M. caprae e M. pinnipedii
(Ri0Jas et al., 2018).

O MTB é um bacilo irregular de 0,3 a 0,5um de diametro e de comprimento variavel.
Trata-se de uma bactéria intracelular facultativa, aerobia estrita, ndo encapsulada, nao
formadora de esporos, imdvel e de crescimento lento, as colénias sdo visiveis em meio solido
10 a 28 dias, 0 que é extremamente lenta em comparagdo com outras bactérias (CAMPOS, 2006).

O envoltoério celular do MTB é uma estrutura multiforme. A parede celular, gerada por
um complexo formado entre as moléculas de arabinogalactano, peptideoglicanocano e acidos
micolicos (acidos graxos complexos de 70-80 carbonos), é responsavel pela forma caracteristica
da bactéria, além de conferir importantes efeitos biologicos, como a inducdo da formacéo de
granuloma e atuar como barreira efetiva contra agentes antimicrobianos convencionais
(ABRAHAMS; BESRA, 2016). Nela estdo presentes também moléculas de glicolipidios que, em
conjunto com certas proteinas, ddo as caracteristicas antigénicas da bactéria; e por ser o
componente mais externo da estrutura bacteriana, confere protecdo contra diversos fatores
externos e agentes imunologicos de defesa do hospedeiro (Figura 2) (SHAKU; EALAND; KANA,
2020).
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A capacidade tintorial do bacilo &lcool-4cido resistente, presente em do MTB deve-se a
alta composicao lipidica da parede celular (aproximadamente 40-60% de seu peso) conferida
pela presenca dos acidos micolicos, que garantem hidrofobicidade — que dificulta a penetraco
de corantes aquosos — e resisténcia ao processo de descoloragdo por alcool-acido, a acdo de
agentes quimicos e antibioticos. Por isso, 0 MTB é também chamado de Bacilo Alcool-Acido
Resistente (BAAR) (HIGHSMITH; SULLIVAN, 2019).

acido micdlico

|}

arabinogalactana

peptidioglicano

membrana celular

Figura 2 - Representacdo esquematica da estrutura da parede celular do Mycobacterium tuberculosis.
Fonte: Adaptado de (SENICAR et al., 2020)

1.3 TRANSMISSAO E INFECTIVIDADE

A transmissao do MTB decorre da eliminacdo de goticulas de saliva contaminada, de
forma direta de um doente com TB ativa pulmonar pela tosse, fala ou espirro, inaladas por outro
individuo (Figura 3). No entanto, o contato com o bacilo, pode ou ndo resultar no
desenvolvimento da doenca (AHMAD, 2011). A chance de uma evolucdo favoravel é
determinada por fatores que podem comprometer o sistema imune como, idade avancgada,
desnutri¢do, tabagismo, infeccdo pelo HIV, neoplasias e outras doencas, aléem de outras
caracteristicas do agente agressor como viruléncia da cepa, carga bacilifera e indugdo de
hipersensibilidade (NARASIMHAN et al., 2013). As pessoas em contato proOXimo com casos
infecciosos (familiares, profissionais de satde, detentos, dentre outros) possuem risco elevado
de infeccdo (MARTINEZ et al., 2017).
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Possiveis determinantes que levam a casos mais graves ou fatais da TB estdo
relacionados aos antigenos secretados, componentes de superficie celular, enzimas envolvidas
no metabolismo celular e reguladores transcricionais (CHAI; ZHANG; Liu, 2018; JAIN et al.,
2007: SAKAMOTO. 2012).

o (7] \ope
Q
> *+0 Individuo com tuberculose ativa

Infeccdo com potencial
evolucdo para doencga ativa . Bacilos viaveis
liberados no ar

Exposicao e inalacédo. Sobrevivéncia no ar.
Contato: natural, duracgéo, Caracteristicas e fatores associados
intensidade e localizacéo a sobrevida do MTB no ar

Figura 3 - Cascata de transmissao da tuberculose.
Fonte: Adaptado de (CHURCHYARD et al., 2017)

1.4 ASPECTOS CLINICOS

A TB primaria ou primo-infeccdo ¢ uma forma da doenca que acomete principalmente
os pulmdes e linfonodos de pessoas sem imunidade especifica, geralmente criancas saudaveis
e adultos jovens gque ndo foram previamente expostos ao MTB (HUNTER, 2018). A evolugéo
ocorre de forma insidiosa e lenta nos primeiros anos apos a infeccdo. Em alguns casos, em
decorréncia da disseminacao dos bacilos, via hematogénica, o foco primario pode progredir e
consequentemente levar ao desenvolvimento de lesGes granulomatosas pequenas e difusas (TB
miliar). Na TB priméaria também podem ser atingidas regides extrapulmonares:
meningoencefalite, pleural e pericardio (MILBURN, 2001).

A TB pos primaria, diferentemente da TB primaria, apresenta-se com maior ocorréncia

em adultos. Dois principais fatores estdo envolvidos com o aparecimento dessa forma: 1)
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reativacdo de uma infeccdo primaria: o individuo apresenta competéncia imunolégica e
consegue deter a infecgdo inicial, mas a doenca desenvolve-se posteriormente a partir de um
foco latente; 2) reinfec¢do exdgena: hd uma nova infecgdo e o sistema imune ndo é capaz de
conter a sua progressdo (HUNTER, 2018). Na TB pds primaria os individuos exibem uma
infeccdo geralmente de curso cronico, com sintomas generalizados, como febre, adinamia,
anorexia, emagrecimento e sudorese noturna, bem como sintomas especificos do local
acometido (SAKAMOTO, 2012).

A maioria dos individuos infectados pelo MTB apresentara a infeccdo latente (ILTB) e
apenas 5-10% desses, desenvolverd a TB ativa (TBA) (REICHLER et al., 2018). Dentre os
pacientes que desenvolvem TBA, 84% tém a forma pulmonar (TBP) e 16% extrapulmonar
(TBEP) (ORGANIZAGAO MUNDIAL DA SAUDE, 2020).

A TBP acomete principalmente os adultos, mas também sdo descritos casos em criangas.
Os principais sintomas séo tosse e expectoracdo, com a evolugdo da doenca, o paciente também
podera apresentar: dor toracica, dispneia, anorexia, febre, emagrecimento, hemoptise, astenia e
sudorese noturna (ALCAIS et al., 2005; MARAIS et al., 2006).

A TBEP pode ocorrer durante a primo-infeccdo em decorréncia de uma disseminacao
linfo-hematogénica do bacilo para diversos érgédos ou sistemas. Os sitios mais acometidos na
TBEP sdo: pleural, meningoencefalite, ganglionar, osteoarticular, geniturinaria e oftalmica
(LEWINSOHN et al., 2004; OHENE et al., 2019). Em pessoas imunocomprometidas, como
pacientes soropositivos para HIV, é descrita uma maior ocorréncia de TBEP (ANTAS et al.,
2006; NAING et al., 2013). Os pacientes com TB pleural podem apresentar tosse seca, dor
toréacica pleuritica (ventilatorio-dependente) e dispneia dependendo do volume de liquido
pleural (SHAw et al., 2018). Na TB 04ssea e articular, as localizacdes mais acometidas sdo a
coluna vertebral e as articulagdes do quadril e joelho. As manifesta¢fes incluem dor nas costas,
sensibilidade na coluna, paraplegia, deformidades da coluna e, em casos mais graves, podem
ocorrer déficits neuroldgicos irreversiveis (KHANNA; SABHARWAL, 2019; LEE, 2014). Na TB
ganglionar, os linfonodos mais afetados sdo o cervical, mediastinais, auxiliar, inguinais
epitroclear e mesentérico. Os principais sintomas incluem adenopatia, febre, emagrecimento e
fistulizacdo ganglionar (KETATA et al., 2015). A TB no Sistema Nervoso Central (SNC) € a
forma mais grave da TB, com alta morbimortalidade. Os achados clinicos incluem a meningite,
tuberculoma, abscesso tuberculoso e infec¢bes espinhais extradurais e intradurais (SCHALLER
et al., 2019).

A TB é frequentemente encontrada entre a populacdo infectada pelo HIV. Os pacientes

coinfectados por TB-HIV, apresentam pior prognéstico em compara¢do com pessoas nao
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infectadas pelo HIV, refletindo em falha do tratamento e maior morbidade e mortalidade
(FEkaDU et al., 2020). A ocorréncia de tuberculose nos pacientes HIV ocorre devido a
reativacdo, reinfeccdo ou infec¢do primaria. Os aspectos clinicos na TB-HIV dependem do grau
de imunodepressdo, sdo frequentemente acometidos os sitios extrapulmonares (KALAM AZAD;
CHOWDHURY, 2022; QIAN et al., 2018).

Em alguns pacientes TB-HIV apds o inicio da terapia antirretroviral (TARV) ocorre
uma ativacdo aberrante de respostas inflamatdrias que levam a uma piora clinica ou radioldgica
paradoxal designada sindrome inflamatéria de reconstituicdo imune (SIRI) (ABDOOL KARIM et
al., 2010). Na TB-SIRI, os individuos podem apresentar febre, linfoadenopatia, piora dos
sintomas respiratorios, reagdes inflamatdrias sistémicas no(s) local(is) da infeccdo (AL TARIQ,
2018). Evolucéo clinica desfavoravel e até mesmo fatal é observada em pacientes TB-SIRI que
apresentam sintomas neurolégicos durante a TARV. A SIRI apresenta-se em duas formas: SIRI
paradoxal — ocorre geralmente apds inicio da TARV em pacientes tratados previamente com
terapia antituberculose, nesses pacientes os sintomas séo recorrentes ou novos de TB; SIRI
“desmascarada” — ocorre no inicio da TARV (até 3 meses) com manifestaces clinicas e
inflamacdo acentuadas em pacientes ndo tratados com terapia antituberculose ou sem

diagnostico prévio para TB no inicio da TARV (QUINN et al., 2020).

1.5 RESPOSTA IMUNE

1.5.1 Imunidade Inata

Na infeccdo por MTB, os macrofagos alveolares (MA) residentes no pulmao compdem
uma das primeiras barreiras de defesa apds a inalacdo dos bacilos. Os MA sdo responsaveis por
fagocitar o MTB, produzir citocinas e quimiocinas e recrutar outras células da corrente
sanguinea, como macrofagos inflamatorios, neutrofilos e células dendriticas (COHEN et al.,
2018). O recrutamento dessas células para o sitio pulmonar, promove a formacao de estruturas
classicas da TB, denominadas granulomas. O granuloma é um ambiente favoravel ao
crescimento e a persisténcia do bacilo, nesse local, 0 MTB fica em estado de laténcia e pode
sobreviver durante décadas (RUSSELL et al., 2009). No granuloma, também, é onde as células
imunes se relacionam para promover e controlar a disseminacdo da infeccdo. Os granulomas
iniciais consistem em agregados de fagdcitos infectados. Quando maduro, observam-se bacilos,
células gigantes, neutrdéfilos, células dendriticas e fibroblastos envoltos por células T e B

(BOROS; REVANKAR, 2017). A medida que a infeccdo progride, potencialmente ap6s algum grau
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de imunossupressdo, os granulomas comegam a se decompor, levando a disseminagdo do bacilo
e a reativacdo da TB (SILVA MIRANDA et al., 2012). A reativacdo da TB causa manifestacGes
clinicas e promove a transmissdo da doenca mediante da eliminacdo de MTB pelas vias aéreas
(GupTA et al., 2012).

A imunidade inata desempenha um papel fundamental na TB. As células do sistema
imune inato, como os neutrofilos, as células natural killer (NK) e os macréfagos inflamatérios
sdo as primeiras células recrutadas para o sitio de multiplicacdo do bacilo (L1u; Liu; GE, 2017).
No sitio de infeccdo, os neutréfilos secretam armadilhas extracelulares (NETS) que serdo
posteriormente fagocitados por macréfagos inflamatdrios. Os macréfagos inflamatérios, por
sua vez, tentam destruir o MTB, secretando 6xido nitrico (NO) (HILDA et al., 2020). As células
dendriticas fagocitam MTB e migram para o linfonodo de drenagem, onde secretam antigenos,
0s quais serdo apresentados pelas células dendriticas residentes, iniciando a ativacdo das células
T naive (GUILLIAMS; LAMBRECHT; HAMMAD, 2013). As células NK produzem citocinas
inflamatorias e mediam a citotoxicidade celular (KORBEL; SCHNEIDER; SCHAIBLE, 2008).

A fagocitose dos macrofagos alveolares contendo MTB, envolve diferentes receptores
presentes nas células fagociticas. Esses receptores sdo capazes de reconhecer opsoninas na
superficie do MTB ou se ligam ao bacilo ndo opsonizado (HMAMA et al., 2015). O MTB pode
se ligar diretamente a receptores do complemento (CR), CR3, CR4 e o receptor de manose
(RM) (TsoLAKI; VARGHESE; KISHORE, 2021). Esse ultimo, considerado o melhor receptor, €
uma glicoproteina transmembrana encontrada em macréfagos e células dendriticas que
reconhece residuos de manose terminal presentes nas micobactérias (TSOLAKI; VARGHESE;
KISHORE, 2021). Quando existe o blogueio dos RM e dos CR, os macrofagos podem internalizar
o0 bacilo através do receptor do tipo scavenger (LIU et al., 2019). Os receptores para a por¢do

Fc de anticorpos (FcRs) parecem ter pouco desempenho na TB (TRAN; KiM; RELJIC, 2019).

