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RESUMO

Introducdo. O citomegalovirus humano (CMV), pertencente a familia
herpesvirus, possui alta prevaléncia e exige vigilancia imunol6gica constante
para mantimento de seu estado de laténcia. Suas interagbes cronicas com o
sistema imune sdo associadas a efeitos deletérios, incluindo exaustao celular T
e imunossenescéncia. No contexto da pandemia de COVID-19, nos
perguntamos se a atividade celular e humoral CMV-especifica poderia estar
associada as respostas imunes contra 0 SARS-CoV-2. Métodos. PBMCs de
adultos com COVID-19 leve (n=15) e grave (n=14) foram estimulados in vitro
com peptideos CMV ou SARS-CoV-2 para avaliar a producao de IFNy, TNFa e
IL-17 em células T CD4+ e CD8+. Anticorpos IgG e IgM anti-CMV e IgG e IgA
anti-SARS-CoV-2 foram analisados por meio de ensaios imunoenzimaticos
(ELISA). Concentracgfes séricas de citocinas Thl, Th2 e Th17 foram analisadas
com um kit comercial de Cytometric Bead Array (CBA). Andlise estatistica pelos
testes de Fisher, Mann Whitney e Spearman, com p<0,05. Resultados. Todos
0S pacientes exibiram soropositividade para IgG e auséncia de IgM anti-CMV.
Anticorpos anti-CMV nao apresentaram associacdo com severidade de COVID-
19. Seis pacientes exibiram frequéncias elevadas de células T CD4+ e CD8+
CMV-especificas através da producao de IFNy, IL-17 e TNFa, sendo designados
como CMV high responders (hiT CMV). Em comparacdo com o0s demais
pacientes, individuos hiT CMV exibiram frequéncias elevadas de células T
CD4+IL-17+ e CD8+ IFNy+, IL-17+ ou TNFa+ SARS-CoV-2-especificas
(p<0,001), além de uma proporcdo predominante de IL-6 e IL-17 circulantes.
Conclusédo. A frequéncia elevada de células T CMV-especificas mostrou-se
associada a um perfil imune com polarizacdo Th17 contra o SARS-CoV-2, além
de uma atividade CD8+ SARS-CoV-2-especifica aumentada. Andlises
prospectivas poderiam indicar se o aumento da atividade T CMV-especifica
durante a fase aguda de COVID-19 poderia estar relacionada com complicacdes

secundarias pos-covid resultantes de uma imunidade mal ajustada.

Palavras-chave: Citomegalovirus. SARS-CoV-2. Imunovirologia. Imunologia

celular. Citocinas.



ABSTRACT

Introduction. Human cytomegalovirus (CMV) is a widespread persistent herpes
virus requiring lifelong immune surveillance to maintain latency. Such long-term
interactions with the immune system may be associated with deleterious effects
including immune exhaustion and senescence. Regarding the COVID-19
pandemic, we asked whether CMV-specific cellular and humoral activity could be
associated with immune responses toward SARS-CoV-2 and/or disease severity.
Methods. PBMCs from adults with mild (n=15) and severe (n=14) COVID-19
were stimulated in vitro with CMV or SARS-CoV-2 peptides to evaluate the
production of IFNy, TNFa, and IL-17 in CD4+ and CD8+ T cells. Anti-CMV
IgG/IgM and anti-SARS-CoV-2 IgA/IgG antibodies were analyzed by enzyme-
linked immunosorbent assay (ELISA). Serum Th1, Th2, and Th17 cytokines’
concentrations were analyzed with a commercial CBA (Cytometric Bead Array).
Statistical analysis was performed using Fisher’s exact test, the nonparametric
Mann-Whitney and Spearman tests, with a <0.05 p-value. Results. All adults with
mild and severe COVID-19 were seropositive for anti-CMV 1gG, but negative for
IgM antibodies. Anti-CMV IgG titers did not correlate with disease severity. Six
patients presented elevated frequencies of CMV-specific CD4+ and CD8+ T cells
producing IFNy, IL-17, and TNFa, designated as CMV high responders (hiT
CMV). In comparison to CMV low responders, hiT CMV individuals exhibited
higher frequencies of SARS-CoV-2-specific CD4+IL-17+ and CD8+ IFNy+, IL-
17+, or TNFa+ T cells (p<0.001), besides a Th1l7-predominant proportion of
serum cytokines. Conclusion. These results indicate that high frequencies of
CMV-specific T cells may be associated with a SARS-CoV-2-reactive profile
skewed towards Thl7-dominated immunity, with an elevated SARS-CoV-2-
specific CD8+ activity. Thus, CMV-amplified IL-17-dominated responses to
SARS-CoV-2 could be further investigated as a mechanistic player for long-
lasting damage as a result of maladjusted immunity from COVID-19 acute phase.