1.5.2 Imunidade Adaptativa

A imunidade adaptativa contra TB é mediada principalmente por células T CD4"

via apresentacdo dos antigenos em associacdo com moléculas do complexo principal de
histocompatibilidade (MHC) classe Il. As células T CD8", também participam da resposta
imune, reconhecendo os antigenos ligados ao MHC classe | oriundos do citoplasma e podem
ser estimuladas por vesiculas contendo antigeno de MTB, oriundas do apoptose de macréfago
infectados (DAY et al., 2011; LIN; FLYNN, 2015).
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1.5.2.1 Subtipos de células T

De acordo as citocinas secretadas e/ou a expressao de receptores de quimiocinas como
CXCR3 e CCR6, os linfocitos podem ser classificados nos seguintes subgrupos: Thl
(CXCR3'CCRE67), Th17 (CXCR3'CCR6"), Th2 (CXCR3CCR6) e Th1Th17 (CXCR3'CCR6")
(Mazzoni et al., 2019; SARAVIA; CHAPMAN; CHI, 2019). Os linfécitos Thl sdo estimulados
pelas citocinas IL-12 e IFN-y e desempenham um papel importante na resposta protetora a TB,
através da producdo de TNF-a e IFN-y (ROBERT; MIOSSEC; IMMUNOLOGY, 2021). O TNF-a
desempenha um papel fundamental na contencéo e protecdo contra o bacilo no pulméo através
da formagdo e manutencdo do granuloma. O IFN-y é uma citocina crucial no controle da
infeccdo por tuberculose, é responsavel por ativar as células inflamatérias e fagociticas e inibir
0 crescimento bacteriano através da producdo de espécies reativas de oxigénios e nitrogénios
(KisuyA et al., 2019). Diferentemente, os linfocitos T CD4" Th2 favorecem o estabelecimento
da infeccdo mediado por citocinas anti-inflamatorias como IL-4, IL-5 e IL-10 (AMELIO et al.,
2017; HARRIS et al., 2007). As celulas Th17 parecem contribuir para a protecdo imunoldgica
em pacientes com tuberculose, séo subtipos de linfocitos de perfil pro-inflamatério, produtores
de citocinas inflamatorias como IL-17A, IL-17F, IL-21 e IL-22. As células Th1Th17 (que
coexpressam (CXCR3 e CCR6) foram relatadas como presentes no sangue periférico de
individuos com ILTB. O feno6tipo Th1Thl17 também foi encontrado na maioria das células T
CD4" especificos para MTB das vias aéreas de macacos infectados com TB (NIKITINA et al.,

2018; SHANMUGASUNDARAM et al., 2020).

1.5.2.2 Maturacao de células T

Os linfécitos T sdo classificados de acordo a sua matura¢do em: naive (Tn), memoria
central (Tcwm), memoria efetora (Tewm) e efetora (Te) (RAPHAEL; JOERN; FORSTHUBER, 2020). Os
linfécitos T naive reconhecem os antigenos do bacilo, ativam-se e assim promovem a
ocorréncia da expansdo clonal e posterior migracdo dos linfdcitos T efetores para o foco da
infeccdo. As células Tewm residem em tecidos periféricos e produzem citocinas como IFN-y ou
IL-4 rapidamente apds a ativacdo em resposta ao reencontro com o0 antigeno, como na
reinfecgdo. As células Tcwm, residem inicialmente nos tecidos linfoides, produzem IL-2, s&o
células de vida longa com autorrenovacdo e capacidade proliferativa homeostatica(ANDO et al.,
2020; BROERE; VAN EDEN, 2019). Na TB as células Tcm sdo encontradas mesmo apos o

controle e erradicacdo (WANG et al., 2010)
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1.5.2.3 Resposta imune celular na TB-SIRI

As células T CD4" IFN-y* participam ativamente na patogénese da TB-SIRI. Um perfil
predominantemente Thl em CD4" IFN-y* foi evidenciado no grupo com TB-SIRI em
comparacdo com aqueles que ndo desenvolveram SIRI. Em um grupo de individuos
coinfectados com TB-HIV e que desenvolveram SIRI precocemente, apresentaram menor
frequéncia de CD4" Te em comparacao ao grupo que ndo desenvolveu SIRI. Na SIRI de inicio
tardio foi observado uma menor frequéncia de células CD4 Tem comparado ao grupo que nao
desenvolveu SIRI (GOOVAERTS, ODIN et al., 2015; KUMAR, 2017).

Em individuos TB-SIRI também foi observado frequéncias mais altas de células T
CD8", além disso, os niveis dessas células, foram correlacionadas com o resultado a
baciloscopia antes do tratamento. Individuos com TB-SIRI exibiram frequéncias mais altas de
TCD8" Tewm e frequéncia reduzidas de células T CD8* Tm do que nao-SIRI (TIBURCIO et al.,
2022). Em outro estudo, os pacientes com TB-SIRI que desenvolveram precocemente SIRI
apresentaram uma menor frequéncia de células CD8* Tcm em comparagdo com controles ndo
SIRI. Diferentemente, os pacientes com TB-SIRI de inicio tardio demostraram frequéncias
menores de CD8" Tewm e elevada frequéncia de células CD8* Te em comparagdo com controles
ndo-SIRI. Ambos os pacientes com TB-SIRI de inicio precoce e tardio apresentaram frequéncia
mais baixas de subconjuntos CD8" Tn e Tcm em comparagdo com os pacientes TB-HIV que

ndo desenvolveram SIRI (GOOVAERTS, ODIN et al., 2015).

1.6 DIAGNOSTICO DA TUBERCULOSE

Deve-se investigar TBP, em pessoas que apresentam tosse persistente por duas semanas
Oou mais; contactantes de pacientes com diagndstico de TBA, soropositivos para o HIV;
individuos com diabetes mellitus; pessoas privadas de liberdade, em situacdo de rua, vivendo
em albergues ou instituicdes de longa permanéncia, indigenas; profissionais de saude; pessoas
expostas a silica, dentre outras populacdes vulneraveis (ORGANIZACAO MUNDIAL DA SAUDE,
2021).

O diagndstico de TBP decorre da identificacdo do MTB em amostra bioldgica, mediante
realizacdo de baciloscopia, cultura ou métodos moleculares (DELOGU; SALI; FADDA, 2013;
FERRI et al., 2014). As amostras utilizadas no diagndstico geralmente sdo escarro, lavado
broncoalveolar ou outras relacionadas com o trato respiratério. O escarro é a amostra mais

utilizada devido a sua facilidade de obteng&o. A obtencéo dessa amostra é realizada pelo proprio
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paciente em coletor estéril, apds a higienizacdo oral, antes do café da manhd, por inducéo de
uma tosse profunda (diafragmatica) (DATTA et al., 2017; PENNA, 2011). O volume de escarro
deve ser maior que 3mL, sendo o volume ideal de 5-10mL, isento de saliva (LEWINSOHN et al.,
2017). No entanto, alguns individuos com suspeita clinica/radioldgica da TB pulmonar ou
baciloscopia de escarro negativa apresentam dificuldade na expectoracdo espontanea, dessa
forma, a amostra podera ser obtida atraves técnica da indu¢do com solugdo salina hiperténica,
lavado broncoalveolar ou broncoscopia (BROWN et al., 2007). A broncoscopia, apesar de ser
mais invasiva dentre as técnicas rotineiras, é capaz também de detectar alteracdes das estruturas
bronquicas, principalmente em casos de hemoptise (CONDE et al., 2000; MCWwILLIAMS et al.,
2002).

A baciloscopia ou a pesquisa de bacilos alcool-acido resistentes (BAAR) é um exame
rapido, de baixo custo, capaz de diagnosticar pacientes com TBA (LEWINSOHN et al., 2017). O
exame consiste na pesquisa direta de bacilos, microscopicamente identificados pelas suas
caracteristicas morfotintoriais ap6s a coloracdo de Zeel-Nielsen. A sensibilidade da
baciloscopia direta em escarro chega em media a 80% na presenca de lesdes cavitadas e
extensas, porém em pacientes com lesdo minima a acuracia é reduzida, apresentando
sensibilidade de 40-60% (CUDAHY; SHENOI, 2016). Além disso, a baciloscopia apresenta menor
sensibilidade em pacientes coinfectados por HIV (20-60%) (MENDEZ-SAMPERIO, 2017). A
microscopia de fluorescéncia pode incrementar a capacidade de detec¢cdo do bacilo em 10%,
quando comparada a microscopia com luz convencional. Um aumento de 10-20% na
sensibilidade da baciloscopia também pode ser obtido apés centrifugacdo e/ou sedimentacdo do
escarro (WORKINEH et al., 2017).

O padréo ouro para o diagnostico de TB consiste na deteccdo do MTB por métodos
moleculares ou cultura. A cultura microbioldgica consiste em semear a amostra respiratoria em
meios solidos como o Léwenstein-Jensen ou Ogawa-Kudoh e avaliar em um periodo de duas
até oito semanas, observando ha presenca ou ndo de crescimento micobacteriano (PENNA,
2011). Como alternativa para otimizar o elevado tempo de diagnéstico da cultura convencional,
foi desenvolvido o sistema de diagndstico de TB em meio liquido, o Mycobacterium Growth
Indicator Tube (MGIT). No entanto, essa metodologia apresenta elevado custo para a sua
execucdo, 0 que inviabiliza implementacdo em larga escala nos servicos de saude. Apds a
confirmacdo do crescimento do bacilo, métodos bioquimicos e fenotipicos ou técnicas
moleculares sdo necessarios para distinguir as espécies do complexo Mycobacterium
tuberculosis das ndo tuberculosas (PENNA, 2011). A partir da identificacdo do complexo

Mycobacterium tuberculosis é necessario realizar o teste de sensibilidade a antimicrobianos
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(DROBNIEWSKI; RUSCH-GERDES; HOFFNER, 2007). Os métodos disponiveis para o teste de
sensibilidade a antimicrobianos sdo os métodos das proporg¢des, 0s quais utilizam meio sélido
e tem seu resultado em até 42 dias de incubagdo. Os antimicrobianos rotineiramente testados
séo estreptomicina, isoniazida, rifampicina, etambutol e pirazinamida (MIOTTO et al., 2018).
Para os casos de tuberculose multidroga resistente (TB-MDR, multidrug-resistant) sdo testados
farmacos de segunda linha (PENNA, 2011). Testes moleculares como o line probe assay ou o
GeneXpert sdo capazes de detectar o MTB pela presenca do acido nucleico presente no material
respiratério. O line probe assay, além de identificar o complexo M. tuberculosis, detecta a
resisténcia a rifampicina e a isoniazida e, em teste separado, também pode avaliar resisténcia a
fluoroquinolonas e a drogas injetaveis (MORGAN et al., 2005). A sensibilidade e a
especificidade desse teste foram de 96,7% e 98,8% na avaliacdo de resisténcia a rifampicina,
respectivamente, enquanto, em relacdo a resisténcia a isoniazida, essas foram de 90,2% e
99,2%, respectivamente (NATHAVITHARANA et al., 2017). Métodos de imunodiagnostico para
a TB existentes incluem o teste tuberculinico (teste de Mantoux ou PPD - purified protein
derivative) ou ensaios de liberacdo de interferon-gama (IGRA - Interferon Gamma Release
Assay). Esses testes sdo capazes de detectar a resposta do hospedeiro frente a infeccdo por
MTB, porem apresentam limitacfes que dificultam a sua utilizacdo no diagndéstico da doenca
ativa, por exemplo, ambos séo incapazes de distinguir doenca latente da TBA, além disso o
PPD tambem pode ser positivo em pessoas nao infectadas e vacinadas recentemente com o
BCG (HAAS; BELKNAP, 2019)

Nos casos suspeitos de TBEP, o diagndstico é frequentemente presuntivo, realizado a
partir da coleta de amostra clinica dependendo do local suspeito da doenca e requer
procedimentos invasivos, pois o diagndstico clinico ndo é suficiente, exigindo exames
complementares a fim de investigar e elucidar a suspeita. Baciloscopia e a cultura do material
do local suspeito da doenca apesar de indicados, apresentam baixa sensibilidade por se tratar
de uma forma paucibacilar (LEWINSOHN et al., 2017). Outros exames complementares a partir
de amostras clinicas podem auxiliar o diagnostico, como métodos moleculares,
histopatoldgicos e exames de imagem (SILVA et al., 2021). Na TB ganglionar, o diagndstico é
realizado através de aspirado por punc¢éo por agulha ou resseccdo do linfonodo. Na TB pleural,
o liquido pleural apresenta-se como um exsudato, com predominio de linfécitos, mas com baixo
rendimento para a pesquisa de BAAR (<5%) e cultura de micobactérias. Niveis elevados de
adenosina desaminase no liquido pleural sdo considerados como fortemente sugestivos do

diagnostico de TB pleural (ARAKAKI-SANCHEZ; BRITO, 2011). A cultura de escarro induzido
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pode ser positiva em até 50% dos casos, mesmo que a Unica alteracdo visivel na radiografia de
torax seja o derrame pleural (CONDE et al., 2000).

Metodologias baseados no sangue como transcriptoma, proteoma, metaboloma e
ensaios celulares tém sido propostos como ferramentas promissoras para o diagnoéstico de TB
(DUTTA et al., 2020; GARAY-BAQUERO et al., 2020; PENG; CHEN; ZHANG, 2020; YONG et al.,
2019). No entanto, a abordagem de ensaios baseados em sangue através das “Omicas” apresenta
limitacGes que dificultam a sua utilizagéo principalmente em ambientes com recursos limitados,
devido aos altos custo operacionais e infraestrutura.

Estudos focados em ensaios celulares demostraram que marcadores de ativacao,
diferenciacdo ou proliferacdo expressos em células T CD4" IFN-y" e/ou TNF-o* podem
contribuir para o diagnostico, monitoramento e predi¢do do tratamento da TB (VICKERS et al.,
2020). O HLA-DR, é um receptor expresso na superficie celular do antigeno do complexo de
histocompatibilidade principal de classe 1l humano (MHC-I1). O CD38 é uma glicoproteina
transmembranar expressa em varias celulas apresenta propriedades ectoenzimaticas, catalisa a
sintese e hidrolise de NAD ou ADP-ribose ciclica. O Ki-67 é uma proteina nuclear expressa em
célula ciclada é utilizada como marcador de proliferacdo celular (HizA et al., 2022; ORCIANI et
al., 2008; TIPPALAGAMA, RASHMI et al., 2021).

A expressdo de CD27, IFN-y, CD38, HLA-DR e Ki-67 em células T CD4" especificos
para MTB foram capazes de distinguir TBA e ILTB antes e ap0s o tratamento (ACHARYA et al.,
2020; ADEKAMBI et al., 2015). A expressdo de CD38 e HLA-DR em T CD4" dos pacientes
TBA reduziram rapidamente no primeiro més de tratamento, enquanto a expressdo de CD27 e
Ki-67 reduziu mais lentamente e esse resultado esta correlacionado com a carga bacteriana
(PRIYANTO et al., 2021). A expressdo de CD27 em células T CD4" também foi capaz de
distinguir vacinados com BCG dos pacientes com TBA e ILTB (ADEKAMBI et al., 2012;
PETRUCCIOLI et al., 2015)


https://www.frontiersin.org/articles/10.3389/fimmu.2021.721013/full#B45
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2 JUSTIFICATIVA

A tuberculose (TB) é uma das doencas infectocontagiosas que mais causa mortes no
mundo, constituindo-se um problema de salde publica. A fim de combater a infeccdo no
organismo, a célula T CD4" tem um papel importante na protecdo contra TB, pois controla a
infeccdo priméria e promove a formacdo de granuloma. No entanto, em individuos
imunocompetentes, como criangas e coinfectados com HIV, essa resposta celular ndo €
totalmente eficaz e pode ocorrer a ativacdo e disseminacdo do bacilo. Apesar do seu papel
protetor, a célula T CD4" também esta associada a patogénese da TB em individuos
coinfectados com HIV que desenvolvem a sindrome inflamatdria da reconstituicdo imune.
Nesses pacientes, a restauracdo das células TCD4" apoés a terapia antiretroviral, promove uma
resposta imune exagerada aos bacilos da TB ou seus antigenos residuais.

Dessa forma, sdo necessarias novas abordagens que caracterizem o papel
desempenhado pelas células T CD4" e suas subpopulagdes frente as diferentes apresentacoes
clinicas da TB. Essa caracterizacdo, pode contribuir futuramente com o diagnostico,

monitoramento e predi¢do do tratamento de pacientes com TB com ou sem HIV.
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3 PARTE I

3.1 OBJETIVOS

3.1.1 Objetivo geral

Avaliar a capacidade dos marcadores de ativacdo celular em diferenciar TB pulmonar
(TBP) e extrapulmonar (TBEP) e infeccéo latente (ILTB).

3.1.2 Objetivos especificos

e Comparar a expressdo de CD38, HLA-DR e Ki-67 em células T CD4" IFN-y" entre
individuos com TB ativae TBL;

e Verificar a acuracia de células T CD4" IFN-y* expressando CD38, HLA-DR, Ki-67 em
distinguir TBEP de ILTB e TBP;

e Avaliar a expressdo de CD38, HLA-DR e Ki-67 em células T CD4* IFN-y" entre
individuos HIV com TBP e TBEP.

3.2 MANUSCRITO |

Differential expression of activation markers by Mycobacterium tuberculosis-
specific CD4* T cell distinguishes extrapulmonary from pulmonary tuberculosis and
latent infection

O trabalho avalia a capacidade dos marcadores de ativacdo celular em diferenciar

tuberculose pulmonar e extrapulmonar e infeccdo latente.

Resumo

Os individuos com tuberculose pulmonar (TBP) ou extrapulmonar (TBEP) apresentaram
frequéncias mais altas de células T CD4" que expressam CD38, HLA-DR ou Ki-67 em
comparacdo com individuos que possuiam tuberculose latente (ILTB). As frequéncias de
células HLA-DR" ou Ki-67" distinguiram com precisdo TBP de TBEP. Os marcadores CD38",
HLA-DR" ou Ki-67* foram capazes em distinguir individuos com infeccdo ativa de latente ou
individuos com TBP de TBEP independentemente da infec¢do por HIV.

Este trabalho foi publicado no periddico internacional Clinical Infectious Diseases (Fator de
Impacto JCR 2020 = 9.1).
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Background. Diagnosis of active tuberculosis (ATB) currently relies on detection of Mycobacterium tuberculosis (Mtb).
Identifying patients with extrapulmonary TB (EPTB) remains challenging because microbiological confirmation is often not pos-
sible. Highly accurate blood-based tests could improve diagnosis of both EPTB and pulmonary TB (PTB) and timely initiation of
anti-TB therapy.

Methods. A case-control study was performed using discriminant analyses to validate an approach using Mtb-specific CD4"T-
cell activation markers in blood to discriminate PTB and EPTB from latent TB infection (LTBI) as well as EPTB from PTB in 270
Brazilian individuals. We further tested the effect of human immunodeficiency virus (HIV) coinfection on diagnostic performance.
Frequencies of interferon-y'CD4'T cells expressing CD38, HLADR, and/or Ki67 were assessed by flow cytometry.

Results. EPTB and PTB were associated with higher frequencies of CD4'T cells expressing CD38, HLADR, or Ki67 compared
with LTBI (all P values < .001). Moreover, frequencies of HLADR" (P =.03) or Ki67" (P < .001) cells accurately distinguished EPTB
from PTB. HIV infection did not affect the capacity of these markers to distinguish ATB from LTBI or EPTB from PTB.

Conclusions.  Cell activation markers in Mtb-specific CD4"T cells distinguished ATB from LTBI and EPTB from PTB, regard-
less of HIV infection status. These parameters provide an attractive approach for developing blood-based diagnostic tests for both
active and latent TB.

Keywords. tuberculosis; biomarker; extrapulmonary TB; T cells; immune activation.

Diagnosis of active tuberculosis (ATB) disease currently relies EPTB involves organs other than the lungs, such as the lymph

on microbiologic tests such as acid-fast smear and culture and nodes (LNs), the pleura, and meninges, and occurs with in-

on molecular polymerase chain reaction-based assays such as
GeneXpert [1] that detect Mycobacterium tuberculosis (Mtb) in
patients’ sputum. However, the sensitivity of these tests can be
low, particularly in extrapulmonary TB (EPTB), in which the
bacillary burden is low [2]. Thus, better methods are needed to
identify EPTB as well as to discriminate between EPTB, pulmo-
nary TB (PTB), and asymptomatic latent TB infection (LTBI).
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creased frequency in immunocompromised persons, including
those living with human immunodeficiency virus (HIV) [3].
Diagnosis of EPTB is often more difficult than PTB because
patients are more likely to have negative sputum-based tests.
Indeed, radiographic-based diagnosis and empirical data on
response to anti-TB therapy are commonly used to guide diag-
nosis of EPTB [4]. Thus, more sensitive and specific diagnostic
assays for EPTB that are faster and less invasive would be a great
advance for the field.

Current diagnostic tests for LTBI (eg, the tuberculin skin test
and interferon gamma [(IFN)-y] release assays) are unable to
distinguish between LTBI and ATB and have decreased sensi-
tivity in persons living with HIV. A diagnostic test that could
accurately distinguish between latent and active TB, including
among persons living with HIV, would substantially improve
our ability to accurately diagnoses and treat these 2 disease
states.
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We have previously identified a blood-based assay in which
Mtb-specific CD4'T cells are examined for activation and pro-
liferation markers for diagnosis of active TB [5]. In this assay,
the frequency of Mtb-specific CD4" T cells expressing the im-
mune activation markers CD38 and HLADR as well as the in-
tracellular proliferation marker Ki67, can accurately identify
ATB and successfully distinguish ATB from LTBI in persons
from Georgia in the United States [5] and the Western Cape,
South Africa [6]. Subsequently, it was demonstrated that these
markers can also identify ATB in individuals living with HIV
[6]. However, the performance of these diagnostic assays for
identifying EPTB has not been previously explored. In the
present study, we sought to extend our previously published
findings on PTB to additional populations by evaluating cryo-
preserved peripheral blood mononuclear cell (PBMC) samples
from Brazilian patients with EPTB, PTB, and LTBI. We report
that CD38" IFN-y*, HLADR'IFN-y", and Ki-67 IFN-y" CD4"
T cells successfully distinguished ATB from LTBI and EPTB
from PTB, regardless of HIV status.

METHODS

Clinical Study Design

A case-control study was performed using cryopreserved
PBMC samples and corresponding clinical and epidemiolog-
ical data obtained from participants enrolled in a translational
study performed at the Instituto Brasileiro para Investigagao da
Tuberculose (IBIT) and at the Hospital Especializado Octavio
Mangabeira (HEOM), Salvador, Bahia, northeast Brazil, be-
tween December 2015 and January 2018. The parent study
was focused on characterization of inflammatory markers in
different clinical forms of TB and recruited 1792 individuals
with presumptive TB at the referral primary care clinic at IBIT.
These patients underwent clinical assessments and radiological
(chest x-ray) examination. In addition, acid-fast bacilli (AFB)
screening in sputum smears (by microscopy) and sputum cul-
tures (Lowenstein-Jensen solid cultures) was performed in all
patients. At this stage, 235 (13%) individuals were diagnosed
with culture-confirmed PTB, and 215 (12%) had PTB excluded
and were suspected to have EPTB. Further investigation to con-
firm EPTB was conducted at a TB referral site at HEOM by
performing LN fine needle aspirates (with AFB screening and
culture) for TB lymphadenitis and by pleural fluid drainage with
lung biopsy for pleuropulmonary TB. Among the confirmed
EPTB cases (n = 211, 7%), there were 102 with TB lymphade-
nitis, 105 with pleuropulmonary TB, 1 case of TB meningitis, 2
had spinal TB, and 1 had abdominal tuberculomas. All individ-
uals were tested for HIV; those who tested positive had CD4"
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participants who were asymptomatic contacts of TB index
cases. At the time of study enrollment, individuals not living
with HIV who tested positive for QuantiFERON TB Gold-in-
Tube (QFT) enzyme-linked immunosorbent assay (Qiagen)
were considered to have LTBI, and individuals who were QFT-
negative were considered uninfected healthy controls (HCs).

At the time of study enrollment and prior to initiation of
anti-TB treatment, 10 mL of venous blood was collected in
sodium heparin tubes for isolation of PBMCs from a subset
of participants who consented to blood collection. Cells
were cryopreserved in liquid nitrogen at the biorepository of
the Laboratory of Inflammation and Biomarkers, Fundagao
Oswaldo Cruz, Salvador, Brazil. For the immunological assays
performed in the present study, selected samples from indi-
viduals with confirmed PTB and EPTB were matched on age
(5 years) and sex, with subgroups of patients living with and
without HIV as well as within HCs and those with LTBI. For
this study, only patients with TB lymphadenitis without pulmo-
nary involvement were included in the EPTB group. Samples
used for flow cytometry studies and characteristics of the corre-
sponding study participants are shown in Table 1. Sample sizes
were determined based on calculations of study power of 80%
(alpha error, 5%) to detect differences in median frequencies
of T-cell subsets >2% between active and latent TB, based on a
previous study from our group [5].