Keywords: Cytomegalovirus. SARS-CoV-2. Immunovirology. Cellular

immunology. Cytokines.



LISTA DE ABREVIATURAS

° Ac: Anticorpo;

° Ag: Antigeno;

° CEP: Comité de Etica em Pesquisa;

° CMV: Citomegalovirus;

° CTL: Cytotoxic T Lymphocyte;

° DNA: Deoxyribonucleic Acid,;

° ECA2: Enzima conversora da angiotensina ll;
° EDTA: Ethylenediamine Tetra acetic Acid;

° HIV: Human Immunodeficiency Virus;

° HMV: Hospital Moinhos de Vento;

° IEN: Interferon;
° Ig: Imunoglobulina;
° IL: Interleucina;

° LB: Linfocito B;

° LT: Linfocito T;

° Md: mediana;

° MHC: major histocompatibility complex;

° NK: Natural Killer;

° PBMCs: Células mononucleares de sangue periférico;
° PBS: Phosphate buffered saline;

° PD-1: programmed death 1;

° RNA: Ribonucleic Acid;

° RSV: Respiratory Syncytial Virus;

° PCR: Polymerase Chain Reaction;

° SARS-CoV-2: Severe Acute Respiratory Syndrome Coronavirus 2;
° SFB: Soro Fetal Bovino;

° TALE: Termo de Assentimento Livre e Esclarecido;

° TCLE: Termo de Consentimento Livre e Esclarecido;
° Th: T helper;

° TNF: Tumor Necrosis Factor.






1. INTRODUCAO

1.1 CITOMEGALOVIRUS E O SISTEMA IMUNOLOGICO

O citomegalovirus humano (CMV), virus da familia Herpesviridae,
representa uma das infec¢gdes mais comuns no ocidente, com prevaléncia que
varia de 50% a 95% [1]. O CMV é um virus de DNA linear de fita-dupla de ~230
kb, envolvido pelo nucleocapsideo, seguido de um tegumento com
fosfoproteinas e um envelope lipidico [2], como ilustrado na Figura 1. A infeccao
pelo CMV pode ocorrer como primaria, por reinfeccdo ou reativacdo, com
transmissdo através da transfusdo sanguinea, transplante de 6rgaos,
amamentacao, contato direto com saliva ou urina, contato sexual, dentre outras

maneiras [3].

TR_ g 230 kb dsDNA

Nucleocapsid

uLoz t
UL
uLs4 |
i 3 V4 AP ‘W —Tegument TR, Terminase
Glycoprotein/ ‘ NGRS Y J Complex

Complex

Figura 1. Componentes estruturais do citomegalovirus. Figura extraida de El
Chaer et al., Blood. 2016 Dec 8; 128(23): 26242636 [2].