Flow Cytometry

Cryopreserved PBMCs were thawed and resuspended in 1640
Roswell Park Memorial Institute medium supplemented with
10% fetal bovine serum at 10° cells per well in 96-well plates and
rested for 2 hours at 37°C in 5% CO,. Cells were washed and
resuspended in complete media with Brefeldin-A (Biolegend,
San Diego, CA) and Monensin (Biolegend, San Diego, CA) to
block cytokine secretion and stimulated with ESAT-6 and CFP-
10 peptide pools (10 pg/mL) overnight at 37°C in 5% CO,.
Cells were then stained for cell surface markers with the fol-
lowing panel of antibodies: CD3 APC-CY7 (clone SK7), CD4
PerCp-Cy5.5 (clone L200), HLADR PE-Cy7 (clone 1243), and
CD38 PE (clone HB7), all from BD Biosciences. Cells were
then fixed and permeabilized using the Foxp3 Fixation and
Permeabilization Buffer (eBioscience). Intracellular staining was
performed to detect IFN-y Alexa Fluor 700 (clone B27) and Ki67
FITC (clone B56), all from BD Bioscience. Acquisition of stained
cells was performed using a BD LSRFortessa cell analyzer (BD
Bioscience, San Jose, CA) and analyzed using Flow]Jo software
(BD Bioscience, San Jose, CA). Overall gating strategies together
with representative plots are shown in Supplementary Figure 1.

T-cell counts and HIV viral loads (RNA copies/uL) d
All patients who screened positive for HIV were diagnosed at
the time of study enrollment and had not been treated with an-
tiretroviral therapy previously. The parent study also included

Statistical Analy
Median values with interquartile ranges were compared using
the Mann-Whitney U test. Receiver operator characteristic
(ROC) curve analysis was used to test the ability of frequencies
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Table 1. Characteristics of the Study Participants
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Latent Tuberculosis

Characteristic Healthy Controls Infection PTB/HIV- PTB/HIV+ EPTB/HIV- EPTB/HIV+  PValue
N 20 50 50 50 50 50
Age, median (interquartile range), y 25 (20-32) 27 (20-33) 29 (19-34) 27 (19-31) 25 (21-29) 26 (20-32) >.999
Male, no. (%) 10 (50) 25 (50) 25 (50) 25 (50) 25 (50) 25 (50) >5999
Non-white race, no. (%) 17 (85) 45 (90) 45 (90) 48 (96) 43 (86) 49 (98) .198
lllicit drug use, no. (%) 2 (10) 1(2) 6(12) 12 (14) 3(6) 18 (36) <.001
Smoking, no. (%) 1(5) 3(6) 5 (10) 10 (20) 3(6) 7 (14) 152
Alcohol abuse, no. (%) 5 (25) 10 (20) 12 (14) 22 (44) 21 (42) 18 (36) .050
Prior tuberculosis, no. (%) 00 0(0) 0(0) 1(2) 1(2) 1(2) NA
Acid-fast bacilli smear grade, no. (%)

0 20 (100) 50 0(0) 0(0) 0(0) 0(0) <.001

1+/scanty 0(0) 01(0) 1(2) 30 (60) 15 (30) 35 (70)

2+ 0(0) 0(0) 24 (48) 15 (30) 30 (60) 13 (26)

>3+ 0(0) 0(0) 25 (50) 5(10) 5 (10) 2(4)

The Kruskal-Wallis test was used to compare continuous variables between the groups and the distributions of age, while the Pearson 12 test was used to compare frequencies. All tuber
culosis patients had a positive culture for Mycobacterium tuberculosis. Pvalues in bold font are statistically significant. Acid-fast bacilli smear grade was compared between PTB and EPTB
groups with or without HIV using the Pearson ¥ test (the healthy control and latent tuberculosis infection groups were excluded from this analysis). Smear grade from sputum samples for

PTB patients or lymph node aspirates for EPTB.

Abbreviations: EPTB, extrapulmonary tuberculosis; HIV, human immunodeficiency virus; NA, nonapplicable; PTB, pulmonary tuberculosis.

of CD38", HLADR', and Ki67* CD4" T cells to distinguish ATB
from LTBI and PTB from EPTB in individuals not living with
HIV. The overall accuracy of the biomarkers was examined by
comparing the area under the curve with C-statistics. The Fisher
exact test was used to compare frequencies of virologically sup-
pressed individuals living with HIV between PTB and EPTB
groups. Spearman correlation rank analysis was performed to
test the correlations between CD4"T-cell counts and frequency
of IFN-y" CD4" T cells expressing CD38, HLADR, or Ki67 in
patients living with HIV. A P value of < .05 was considered sta-
tistically significant after adjustment for multiple comparisons
using the Holm-Bonferroni method. The statistical analyses
were performed using GraphPad Prism 7.0 (GraphPad Software
Inc) and JMP 14.0 software.

Ethics Statement

This study was conducted according to the principles expressed
in the Declaration of Helsinki and approved by the Maternidade
Climério de Oliveira Ethics Committee, Federal University
of Bahia. Written informed consent was obtained from all
participants.

RESULTS

Characteristics of the Study Population

The study groups were similar with regard to age and sex and
most of the clinical and epidemiological characteristics. The
highest frequency of reported illicit drug use was observed in
EPTB patients living with HIV (n = 18, 36%, P < .001; Table 1).
Additional analyses revealed that patients with active TB (PTB
or EPTB) who had HIV coinfection exhibited lower smear
grade values more frequently compared with those not living
with HIV (Table 1).

Higher Frequencies of Mth-specific CD4* T Cells Expressing CD38, HLADR,
or Ki67 in Brazilian Patients With ATB Compared With LTBI

Frequencies of IFN-y producing Mtb-specific CD4" T cells ex-
pressing CD38, HLADR, and Ki67 were compared between ATB
and LTBI patients. We found higher frequencies of ESAT-6/
CFP-10-specific IFN-y*CD4 T-cells expressing the immune ac-
tivation markers CD38 and HLADR as well as the intracellular
proliferation marker Ki67 in ATB patients (Figure 1A). Next,
we used cutoff values for these markers, which were established
in a previous study from our group [5], and reexamined the
discriminatory power in our study sample. Importantly, ROC
curve analysis confirmed that each biomarker had the poten-
tial to identify ATB cases with high overall accuracy (Figure
1B). These results validated the use of the CD4" T-cell activa-
tion markers as potential diagnostic biomarkers for ATB in this
study population.

Evaluating the Predictive Value of CD38'IFN-y*, HLADR'IFN-y*, and
Ki67'IFN-/*CD4* T Cells in Distinguishing EPTB from LTBI and PTB

Next, we investigated whether expression of CD38, HLADR,
and Ki-67 on antigen-specific IFN-y* CD4 T cells could iden-
tify patients with EPTB. We stimulated PBMCs from indi-
viduals not living with HIV with EPTB and compared their
activation profiles to those with PTB and LTBI and with HCs.
CD4" T cells from EPTB, PTB, and LTBI groups exhibited
similar frequencies of IFN-y-producing CD4" T cells in re-
sponse to in vitro stimulation with ESAT-6/CFP-10 peptides
(Figure 2A). However, when the activation and proliferation
markers CD38, HLADR, and Ki67 were assessed within the
gate of IFN-y" CD4" T cells in the stimulated conditions, major
differences were observed between the groups, with both di-
sease groups displaying significantly higher frequencies of
cells expressing these markers compared with the LTBI group
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Expression of CD38, HLADR, and Ki67 on IFN-y"CD4" T cells distinguishes active from latent tuberculosis |TB). A, Frequencies of CD38", HLADR", and Ki67'cells

within IFN-y* CD4" T cells were examined in peripheral blood mononuclear cells stimulated with ESATE-CFP10 peptide pools {10 pg/mL) from individuals with latent TB infec-
tion (LTBI; n=50] or active TB (ATB; n = 100). Lines represent median values and interquartile ranges. Data were analyzed using the Mann-Whitney U'test. &, Receiver operator
characteristic [ROC) curve analyses of the frequency of CD38', HLADR', or Ki67‘IFN-y' CD4" T cells were used to test accuracy to distinguish ATB from LTBI. In {4}, dashed
lines represent the discrimination thresholds obtained in ROC curve analysis. C, Graphs in (A) were merged. The red, dashed lines represent the discrimination threshold for
each marker and show cutoff values of 18%, 0%, and 5% for CD38"IFN-v*, HLADR*IFN-+", and KiG71FN-y", respectively. Such thresholds were published previously [9]
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(Figure 2A). Frequencies of CD4™ T cells expressing any of the
3 biomarkers tested were significantly higher in EPTB patients
compared with those with LTBI (Figure 2A). Interestingly, the
frequencies of cells expressing HLADR or Ki67, but not CD38,
were higher in patients with EPTB compared with those with
PTB (Figure 2A). ROC analysis confirmed that the frequency
of cells expressing these markers was able to distinguish EPTB
from PTB with high accuracy. The highest performance was
achieved when the discriminant model was composed of data
on simultaneous expression of the CD38, HLADR, and Ki67
(Figure 2B).

Frequencies of Activated Mtb-specific IFN-;*CD4* T Cells Expressing
CD38, HLADR, and Ki67 in PTB and EPTB Are Comparable in Individuals
Living With and Without HIV

Next, we sought to determine whether the ability of Mtb-specific
T cells expressing CD38, HLADR, and Ki67 to identify PTB
and EPTB is altered by HIV status. We stratified the PTB and
EPTB groups according to HIV status and determined the fre-
quencies of CD38" IEN-y*, HLADR" IEN-y*, and Ki67*1FN-y*
CD4" T cells in each group. As shown in Figure 3A, HIV status
did not substantially alter the frequencies of cells expressing
CD38, HLADR, or Ki67. Previous studies have suggested that
progression of HIV disease gradually impairs the capacity to
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Figure 2.

In individuals without human immunodeficiency virus (HIV), EFTB can be distinguished from PTB based on frequencies of IFN-y*CD4* T-cell lymphocytes ex-

pressing HLADR' and Ki67". A, Frequencies of total IFN-y'CD4" T cells as well as of CD38', HLADR', and Ki67" cells within IFN-y* CD4" T-lymphocytes from peripheral blood
mononuclear cells stimulated with ESATB-CFP10 peptide pools (10 ng/mL) obtained fram HIV-unexposed healthy controls {n = 20), LTBI (n = 50}, EPTB [n = 50}, or PTB patients
{n="50). Lines represent median values and interquartile ranges. Data from EPTE and PTE were compared using the Mann-Whitney Utest. B, Receiver operator characteristic
curve analyses of frequencies of CD38", HLADR®, and Ki67* and when all parameters were considered simultaneously to distinguish EPTB and PTB patients. Abbreviations:
ALC, area under the curve; EPTB, extrapulmonary tuberculosis; IFN-y, interferon gamma; LTBI, latent tuberculosis infection; Mtb, Mycobacterium tuberculosis; PTB, pulmo-

nary tuberculosis; Sens, sensitivity; Spec, specificity.

restrain Mtb growth, thus, favoring bacterial dissemination and
extrapulmonary manifestations of TB [7, 8]. In our study, the
frequency of virologically suppressed patients was just slightly
lower in EPTB patients compared with those with PTB, without
reaching statistical significance (Figure 3B). Nevertheless,
median total CD4" T-cell counts were lower in EPTB vs PTB
(P = .039; Figure 3C), although all patients living with HIV in-
cluded in the study had total CD4" T-cell counts above 350 cells/
pL and were thus not highly immunosuppressed. We further
tested correlations between the total CD4" T-cell count values
and the frequencies of Mtb-specific CD4" T cells expressing
CD38, HLADR, or Ki67 in the subgroup of patients living with
HIV. We found that the frequency of CD38" Mtb-specific CD4" T
cells was positively correlated with total CD4™ T-cell counts only
in EPTB patients, with all other associations not reaching sta-
tistical significance (Figure 3D). Figure 3E shows the Spearman

correlation plot of such significant association (r = .42, P = .039).

DISCUSSION

In the present study, we explored the quantification of Mth-
specific CD4" T cells expressing activation markers CD38 and
HLADR and the intracellular proliferation marker Ki67 to diag-
nose ATB in a Brazilian population. Qur primary results extend

results from our previous studies in patients from Georgia in
the United States and the Western Cape, South Africa [5], to
Brazilian patients. We demonstrate that ATB patients from
Brazil express higher frequencies of Mtb-specific CD4" T cells
expressing CD38, HLADR, and Ki67 when compared with in-
dividuals with LTBI. To reliably validate results from our earlier
studies in our Brazilian population, we used cutoff values pre-
viously established for each marker. Using these cutoffs, we ob-
served that quantification of cells expressing these activation
markers could reliably distinguish active from latent TB in this
study population with high specificity and sensitivity, as re-
ported previously [9]. Interestingly, similar to TFN-y release as-
says, IFN-y" CD4" T cells did not distinguish ATB from LTBL
Our findings represent an important step toward validating
these 3 blood-based diagnostic biomarkers and demonstrate
their high reliability when used in patient populations from dif-
ferent geographical locations.

Importantly, our studies also show that these biomarkers
are useful for diagnosing EPTB. Extrapulmonary disease ac-
counts for about 20%-50% of reported TB cases [10]. The most
frequent locations are the pleura, LNs, bones and joints, the
central nervous system, and gastrointestinal or genitourinary
arcas. Such anatomical sites represent a challenge for direct
visualization of Mth and therefore hinder accurate diagnosis.
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According to the World Health Organization, diagnosis of
EPTB is currently based on a positive culture from sputum or
extrapulmonary sites, positive histology, or strong clinical evi-
dence consistent with active EPTB. Notably, 2 of these 3 criteria
require invasive techniques that can delay the diagnosis of TB
[11, 12]. Thus, blood-based markers are attractive for the di-
agnosis of EPTB and represent a desirable alternative tool for
diagnosing PTB and EPTB. Several recent studies have explored
nonsputum-based approaches for diagnosing ATB, including
transcriptome [13], metabolome [14], proteome [15], and cel-
lular assays [16]. We recently found that a combination of 3
plasma markers can distinguish EPTB from PTB and also from
HCs in children [17]. In adults, plasma markers have also been
shown to differ between PTB and EPTB [9]. However, these
studies were exploratory and lacked specificity for Mtb infec-
tien. The present study significantly advances the field because
it not only validates previously reported cellular biomarkers
for identifying ATB in a Brazilian population [5] but also ex-
pands its potential use by accurately identifying EPTB cases.
Thus, our results demonstrate that ATB patients can be identi-
fied by higher frequencies of CD38' IFN-y', HLADR' IFN-y',
and Ki67' IFN-y" CD4" and that persons with EPTB are distin-
guished by even higher values of such markers compared with
those with either LTBI or PTB disease alone.

Diagnosis of TB in individuals living with HIV remains
challenging. HIV-induced immunosuppression leads to re-
duced frequency of cavitation, further dampening the sensi-
tivity of sputum-based [18] or radiographic-based assessments.
Altheough clinical/empiric diagnoses are often used, these ap-
proaches can also be problematic since clinical manifestations
of TB (pulmonary and extrapulmonary) are usually atypical.
Moreover, the delayed time to diagnosis in individuals living
with HIV via microbiological-based techniques directly af-
fects clinical prognosis, with increased odds of death and treat-
ment failure [19, 20]. Our finding that the higher frequencies
of Mtb-specific CD4" T cells expressing CD38, HLADR, and
Ki67 present in ATB patients with PTB and EPTB disease com-
pared with those with LTBI were not significantly influenced by
HIV infection status is therefore of great interest. Our studies
in HIV-coinfected patients corroborate previously reported ob-
servations on PTB from South Africa [21, 22] and extend the
utility of these biomarkers to diagnosis of EPTB in populations
living with and without HIV in Brazil. Thus, the Mtb-specific
T-cell-based assay described here can be used as a blood-based
diagnostic tool for both PTB and EPTB for all individuals with
presumptive TB, independent of their HIV coinfection status.
Although flow cytometry-based TB diagnostic tests may not be
feasible in some programmatic settings, efforts are underway to
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develop reasonably priced commercial assays that could be used
in clinical reference laboratories.

Our study has some limitations. We performed a cross-sec-
tional investigation and examined samples obtained from a
single time point, which precluded us from making conclu-
sions about the utility of using these biomarkers for assessing
response Lo treatment. However, we have previously reported
on this in other populations [5]. The number of individuals in-
vestigated in this study was relatively small but was determined
by the study power calculations, and the groups were carefully
matched to reduce the influence of potential confounding fac-
tors. In addition, because we did not have drug-susceptibility
test results, we were unable to investigate whether drug-
susceptible vs drug-resistant Mtb strains affected immune re-
sponses; this is an important avenue for future investigation.
Among the persons living with HIV who were investigated
here, CD4" T-cell counts were 2350 cells/uL, so no highly im-
munosuppressed patients were examined. Puture studies are
necessary to test whether the performance of the biomarkers
evaluated here are similar at lower CD4" T-cell counts. All pa-
tients with PTB in our study exhibited positive AFB in sputum
smears. A potential area of interest for future studies is testing
the performance of these biomarkers in persons with lower
mycobacterial loads (eg, AFB-negative). Despite these limita-
tions, our study presents robust data that demonstrate that bio-
markers on CD4" T cells can distinguish EPTB from LTBI as
well as from PTB cases.

In summary, we have validated a reliable, fast, noninvasive
blood-based approach that accurately identified patients with
active TB compared to LTBI and also distinguished PTB from
EPTB—and both independent of HIV status. These observa-
tions are relevant to guide further development of point-of-care
diagnosis for both active and latent TB.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the author to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the author, so
questions or comments should be addressed to the author.
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4 PARTE I

4.1 OBJETIVOS

4.1.1 Objetivo geral

Analisar as alteracdes fenotipicas nas células T CD4" em individuos coinfectados por
HIV-TB antes e depois do inicio da TARV.

4.1.2 Objetivos Especificos

e Observar a expressdo dos marcadores de memdria CD27 e CD45RO em
linfocitos T CD4" ;

e Investigar a expressdo dos receptores de quimiocinas CXCR3 e CCR6 em
linfocitos T CD4" ;

e Avaliar simultaneamente os marcadores de memdria e receptores de quimiocinas;

e Verificar a associacdo entre os subconjuntos de células T CD4* com niveis circulantes
de varias citocinas pré-inflamatorias e quimiocinas, bem como a frequéncia de subtipos
de monacitos;

e Associar as mudancas na inflamacéo sistémica e as frequéncias dos subtipos de células
T CD4*

4.2 MANUSCRITO I

Differential expression of CXCR3 and CCR6 on CD4* T-lymphocytes with distinct
memory phenotypes characterizes tuberculosis-associated immune reconstitution
inflammatory syndrome.

Este trabalho identifica alteracdes fenotipicas nas células T CD4" durante a coinfeccdo por

MTB-HIV com SIRI e sua relacdo com a inflamacéo sistémica.

Resumo:

Os individuos coinfectados por tuberculose-HIV com SIRI nas 2-6 semanas ap0s o inicio da
terapia antiretroviral apresentaram maior frequéncia de células T CD4" naive
(CD27°CD45R0O"), bem como menor frequéncia de células T CD4" de memoria efetora (CD27-
CD45R0") do que os individuos ndo SIRI. Nos pacientes SIRI-TB a TARV promoveu uma
expansao das células T CD4" expressando CXCR3" e CCR6". Além disso, houve uma expansdo
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e restauracao funcional dos linfécitos T CD4* de memdria central (CD27" CD45R0O*) CXCR3*
CCR6™ e citocinas correspondentes, com reducéo nas células CXCR3'CCR6™ ap0s iniciacdo
com a TARV apenas naqueles que desenvolveram SIRI-TB.

Este trabalho foi publicado no periddico internacional Scientific Reports (Fator de Impacto JCR
2020 = 4.3).
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Differential expression of CXCR3
and CCR6 on CD4™ T-lymphocytes
‘with distinct memory phenotypes
e« Characterizes tuberculosis-
e associated immune reconstitution
inflammatory syndrome
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. Immune reconstitution inflammatory syndrome (IRIS) occurs in up to 40% of individuals co-infected

with pulmonary tuberculosis (PTB) and HIV, primarily upon antiretroviral therapy (ART) initiation.
Phenotypic changes in T-cells during TB-IRIS and their relationship with systemic inflammation are

. not fully understood. In this prospective cohort study, we followed 48 HIV-positive patients with PTB

. from South India before and after ART initiation, examining T-lymphocyte subsets and inflammatory

. biomarkers in peripheral blood. Quantification of naive (CD27*CD45R0 ") as well as effector memory

CD4" T cells (CD27-CD45R0O™) at weeks 2-6 after ART initiation could distinguish TB-IRIS from non-

. IRIS individuals. Additional analyses revealed that ART reconstituted different quantities of CD4* T

. lymphocyte subsets with preferential expansion of CXCR3" CCR6™ cells in TB-IRIS patients. Moreover,

. there was an expansion and functional restoration of central memory (CD27+CD45RO) CXCR3*CCR6™

: CD4" lymphocytes and corresponding cytokines, with reduction in CXCR3-CCR6* cells after ART

initiation only in those who developed TB-IRIS. Together, these observations trace a detailed picture

. of CD4*T cell subsets tightly associated with IRIS, which may serve as targets for prophylactic and/or

© therapeutic interventions in the future.
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Figure 1. Surface expression of memory markers CD27 and CD45R0 on CD4* T-lymphocytes from TB-
HIV co-infected patients prior to and following ART initiation. Frequencies of CD27"CD45RO ™ (naive),
CD27-CD45RO™ (central memory), CD27- CD45R0O~ (effector) and CD27-CD45R0O™ (effector memory)
CD4" T cells from whole blood obtained at week 0 (pre-ART) and at week 6 after ART initiation (in non-IRIS
patients, n=22) or at the time of TB-IRIS event (n=26). Lines represent median values and interquartile
ranges. Data were analyzed using the Mann-Whitney test or Wilcoxon matched-pairs test for paired analyses
within each study group. **P < 0.01 after adjustment for multiple measurements.

Immune reconstitution inflammatory syndrome (IRIS) is the paradoxical clinical or radiological worsening of a
disease or condition that occurs after the initiation of antiretroviral therapy (ART) in HIV infected individuals
despite effective virological suppression'. IRIS has a propensity to occur when HIV patients are concomitantly
infected with other opportunistic pathogens such as Mycobacterium tuberculosis (Mtb)'. In this setting, previous
studies have shown that immune reconstitution triggers aberrant activation of inflammatory responses leading to
[RIS% The reported incidence of tuberculosis ('B)-associated RIS ('TB-IRIS) ranges from 2% to 54%*, depend-
ing on factors such as the TB endemicity in the region, the degree of immunodeficiency and the mycobacterial
antigen load prior to ART initiation®.

The pathogenesis of IRIS remains unclear but appears to require two elements: (i) failure of the immune
system to eliminate the pathogen (s), leading to persistent and high burden of infection concurrent with (ii) and
abrupt immune recovery in response to ART®. IRIS is characterized by a heightened and dysregulated activation
of pathogen-specific T-lymphocytes. Recent studies, including ours, have shown that frequency of Mtb-specific
circulating CD4* T cells against Mtb is intimately associated with onset and occurrence of IRIS” when compared
to individuals who do not develop such outcome® 1%

Several risk factors have been associated with the development of IRIS such as increased levels of
pro-inflammatory cytokines in peripheral blood, as well as degree of lymphopenia prior to ART, the latter being
poorly understood ™. It is known that lymphocyte depletion alone in the context of HIV and TB occurs due toa
direct negative impact on bone marrow as well as apoptosis and lysis of cytotoxic T cells mediated by antibodies'”.

The detailed participation of T cells in TB-IRIS is not completely described. Since IRIS can sometimes occur
prior to quantitative CD4 recovery, functional restoration, rather than a mere increase in T cell number, may play
arole in its pathogenesis®*'*'®. Here, we describe TB-IRIS in a TB and HIV treatment naive population focusing
on the relative frequency of various memory and 'T-helper subsets of CD4~ lymphocytes as defined by chemokine
receptor expression.

Results

TB-IRIS is associated with altered frequencies of naive and effector memory CD4* T cells.
Surface expression of CD27 and CD45RO was used to define naive, memory and effector phenotypes in CD4*
T cells” in our study population prior to ART initiation and then at 2-6 weeks following treatment. At enroll-
ment pre-ART, the frequency of naive CD4" T cells (CD27 CD45R0 ) was similar between TB-HIV co-in-
fected patients who developed IRIS and those who did not (Fig. 1). Interestingly, the frequency of these cells
was substantially lower in TB-IRIS patients at the time of the IRIS event, compared to non-IRIS patients at
equivalent timepoints (Fig. 1). In addition, percentages of both central memory (CD27 - CD45R0O") and effector
(CD27-CD45R0") cells were not different between TB-1RIS and non-1RIS patients at pre-ART as well as at week
2-6 post-ART initiation (Fig. 1). Of note, the frequency of effector memory CD4 cells (CD27 CD45RO") was
similar between the study groups at pre- ART but substantially increased during the IRIS events compared to that
in non-IRIS patients points after ART initiation (Fig. 1). Our findings indicate that use of CD27 and CD45RO
markers on CD4™ T cells at pre-ART does not accurately predict and differentiate patients who will develop
TB-IRIS from those who will not before ART commencement. However, quantification of naive and effector
memory CD4" T cells after ART initiation could potentially identify TB-IRIS from non-IRIS individuals.