A infeccao primaria por CMV normalmente ocorre durante a infancia tardia
e pode ser assintomatica ou moderada — com sintomas de febre, dor de
garganta e fadiga, além de ser autolimitada em imunocompetentes. Apos
resolucdo da infeccdo aguda, o CMV se estabelece em uma fase latente em

células progenitoras hematopoiéticas da linhagem mieloide [4], caracterizada



pela manutencdo do genoma viral e auséncia de expressao de genes de fase
litica, com possibilidade de reativacéo sob certas condicdes [5, 6].

A laténcia do CMV é condicionada por mecanismos virais de inibicdo de
apresentacdo de antigenos nos MHCs (major histocompatibility complex) de
classe | e Il, blogueio de respostas por interferon e produgédo de IL-10 viral,
levando a um silenciamento da célula hospedeira, além da producdo de

mediadores imunossupressores (Figura 2) [7].
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Figura 2. Mecanismos de mantimento da laténcia viral na célula hospedeira pelo
citomegalovirus. Imagem extraida de Griffiths et al., Nat Rev Microbiol 19, 759—
773 (2021) [7].

O sistema imunoldgico limita a infeccdo por CMV através da imunidade
adaptativa [8, 9], mediada majoritariamente por linfécitos T (LT) e B (LB) [10].
Enquanto os componentes celulares da imunidade inata atuam na ativagédo de
mecanismos e barreiras pré-existentes e com fungdes protetivas nédo
direcionadas [11], a imunidade adaptativa age a partir da exposicao prévia a
antigenos ndao-proprios, e é caracterizada por respostas especificas e de
memaoria imunoldgica, fator que garante imunizacéo contra infec¢des futuras de
mesma etiologia [10].

Linfécitos T (LTs), mediadores principais da imunidade especifica,
passam pelos processos de maturacdo e selecao, e se diferenciam em duas

principais categorias de acordo com a expressdo de marcadores de superficie
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especificos, LTs CD4+ e CD8+ [12]. Linfocitos T CD4+ compreendem diferentes
subpopulac¢des T helper (Th) com uma série de fun¢des distintas. O padrdo Thl
desencadeia a imunidade celular e € regido por interferons do tipo 1, interleucina-
12 (IL-12) e pelo fator de transcricdo T-bet, cuja ativacdo excessiva ocasiona em
dano tecidual. Efeitos deletérios associados a inflamacdo também ocorrem com
sustentacao de células CD4+ de perfil Th17, detentoras da maior fonte de IL-17
e IL-22 e atuantes como agentes proé-inflamatorios contra bactérias
extracelulares e outros patogenos. A diferenciacdo de células CD4+ Thl7 é
ativada pelo fator de transcricdo RORyt e depende principalmente de TGF e IL-
6 como mediadores proé-inflamatérios [13].

Ja os linfocitos T CD8+, classe distinta de LTs, sdo capazes de produzir e
secretar diversas classes de citocinas e granulos citotoxicos (como as perforinas
e granzimas), que induzem a morte celular programada de agentes infecciosos
e células danosas [12], mecanismo este fundamental para mantimento da
homeostase do organismo. O combate a infec¢des virais esta diretamente
relacionado a linfécitos citotoxicos (CTLs), cuja diferenciacdo é estimulada por
interferons do tipo 2, IL-6 e IL-1(8 [14].

Como descrito acima, a vasta gama de funcdes protetivas do sistema
imunoldgico implica no combate e neutralizacdo de diversos agentes nocivos ao
organismo. Todavia, as fungdes imunes tendem a decrescer ao longo do tempo,
acarretando uma maior suscetibilidade a infec¢des, eficacia reduzida de vacinas,
dentre outros efeitos deletérios [15, 16].

O processo de disfun¢édo imunoldgica € mediado por diversos aspectos
relacionados ou nao ao envelhecimento. Em decorréncia da idade, a maturacao
e atividade de células T naive sdo comprometidas pela involucdo do timo e, como
consequéncia, a geracdo de resposta contra novos antigenos circulantes é
dificultada [17]. Outro fator pertinente no que diz respeito a perda da fungéo do
sistema imune com o decorrer da idade é o acumulo de células T antigeno-
especificas, condicionadas a um processo continuo de diferenciagdo com
possiveis desfechos de exaustéo e senescéncia replicativa [15, 17].