Antiretroviral therapy initiation leads to substantial alterations of CXCR3 and CCR6 expressing
CD4* T cell subsets in TB-HIV co-infected patients. We next evaluated the differential expression of
CXCR3 and CCR6 on T cells. We found that there were major changes in the frequencies of CD4~ T cell sub-
sets differentially expressing CXCR3 and CCR6 following ART initiation in this study population (Fig. 2A). In
patients who did not develop IRIS, we observed a substantial increase in frequency of CXCR37CCR6" and a
significant decrease in the percentage of CXCR3™CCR6™ the lymphocytes from pre-ART to week 2-6 post-ART
initiation (Fig. 2A). In contrast, ART did not impact the frequencies of CXCR3"CCR6 ™ and CXCR3 CCRe"
cells in non-IRIS patients (Fig. 2A). In the group of patients who experienced IRIS during follow-up, we noticed
a dramatic increase in the frequencies of both CXCR3'CCR6~ cells and CXCR3"CCR6" lymphocytes (Fig. 2A),

SCIENTIFICREPORTS | {2019) 9:1502 | https:/{doi.org/10.1038/541598-018-37846-3 2
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Figure 2. Expression of chemokine receptors CXCR3 and CCRé6 in CD4~ T-lymphocytes from TB-HIV co-
infected patients prior to and following ART initiation. (A) Frequency of CXCR3"CCR6~, CXCR3“CCR6 ",
CXCR3'CCR6" and CXCR3 CCR6" CD4 " T cells were evaluated in whole blood obtained at week 0 (pre-
ART) and at week 6 after ART initiation (in non-IRIS patients, n =22) or at the time of TB-IRIS event (n =26).
Lines represent median values and interquartile ranges. Data were analyzed using the Mann-Whitney test or
Wilcoxon matched-pairs test for paired analyses within each study group. *P < 0.05, **P < 0.01, ***P < 0.001,
after adjustment for multiple measurements. (B) Hierarchical cluster analysis of the z-score normalized
average frequency values of the CD4" T cell phenotypes is shown to summarize the overall trends of data
variation between the study groups and timepoints. Yellow color represents the highest values whereas blue
color indicates the lowest values observed for each cell type. Additional hierarchical cluster analyses of the
z-score normalized frequency values of the CD4™ T cell phenotypes per study participant at pre-ART (C) or at
week 6 post-ART initiation/time of IRIS event (D) were performed Lo evaluate whether the overall profile of

T cell frequencies could differentiate IRIS from non-IRIS patients. These results were confirmed by principal

while the percentages of CXCR3~CCR6~ and CXCR3~CCR6™ cells were significantly diminished (Fig. 2A) upon
ART initiation.

‘We next performed a hierarchical cluster analysis of the median frequencies of CD4 T cells expressing CXCR3
and CCR6 in each study group and time point. This approach revealed that ART initiation was associated with a
distinct expression profile independent of the patient groups (Fig. 2B). Further analyses using hierarchical clus-
tering of individual values, as well as a principal component analysis (PCA), indicated that in non-IRIS patients,
the differential expression of CXCR3 and CCR6 could not distinguish the study timepoints (pre-ART and week
2-6 post-ART initiation) (Fig. 2B). In the group of TB-IRIS patients, the frequencies of the different CD4* T cell
subsets examined were distinct between the study time points (Fig. 2C). These findings argue that while the fre-
quencies of CD4" T cell subsets differentially expressing CXCR3 and CCR6 are aftected by ART, there is a unique
expansion of CXCR3*CCR6™ and CXCR3"CCR6" cells in TB-IRIS patients after ART initiation.

Assessment of CXCR3, CCR6 expression and memory cell markersidentifies IRIS events after
ART initiation. We tested the combination of memory/naive and chemokine receptor markers that could
better characterize TB-IRIS. A hierarchical cluster analysis of the median frequencies of cells expressing CD27,
CD45R0, CXCR3 and CCR6 indicated that ART initiation selectively led to changes in the expression profiles
in both groups of IRIS and non-IRIS patients (Fig. 3A). Furthermore, a PCA model indicated that the overall
expression profile of these cell surface markers was similar between IRIS and non-IRIS groups at pre-ART,
whereas important differences were evident at week 2-6 post ART between the IRIS and non-1RIS groups
(Fig. 3B). The most significant variables driving these differences were the frequencies of effector and effector
memory CXCR3+YCCR6*cells as well as central memory CXCR3"CCR6~ lymphocytes (Fig. 3B). This finding
suggests that these cells were highly associated with the occurrence of TB-IRIS in TB-HIV co-infected patients
initiating ART.

SCIENTIFIC REPORTS | (2019) 9:1502 | https://doi.org/10.1038/541598-018-37846-3 3
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Figure 3. TB-IRIS patients can be distinguished from non-IRIS based on simultaneous assessment of

memory markers and chemokine receptors. (A) Hierarchical cluster analysis of the z-score normalized average
frequency values of the indicated CD4~ T cell phenotypes is shown to summarize the overall trends of data
variation between the study groups and timepoints. Yellow color represents the highest values whereas blue
color indicates the lowest values observed for each cell type. (B) A PCA model was employed to test whether a
combination of the memory cell markers and chemokine receptors could cluster patients with IRIS vs. non-IRIS
at week 0 (pre-ART) and at week 6 post-ART initiation (right panel). Loading Scores retlect the strength that the
combination of markers represents in each principal component shown (left panel).

Expansion of CXCR3TCCR6™ and of central memory CXCR3-CCR6™ lymphocytes is strongly
associated with systemic inflammation typical of IRIS in TB-HIV co-infected patients receiv-
ing ART.  We next ascertained whether subsets of CD4* T cells described above are correlated with plasma
levels of a large panel of cytokines, chemokines and growth factors, frequencies of monocyte subsets, in the
entire study population (n= 48) before and after ART initiation. Prior to ART initiation, there were no signifi-
cant correlations between the frequency of CD4" T cell subsets and monocyte frequencies or with plasma bio-
marker concentrations (Fig. 4A,B), except for interleukin (IL)-7, which was negatively correlated with frequency
of CXCR3*CCR6™ cells. In contrast, frequency of CXCR3+CCR6™ cells at week 2-6 of ART exhibited positive
correlations with frequency of pro-inflammatory monocytes (CD14 " CD16~) as well as levels of several key
mediators of inflammation, including C-reactive protein (CRP), IL-6, interferon (IFN)-~, IL-13, IL-17, IL-18,
soluble tissue factor (sTF) and tumor necrosis factor (TNF)-o (Fig. 4A). In addition, the percentage of central
memory CXCR3 CCR6~ cells was also directly associated with systemic concentrations of pro-inflammatory
mediators, including type I and II IFNs, 1L-153, IL-1Ra, IL-6, IL-15, [L-18 and TNF-o (Fig. 4B).

More detailed analyses were performed to better understand the relationships between changes in concen-
trations of inflammatory markers and frequencies of monocyte subsets from pre- ART to time of TB-IRIS event
or equivalent timepoint and frequencies of the distinct CD4* T cell subsets depicted above. Using Spearman
correlation matrices, we found that increases in levels of innate and adaptive immune activation markers were
associated with frequencies of CXCR37CCR6™ cells, but not of the other subsets (Fig. 5). Interestingly, changes
in monocytes subsets, previously described as predictors of TB-IRIS", were associated with increased frequen-
cies of CXCR3"CCR6™ cells in peripheral blood after ART initiation (Fig. 5). Indeed, increased frequency of
CD14++CD16~ pro-inflammatory monocytes from baseline to week 2-6 of ART positively correlated with the
proportion of CXCR3"CCR6 ™ cells in blood during the latter time point. On the converse, increasing frequency
of the patrolling monocytes (CD14%"CD16") during the first weeks after ART commencement was negatively
associated with proportion of CXCR3“CCR6™ cells at the onset of IRIS event or equivalent time point (Fig. 5).
These findings strongly suggest that CXCR3tCCR6~ CD4™ T cells participate in the intricate pro-inflammatory
changes, which occur upon immune reconstitution and favor occurrence of TB-IRIS.
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Figure 4. Dynamics of associations between CD4" T cell subtypes with circulating levels of several pro-
inflammatory cytokines and chemokines, as well as frequency of monocyte subtypes. (A) Frequencies of
CXCR3'CCR6 , CXCR3 CCR6 , CXCR3™ CCR6 " and CXCR3 CCRé' lymphocytes were tested for
correlations with several pro-inflammatory cytokines and chemokines at week 0 (pre- ART) and at week 6
post-ART initiation or at the time of IRIS event in the entire study population (n = 48). (B) Frequencies of
CXCR3"CCRé6, CXCR3" CCRé6" and CXCR3 CCR6' CD4 " T-lymphocytes expressing markers of central
memory (CM) or T effector (TE) cells were tested for correlations with the same parameters shown in (A). A
heat map was used to represent the strength of the associations (Spearman rank value). Statistically significant
correlations (P < 0.05) after adjustment for multiple measurements are highlighted with bold squares.

Discussion
Our study highlighted the concept that differential expression of CXCR3 and CCR6 on effector and memory
CD4" T cells was associated with development of TB-IRIS in HIV patients following ART initiation and can be
linked with the inflammatory milieu, both soluble mediators and inflammatory monocytes, that characterizes
this syndrome.

Phenotypic analysis of circulating CD4" T cells showed a higher frequency of effector memory (CD27
CD45RO") T cells and a decreased frequency of naive (CD27~ CD45RO™) T cells in IRIS compared to non-IRIS
patients at equivalent time points after ART initiation. While this difference could reflect advanced HIV infection,
which is an important risk factor for IRIS subsequently developing in the presence of antigenemia as in TB'%,
differences among CD4" T cell types were negligible at pre- ART in both groups. Alterations in the frequency of
circulating memory T cells have been reported in TB-IRIS!®-22, Haridas et al. demonstrated that the post-ART/
TB-IRIS shift of the CD4™ T cell memory compartment to an effector memory-dominated phenotype could help
in controlling acute TB infection during the early stages of ART-mediated immune restoration, thereby confer-
ring long-term enhanced protection against Mtb reinfection/reactivation/relapse®.

Our findings complement those of Antonelli ef al. studying a US patient cohort who described a higher pro-
portion of effector cells at the time of an IRIS event and at 6 months post-ART and a higher percentage of naive
cells in the non-IRIS group. This reiterates the fact that non-IRIS patients reconstitute the naive cell compartment
faster while IRIS patients expanded initially predominantly CD4 " effector T cells”. This is not unexpected con-
sidering that persistent antigenemia in TB could facilitate the expansion and survival of effector cells which are
antigen-specific. Consistent with our observations, chronic and indolent infection (such as TB) with persistent
antigenemia can provide the ideal environment and stimulus for the persistence of effector T cells.

It is well established that the differential expression profile of CXCR3 and CCR6 can define distinct T helper
('Th) phenotypes®*?!, Following this concept, Th1 cells are usually defined as population with CXCR3*CCRé6™,
whereas CXCR3~CCRé6™ are hallmarks of Th2 cells. Recently, a new, CXCR3*CCR6~ CD4" subset referred to as
‘Th1* has been described that appears to play a critical role in mycobacterial infections in humans®. Lastly, Th17
lymphocytes, defined as CXCR3~CCR6", have also been implicated in TB immune responses and pathogenesis®.
Although we have not directly tested cytokine production, the chemokine expression analyses reinforce the idea
that a predominantly Th1 type of response and associated cytokine outburst underlies the clinical presentation of
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Figure 5. Associations between changes in systemic inflammation between before and after ART
commencement and frequencies of CD4" T cell subtypes. For the entire study population, change in
inflammation over time was estimated by calculating fold-differences of concentrations of each indicated
plasma markers as well as for frequencies of the monocyte subsets, from pre- ART to week 2-6 after ART
initiation (values at week 2-6 divided by values from pre-ART). Spearman analysis was used to test correlations
between changes values of the inflammatory markers and frequencies of the indicated CD4+ T cell subsets

in peripheral blood at the time of TB-IRIS event or equivalent timepoint. Colored bars indicate statistically
significant correlations (p < 0.05) after adjustment for multiple measurements.

IRIS with a corresponding decline in 'Th2 response, more pronounced among [RIS patients compared to non-IRIS
patients after ART initiation. Furthermore, we noticed a dramatic increase in the frequencies of Thl and 'Th1*
lymphocytes, while the percentages of Th2 and Th17 cells were significantly diminished upon ART initiation®".
Th phenotypic characterization was equivalent in both the IRIS and non-IRIS groups at baseline prior te ART
initiation, thereby aiding in the diagnosis of IRIS but not in its prediction.

Our study reaffirms that the tilt in balance from a Th2 to Thl immune phenotype with ART administration
may occur in IRIS. We previously demonstrated that after ART initiation, patients who experienced IRIS exhibit
hyperactivation of T cells specific to antigens from opportunistic pathogens, leading to elevated levels of many
pro- and anti-inflammatory cytokines and chemokines, resulting in a phenomenon known as cytokine storm or
hypercytokinemia®®. Consistent with our study, Meintjes et al. showed a higher frequency of IFN-~ secreting Thl
cells in patients with IRIS compared to non-IRIS patients, which induces the cytokine storm?®.