A exaustdo de células T €é definida por funcéo efetora reduzida, estado
transcricional alterado e expressdo de receptores inibitérios, tal qual o
programmed death 1 (PD-1), presente em LTs, LBs, dentre outras células imunes
[18]. Quando ativado, o PD-1 desencadeia em processos apoptoticos, inibicdo
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do ciclo celular e da producgdo de citocinas [19]. O fenétipo caracteristico de
células exaustas também pode ser caracterizado por niveis baixos de moléculas
de superficie coestimulatérias envolvidas na funcéo celular, como o CD28. A
senescéncia, diferente da exaustao, pode ser ocasionada por danos diretos ao
DNA, ou ainda pela perda de teldmeros, que decrescem devido a alta taxa de
replicacdo e induzem a paralisacéo do ciclo celular [20]. O perfil da senescéncia
celular também é associado a um fendtipo pro-inflamatério com producéo,
sobretudo, de TNF-q, fator contribuinte da inflamacao crénica [21].

A imunossenescéncia, outro termo pertinente a atividade de células T, é
ocasionada tanto pela idade como por estimulos antigénicos e reflete
caracteristicas sistémicas associadas a reducao do repertério de células naive e
da diversidade de TCRs, em contraste com a elevacao do nimero de células T
terminalmente diferenciadas, inflamagcdo e menor responsividade a novos
antigenos [22]. Assim, partindo do pressuposto de que eventos de
imunossenescéncia e exaustdo imunolégicas decorrem de processos
estimulatérios constantes, a cronicidade e laténcia de infec¢des virais tornam-se
fatores importantes na potencializacdo do envelhecimento celular, como ja

observado e estabelecido nas infeccbes por citomegalovirus [15, 16, 23, 24].

1.2 RESPOSTA IMUNE AO CITOMEGALOVIRUS

Quando infecta o hospedeiro, 0 CMV é reconhecido e provoca ativacao
de mecanismos iniciais de resposta imune inata, que incluem atividade de
células Natural Killers (NKs), producdo de citocinas pro-inflamatoérias e
mediadores envolvidos no recrutamento de células do sistema adaptativo. A
partir do silenciamento transcricional dos genes virais, 0 CMV infecta e se
estabelece em células de origem mieloide e assume um estado quiescente, fator
imprescindivel para o mantimento da laténcia viral. Cenarios pro-inflamatorios e
de imunossupressdo tornam o hospedeiro suscetivel a reativacdo do CMV,
desencadeada pelo aumento da replicagéo viral e expressao de genes que
silenciam a atividade imune antiviral. Ante esse processo de reativagdo, a
imunidade celular adaptativa atua como principal defesa do organismo para o
restabelecimento da laténcia viral [25].
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Citocinas do tipo 1 (de cunho pro-inflamatério) compdem o perfil de
resposta imune adaptativa frente ao CMV, com evidéncias apontando seu papel
protetivo contra o virus [26, 27]. Contudo, a desregulacdo de citocinas pro-
inflamatérias CMV-especificas, como IL-6, IFNy e TNFa, sdo capazes de gerar
dano tecidual e acarretam quadros clinicos mais graves, com relatos de retinite
[28] e “tempestade de citocinas” em modelos murinos de hepatite por CMV [29],
perda de audicdo CMV-induzida em criancas [30, 31], esofagite [32] e inflamacao
gastrointestinal [33].

Além dessa persisténcia de resposta imune mesmo durante sua laténcia,
a atividade celular T CMV-especifica também é considerada uma assinatura
singular do virus. Em contraste com outros virus persistentes, o citomegalovirus
€ capaz de gerar um vasto pool de células T CD8+ altamente diferenciadas que
sdo formadas durante a infeccdo priméria e sdo mantidas como populactes
relativamente estaveis ao longo do periodo de laténcia [34, 35]. Estas células T
CD8+ citotoxicas podem ser caracterizadas pela expressdo de CD57 e pela
perda dos receptores coestimulatérios CD27 e CD28 [23].