Prior studies have also demonstrated that in IRIS, there is an increase in Thl cytokines such as IL-2, IL-12,
IFN-~ and TNF-o®%. Acute exacerbation of Mtb-specific Th1 responses were independent of CD4~ T cell count,
viral load and time of ART initiation®. This supports the idea that, rather than raising T cell numbers, ART
contributes to a functional restoration of these cells. Quantification of CD4* T cells may not reflect the true cell
count, as there may be transient sequestration of inflammatory cells at the tissue level that was not detected or a
delayed increase in the frequency of these cells".

The role of innate immunity in the pathogenesis of TB-IRIS has been studied by several groups worldwide.
There is strong indication that innate immune activation prior to ART commencement, with elevated levels
of [L-6* and IL-18*' followed by inflammasome activation®-* as well as expansion of inflammatory monocyte
subsets'”, hallmarks patients at higher risk of IRIS. Whether pre-ART dysregulation of innate immune acti-
vation contributes to abnormal T-cell activation during IRIS is unknown. In the present study, we found that
between the timepoints examined (baseline and week 2-6 after ART commencement), increases in plasma
levels of inflammatory markers such as CRP, G-CSF, IL-1j3, IL-1Ra, IL-6, IL-8, IL-18, TNF-o and sTF were
directly associated with frequencies of CXCR3TCCR6~ CD4™ T cells in the study population. This scenario was
also associated with increases in proportion of CD1477CD16~ monocytes in peripheral blood. These observa-
tions make possible to hypothesize that expansion of CXCR37CCR6™ CD47 T cells, rather than representing
the main immunological basis of TB-IRIS, may be driven by an underlying augmentation of pro-inflammatory
innate mediators prior to ART in TB-HIV patients with high microbial burden and who are at a very high risk
of developing this syndrome.
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The strengths of the current study were the selection of a uniform group of patients who had culture-positive,
drug sensitive pulmonary TB, were naive at baseline for anti-tuberculous treatment and ART, had an increase in
their CD4~ T cell population with immune recovery, and demonstrated a decline in HIV viral concentration of
at least 0.5log after the initiation of ART. With complete mycobacterial culture and drug sensitivity results, we
excluded the possibility of TB treatment failure at the time of IRIS diagnosis by demonstrating negative cultures
at IRIS diagnosis, thereby strengthening the validity of our findings. Since all patients were admitted during ART
initiation, there was active surveillance for [RIS with clinical samples collected immediately after the onset of
IRIS prior to the institution of anti-inflammatory agents, thereby avoiding distortion of lab parameters or T cell
subsets. The main limitation of our study was the relatively small number of patients analyzed as the cohort was
nested within a randomized controlled trial with stringent inclusion and exclusion criteria that precluded the
recruitment and analysis of a larger sample.

Finally, in the current study we evaluated the expression of chemokine receptors and memory markers in
CD47 T cells, along with their association with plasma biomarkers and monocyte subtypes that were shown
to accurately help to diagnose IRIS. These findings confirm a prominent role of ART and Th1 effector cells in
pathogenesis of IRIS.

Methods

Description of the patients. All clinical investigations were conducted according to the principles
expressed in the Declaration of Helsinki. Written informed consent was obtained from all study participants. This
study was approved by the Scientific Advisory Committee and Institutional Ethics Committee of the National
Institute for Research in Tuberculosis (Chennai, India) and the main randomized clinical trial that provided
patient information and samples for the present study was registered on Clinicaltrials.gov (NCT00933790).

Description of the patients. The Indian TB-IRIS cohort study was a retrospective observational analysis
of cryopreserved samples from an investigation nested within a randomized controlled trial (NCT00933790) at
the National Institute for Research in Tuberculosis (NIRT), Chennai, India, enrolling HIV-infected patients with
newly diagnosed sputum culture-confirmed pulmonary TB, as previously reported. The parent randomized con-
trolled clinical trial compared daily vs. intermittent anti-TB therapeutic regimens in HIV infected patients with
pulmonary TB and has been already published*. Eligible participants in the TB-IRIS observational study were
above 18 years of age, with newly diagnosed culture-positive rifampicin-sensitive T'B, and who were ART-naive*.
They were initiated on ART within the intensive phase of anti-tuberculous therapy, as per prevailing national
guidelines (National AIDS Control Organization, NACO). Clinical evaluations and blood collections were per-
formed at baseline (pre-ART), at the time of the IRIS event (between weeks 2-6 post-ART initiation) or after 6
weeks of ART in the non-IRIS group, and after 6 months of ART in both groups. Mycobacterial loads in sputum
cultures were assessed as described elsewhere®. IRIS was diagnosed by a panel of 3 doctors after ruling out drug
resistance, as well as failure and occurrence of other opportunistic infections or common endemic infections.
Modified INSHI criteria that included a 0.5 log decline in HIV viral load from baseline at the time of IRIS and
a negative mycobacterial culture or decline in grade of TB infection from baseline were added for a definitive
diagnosis of IRIS'™, All patients were hospitalized for ART initiation and were discharged within two weeks. In
this cohort, 48 individuals were enrolled and 26 (54%) developed IRIS during the study. The detailed clinical,
laboratory, and microbiologic description of the study participants has been previously reported by our group®.

Plasma biomarker measurements. Concentrations of IL-13, IL-1Ra, IL-6, IL-8, IL-10, IL-12p40,
1L-12p70, IL-15, IL-17, IL-18, CCL2, CCL3, CCL4, CCL5, CCL11, CXCL10, IFN-~, TNF-a, TGF-{3,
platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF) (Bio-Plex, Bio-Rad, Hercules,
CA), C-reactive protein (CRP) (eBioscience, San Diego, CA), sCD163, soluble tissue factor (sTF) (R&D Systems,
Minneapolis, MN) and intestinal fatty acid binding protein (I-FABP) (Hycult Biotech, The Netherlands) were
assessed in cryopreserved plasma samples maintained at —80°C.

Flow cytometry. The immunophenotyping of lymphocytes and monocytes was performed in whole blood
collected in heparinized vacuum tubes. For “ex vivo” phenotyping, aliquots of 250 uL blood were stained with
five panels of antibodies prepared in PBS 1% BSA for one hour at room temperature (RT) to characterize the
lymphocyte populations. The panels with antibody clones and fluorochromes, as well as the gating strategies, are
listed in Fig. $1. Antibodies were from eBioscience (San Diego, CA), Biolegend (San Diego, CA), BD Biosciences
(San Jose, CA) and Life Technologies (Carlsbad, CA). Data were acquired on a BD FACS Canto I flow cytometer
(BD Biosciences). The panel of T cells was defined based on surface expression of CD3 and CD4, different mem-
ory subpopulations to discriminate naive, central and effector memory T cells using CD27 and CD45RO. The
chemokine receptor expression was characterized used CXCR3 and CCRé. The immunophenotyping of subsets
of monocytes was described previously'’. All compensation and gating analyses were performed using FlowJo
9.5.3 (TreeStar, Ashland, OR).

Data analysis. Median values with IQR or frequencies of variables were compared using the Mann-Whitney
test (when two groups were compared) or the Kruskal-Wallis test with Dunn’s multiple comparisons ad hoc
analysis (when three groups were compared). Fisher’s exact test or Chi-square tests were used to compare two or
three groups, respectively, for proportions. Paired changes from before ART initiation to week 6 or the time of
IRIS development were compared using the Wilcoxon matched-paired T test. Using JMP 10.0 software, geometric
mean values (log10) for each marker measured at week 0 and week 6 were calculated for the entire study popula-
tion. To assess the overall pattern of expression of these markers in each clinical group and time point, heat maps
were built using variation from the geometric mean value calculated for each candidate biomarker. A hierarchical

SCIENTIFIC REPORTS | {2019) 9:1502 | https://doi.orgf10.1038/541598-018-37846-3 7



46

www.nature.com/scientificreports/

cluster analysis using the Ward’s method was employed to reveal patterns of expression in plasma. Throughout
the text, a p value of <0.05 was taken as statistically significant after adjustments for multiple measurements
(Holm-Bonferroni's correction method). The statistical analyses were performed using GraphPad Prism 6.0
(GraphPad Software Inc., USA), STATA 9.0 (StataCorp, TX, USA), and JMP 10.0 software.
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5 DISCUSSAO

As limitacdes encontradas nos métodos microbioldgicos tradicionais para o diagnostico
de TB levaram a busca de novas metodologias. Abordagens mais recentes exploraram
metodologias ndo baseadas em escarro para diagnosticar TBA, incluindo transcriptoma,
metaboloma, proteoma e ensaios celulares (HAAS et al., 2016). Considerando a necessidade de
novos testes para o diagndéstico de TB, este trabalho buscou inicialmente, avaliar a capacidade
dos marcadores de ativacao celular na diferenciacdo de diferentes formas clinicas: TBP, TBEP
e ILTB.

Neste estudo, observamos que o0s pacientes com TBA possuiam maiores frequéncias de
CD4* IFNy* expressando marcadores de ativagdo: CD38, HLA-DR, e Ki-67 com alta
especificidade e sensibilidade em comparacdo com os pacientes com ILTB. Nossos resultados
foram semelhantes aos estudos anteriormente descritos em populac¢des de pacientes dos EUA e
Africa do Sul, demostrando assim um potencial emprego desses marcadores no diagndstico da
TB (ADEKAMBI et al., 2015). Estudo recente também demostrou aumento na frequéncia de
HLA-DR* em células T CD4* em pacientes com TBA (TIPPALAGAMA, R. et al., 2021). Esses
resultados reforcam o potencial emprego de marcadores de ativacdo em células T CD4" no
diagnostico da TB.

Segundo a OMS, o diagnostico de TBEP é atualmente baseado em técnicas invasivas
como cultura dos sitios extrapulmonares e histologia ou forte evidéncia clinica consistente com
TBEP (GEADAS et al., 2017; HAMILTON et al., 2015);. Resultados desse estudo demostraram
alteracdes nas frequéncias de CD38", HLA-DR™, e Ki-67" em células T CD4" em pacientes
com TBEP, TBA e ILTB. Portanto, foi possivel distinguir pacientes com TBEP por valores
mais elevados desses marcadores em comparacao aqueles com ILTB ou TBP. Os marcadores
CD4" IFNy* expressando CD38, HLA-DR, e Ki-67 em conjunto ou ndo foram Uteis para
diagnosticar TBEP de TBP com alta preciséo.

Assim como nosso estudo, Hiza et al. (2021) encontraram alta acurécia na distin¢do de
diferentes formas da TB utilizando a frequéncia de células T CD4" IFNy" expressando CD38 .
A extensa ativacdo celular encontrada em pacientes com TBEP pode ser decorrente do cenario
inflamatério, conforme evidenciado em estudos anteriores, onde, adultos e criangcas com TBEP
exibiram um perfil inflamatorio distinto dos pacientes com TBP (ALBUQUERQUE et al., 2019;
VINHAES et al., 2019).
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O diagnostico de TB em individuos coinfectados por HIV permanece desafiador. A
imunossupressdo induzida pelo HIV leva a uma menor frequéncia de lesdes pulmonares,
prejudicando ainda mais a sensibilidade de avaliagdes baseadas em escarro ou radiografias
(GARDINER; KARP, 2015). Além disso, a infeccdo pelo HIV pode reduzir o desempenho dos
ensaios imunoldgicos baseados no sangue devido a redugdo das células T CD4*. Embora
diagndsticos clinicos/empiricos sejam frequentemente utilizados, essas abordagens podem ser
problematicas, uma vez que as manifestacGes clinicas de TB (pulmonar e extrapulmonar) na
coinfec¢do por HIV sdo geralmente atipicas. O atraso no diagndstico de TB em individuos que
vivem com o HIV afeta diretamente o prognoéstico clinico, com aumento das chances de falha
no tratamento e de 6bito (DAS; DwIBEDI, 2016; OSEl; AKWEONGO; BINKA, 2015). Dessa forma,
avaliamos se o HIV era capaz de influenciar na frequéncia das células T CD4" especificas de
MTB expressando CD38, HLA-DR e Ki-67 em pacientes com TBP, TBEP e ILTB. Assim, 0s
dados deste trabalho demonstraram que o status da infeccdo pelo HIV ndo influencia na
ativacdo das células T CD4*. Resultados similares foram obtidos em pacientes com TBP da
Africa do Sul (DU BRUYN et al., 2018; LESOSKY et al., 2019).

Em conjunto, nossos dados sugerem que a ativacdo de células T CD4" antigeno-
especificas seja capaz de detectar formas extrapulmonares ou paucibacilares de TB, como
pacientes com HIV. Recentemente, foi demostrado que a ativacdo de T CD4* também pode
identificar pacientes com maior risco de resultados de tratamentos ruins e avaliar a extenséo da
gravidade da doenca (Riou et al., 2020). Futuramente, € provavel que esses biomarcadores
possam ser utilizados para inferir a carga microbiana e, potencialmente, a exposicdo ao
antigeno in vivo durante diferentes estagios de infeccdo e da doenca.

Os individuos com TB infectados pelo HIV apds o inicio da terapia antirretroviral
(TARV), tem propensao a ocorrer piora clinica ou radioldgica paradoxal, denominada sindrome
de reconstituicdo imunologica (SIRI) (BARBER et al., 2012). A SIRI é caracterizada por uma
ativacdo aumentada e desregulada de linfocitos T patdgeno-especificos. Estudos recentes,
mostraram que a frequéncia de células T CD4" circulantes contra MTB esta intimamente
associada ao aparecimento e ocorréncia de SIRI quando comparado a individuos que ndo
desenvolvem tal desfecho (ANTONELLI et al., 2010; BOURGARIT et al., 2006; BOURGARIT et al.,
2009; VIGNESH et al., 2013; VIGNESH et al., 2017). No entanto, a participacdo detalhada das
células T no TB-SIRI ndo esta completamente elucidada. Assim sendo, descrevemos nesse

trabalho a participacdo de subtipos de linfocitos T CD4" em uma populacdo com TB-SIRI.
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A anélise fenotipica de células T CD4" circulantes mostrou uma maior frequéncia de
células T de memdria efetora (CD27- CD45R0O™) e uma frequéncia diminuida de células T naive
(CD27" CD45R0O") em SIRI em comparacdo com pacientes ndo SIRI em pontos de tempo
equivalentes ap6s o inicio da TARV. Embora essa diferenca possa refletir a infecgdo avancada
por HIV, que é um importante fator de risco para o desenvolvimento subsequente de SIRI na
presenca de antigenemia como na TB (MEINTJES; LAWN; et al., 2008), as diferencas entre 0s
tipos de células T CD4* eram insignificantes no pré-TARV em ambos os grupos. Alteracdes na
frequéncia de células T de memoria circulacdo tem sido relatados em TB-SIRI (ESPINOSA et
al., 2013; GOOVAERTS, O. et al., 2015; HARIDAS et al., 2015; WILKINSON et al., 2012). Haridas
et al. (2015) demonstraram que a mudanca p6s-TARV/TB-SIRI do compartimento de memoria
das células T CD4" para um fendtipo de memoria efetora dominante poderia ajudar no controle
da infeccéo aguda por TB durante os estagios iniciais da restaura¢do imunologica mediada por
TARV, conferindo, assim, protecdo aprimorada de longo prazo contra
reinfeccao/reativacao/recidiva de MTB.

Nossos achados complementam o estudo de Antonelli et al. (2010) que relataram uma
proporcao maior de células efetoras no momento do evento da SIRI e 6 meses apds a TARV e
uma porcentagem maior de células naive no grupo ndo SIRI. Isso reitera o fato de que os
pacientes ndo SIRI reconstituem o compartimento de células naive mais rapido, enquanto os
pacientes SIRI expandiram inicialmente predominantemente células T efetoras CD4*
(ANTONELLI et al., 2010). Isso ndo € inesperado, considerando que a antigenemia persistente
na TB pode facilitar a expanséo e a sobrevivéncia das células efetoras que sdo especificas do
antigeno. Consistente com nossas observacdes, a infecgédo cronica e indolente (como a TB) com
antigenemia persistente pode fornecer o ambiente ideal e o estimulo para a persisténcia de
celulas T efetoras.

Esta bem estabelecido que o perfil de expressdo diferencial de CXCR3 e CCR6 pode
definir fenotipos T auxiliares (Th) distintos (FIGUEIREDO et al., 2017; GOSSELIN et al., 2010).
Seguindo esse conceito, as células Th1 sdo geralmente definidas como populacdo com CXCR3*
CCR6, enquanto CXCR3" CCR6" sdo definidas como células Th2. As células CXCR3* CCR6"
CDA4" parecem desempenhar um papel critico em infeccGes por micobactérias em humanos
(BECATTINI et al., 2015). Por ltimo, linfocitos Th17, definidos como CXCR3 CCR6", também
tém sido implicados nas respostas imunes e na patogénese da TB (KORN et al., 2009). Embora
ndo tenhamos testado diretamente a producdo de citocinas, as analises de expressdo de

quimiocinas reforcam a ideia de que um tipo de resposta predominantemente Thl e a
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tempestade de citocina (Cytokine Storm), estdo associadas a apresentacao clinica de SIRI com
um declinio correspondente na resposta de Th2, mais pronunciado entre pacientes SIRI em
comparacao com ndo pacientes SIRI ap6s o inicio do TARV (IMAMmI et al., 1999). Além disso,
notamos um aumento dramatico nas frequéncias de linfocitos Thl e Thl*, enquanto as
porcentagens de celulas Th2 e Th17 diminuiram significativamente apds o inicio da TARV.
Em macacos rhesus infectados com MTB e posteriormente desafiados com o virus da
imunodeficiéncia simia (SIV) tratados com TARYV foi identificado um aumento significativo
na frequéncia de células Th1* (GANATRA et al., 2020). Em ambos os grupos (SIRI e ndo SIRI),
no inicio da TARV, ndo encontramos diferenca entre os subtipos de LT CD4, demostrando
assim, que esses, ndo sdo capazes de prever a ocorréncia da SIRI. Em tempo, o aumento da
frequéncia da célula Th* independe do status da SIRI e esse achado provavelmente ocorre
devido a utilizacdo do ARV, que por sua vez, permite o restabelecimento das células TCD4 e a
reducéo da carga viral.

Nosso estudo reafirma que o balanco de um fendtipo imune Th2 a Thl com a
administracdo de TARV pode ocorrer em SIRI. Demonstramos anteriormente que apos o inicio
da TARV, os pacientes que experimentaram SIRI exibiram hiperativacdo de células T
especificas para antigenos de patdgenos oportunistas, levando a niveis elevados de muitas
citocinas e quimiocinas pro e anti-inflamatorias, resultando em um fenémeno conhecido como
tempestade de citocinas ou hipercitocinemia (TADOKERA et al., 2011). Consistente com nosso
estudo, Meintjes; Wilkinson; et al. (2008) mostraram maior frequéncia de células Thl
secretoras de IFN-y em pacientes com SIRI em comparagdo com pacientes ndo SIRI, induzindo
uma tempestade de citocinas (MEINTJES; WILKINSON; et al., 2008).

Estudos anteriores também demonstraram que na SIRI ha aumento de citocinas Thl
como IL-2, IL-12, IFN-y ¢ TNF-a (BOURGARIT et al., 2006; TAN et al., 2008). A exacerbacédo
aguda das respostas Thl especificas de MTB foram independentes da contagem de células T
CD4", carga viral e tempo de inicio da TARV. Isso apoia a ideia de que, em vez de aumentar o
numero de células T, a TARV contribui para a restauracdo funcional dessas células.

O papel da imunidade inata na patogénese da TB-SIRI tem sido estudado por varios
grupos em todo o mundo. Ha forte indicacdo de que a ativacdo imune inata ocorra antes do
inicio da TARV, com niveis elevados de IL-6 e IL-18 seguido de ativacdo do inflamassoma,
bem como expansdo de subtipos de mondcitos inflamatorios. (ANDRADE et al., 2014;
NAKANISHI, 2018; NARENDRAN et al., 2013; OLIVER et al., 2010; TAN et al., 2015; TAN et al.,

2016)Estes fatores podem determinar pacientes com maior risco de SIRI. No entanto, até o
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momento ndo foi investigado se a desregulacdo pré-TARYV da ativacdo do sistema imune inato
contribui para a ativacdo anormal das células T durante a SIRI. No presente estudo,
descobrimos que entre os intervalos de tempo examinados no estudo (baseline e semana 2-6
ap6s o inicio da TARV), houve um aumento nos niveis plasmaticos de marcadores
inflamatdrios como PCR, G-CSF, IL-1p, IL-1Ra, IL-6, IL-8, IL-18, TNF-a e sTF. Estes
achados foram diretamente associados as frequéncias de células T CD4"CXCR3*CCR6™ e de
mondcitos CD14™" CD16™ no sangue periférico da populacdo estudada. Essas observacdes
possibilitam a hipotese de que a expansdo de CXCR3" CCR6™ CD4", em vez de representar a
principal base imunolégica da TB-SIRI, podem ser impulsionadas por um aumento subjacente
de mediadores inatos pré-inflamatérios antes da TARV em pacientes TB-HIV com alta carga
microbiana e que estdo em um nivel muito alto risco de desenvolver esta sindrome.

Os pontos fortes do estudo atual foram a selecdo de um grupo uniforme de pacientes
que apresentavam TB pulmonar, com cultura positiva, sensivel a medicamentos, sem
tratamento antituberculose e TARV (no inicio do estudo), aumento de células T CD4" com
recuperagdo imune e um declinio na concentracao viral de pelo menos 0,5 log ap6s o inicio da

TARV. Excluimos a possibilidade de falha no tratamento da TB no momento do diagndstico

de SIRI, através da identificacdo de culturas negativas, fortalecendo assim a validade de nossos
achados. Como todos os pacientes foram admitidos durante o inicio da TARV, houve vigilancia
ativa para SIRI com amostras clinicas coletadas imediatamente apds o inicio da SIRI, antes da
administracdo de medicamentos anti-inflamatorios, evitando assim distor¢do dos parametros
laboratoriais ou subtipos de células T CD4".

Finalmente, no presente estudo identificamos que a expressdao de receptores de
quimiocinas e marcadores de memdria em células T CD4", juntamente com sua associagdo com
biomarcadores plasmaticos e subtipos de mondcitos auxilia com precisdo no diagnostico de
SIRI. Esses achados confirmam um papel proeminente da TARV e das células efetoras Thl na

patogénese da SIRI.
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6 CONCLUSOES

Os dados dos estudos que fazem parte dessa tese demostram as seguintes conclusoes:

e As células T CD4" especificas de MTB expressando CD38, HLA-DR e Ki-67
distinguiram TB ativa de ILTB e TBEP da TBP, independentemente do status de
infeccdo pelo HIV.

e A expressdo diferencial de CXCR3 e CCR6 em células T CD4" efetoras e de memoria
foi associada ao desenvolvimento de TB-SIRI em pacientes com HIV ap6s o inicio da
TARV sendo fortemente associada a inflamacéo sistémica.

As conclusdes relatadas nessa tese contribuem para a compreensdo de mecanismos

imunoldgicos da TB que poderdo ser aplicados no desenvolvimento de testes de diagnostico

sanguineo ou servir como alvos para profilaxia e/ou intervencdes terapéuticas no futuro.
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ARTICLE INFO ABSTRACT

Keywords: The immune profile associated with distinet clinical forms of tuberculosis (TB) has been extensively described for
Tuberculosis adult populations. Nevertheless, studies describing immune determinants of pulmonary or extrapulmonary TB
Diagnosis (PTB or EPTB, respectively) in children are scarce. Here, we retrospectively assessed plasma levels of several
S:}:Z‘:;‘m mediators of inflammation in age and sex-matched children from South India presenting with PTB (n = 14) or

EPTB (n = 22} as well as uninfected healthy controls (n = 19) to identify biomarkers that could accurately
distinguish different TB clinical forms. Furthermore, we performed exploratory analyses testing the influence of
sex on the systemic inflammatory profile. The analyses identified a biosignature of 10 biomarkers capable of
distinguishing the three clinical groups simultaneously. Machine-learning decision trees indicated that C-re-
active protein (CRP), matrix metalloproteinase (MMP)-7 and lipopolysaccharide-binding protein (LBP) were the
markers that, when combined, displayed the highest accuracy in identifying the clinical groups. Additional
exploratory analyses suggested that the disease signatures were highly influenced by sex. Therefore, sex dif-
ferentially impacted status of systemic inflammation, immune activation and tissue remodeling in children with
distinct clinical forms of TB. Regardless of such nuances related to biological sex, MMP-7, CRP and LBP were
strong discriminators of active TB and thus could be considered as biomarkers useful in discrimination different
TB clinical forms. These observations have implications on our understanding of the immunopathology of both
clinical forms of TB in pediatric patients. If validated by other studies in the future, the combination of identified
biomarkers may help development of point-of-care diagnostic or prognostic tools.

Inflammation

1. Introduction

Tuberculosis (TB) is a major cause of death worldwide [1,2]. Most
studies on TB diagnosis are performed primarily in adult populations
and then applied to children. Since both groups are described to present
distinct immune and inflammatory profiles [3], the established tests are
not as accurate for diagnosis of childhood TB [2]. Children, especially

those below 5 years old, and adolescents are thought to present rela-
tively weaker immune responses against infection compared to adults
[4]. These immune differences are likely involved in increased sus-
ceptibility to Mycobacterium tuberculosis (M.tb) infection [5]. Once in-
fected with M.th, pediatric populations who develop active TB fre-
quently present with extrapulmonary forms of the disease [6]. Recent
studies estimated that TB is one of the main causes of childhood
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Background: The present study evaluated factors associated with losses in the latent tuberculosis
infection (LTBI) cascade of care in contacts of tuberculosis (TB) patients, in a referral center from a highly
endemic region in Brazil.

Methods: Contacts of 1672 TB patients were retrospectively studied between 2009 and 2014. Data on TB
screen