Pensando nas caracteristicas Unicas de resposta imune contra o
citomegalovirus, efeitos relatados de exaustdo e senescéncia celular de LTs
CMV-especificos se mostram diretamente associados a respostas imunes
disfuncionais e atenuadas em outras infec¢des virais. A proliferacdo exaustiva e
inflamento de células CD8+ CMV-especificas em pacientes com HIV sdo uma
fonte potencial de inflamacao cronica e senescéncia linfocitica que podem afetar
a funcéo e atividade do sistema imunolégico [24, 36].

Enquanto as consequéncias deletérias da forma latente do CMV sé&o
observadas com maior frequéncia em idosos [37-39], alguns estudos sugerem
vantagens imunoldgicas relacionadas a infec¢ao por citomegalovirus em adultos,
como o aumento da polifuncionalidade de células CD8+, expandidas ao fenotipo
CD8+CD57+ em individuos CMV positivos [40-43]. A hipbtese seria a de que,
frente a infeccdes virais em adultos imunocompetentes, a resposta imunolégica
pode ser potencializada pela presenca de células CMV-especificas. Segundo
Furman et al. [44], a positividade para CMV esta associada a respostas
aumentadas de anticorpos frente a vacinacdo do virus da influenza, com
sensibilidade de LTs CD8+ aumentada e niveis de IFNy circulantes elevados

comparados a individuos CMV negativos.
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Especialmente para as infec¢des virais, a atividade da resposta imune T
especifica é imprescindivel para o controle e resolucéo de infeccdes virais, e a
exaustdo funcional de linfocitos citotoxicos esta diretamente relacionada com
progressédo de doencas [45]. Neste contexto, a pandemia da COVID-19, causada
pelo SARS-CoV-2, ja passa de 761 milh8es de casos confirmados no mundo e
6 milhBes de mortes até 21 de marco de 2023 [46]. Declarada como um estado
emergencial de saude publica, trouxe consigo a necessidade de compreenséo e
mensuracao de fatores de risco que contribuem para pior prognéstico da doenca,
havendo gaps ainda ndo pesquisados sobre a influéncia de infec¢des virais
latentes como contribuintes de um fendtipo especifico de resposta imune ao
COVID-19, incluindo o CMV [47-49].

1.3 O SARS-CoV-2

O SARS-CoV-2 é um virus envelopado de RNA de fita Unica pertencente
ao género Betacoronavirus e a familia Coronaviridae. Possui ~29kb e € envolvido
pelo nucleocapsideo, envelope viral e por uma proteina de membrana. Na
superficie, 0 SARS-CoV-2 expressa a proteina Spike, cuja ligacdo com a ECA-2
(enzima conversora da angiotensina Il) na célula hospedeira inicia o processo de

infeccéo ativa [50], conforme a Figura 3.
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O SARS-CoV-2 é caracterizado por sua alta taxa de transmissao, e a
severidade e complicacbes da doenca possuem variabilidade nos seres
humanos. Eventos que vao de febre, dor de cabeca e tosse seca a pneumonia
severa, sindrome aguda respiratéria, fibrose pulmonar, eventos
cardiovasculares, injuria aguda renal, hospitalizacdo e mortalidade tém sido
reportados e resultam de diferentes interacdes hospedeiro-patdogeno [51].

Os desfechos da infeccdo sdo definidos por uma série de fatores
associados ou ndo ao hospedeiro. Individuos mais idosos sdo mais propensos a
desenvolver a forma severa de COVID-19, enquanto a populagcdo jovem
normalmente experiencia a forma leve da doenca. Além disso, uma série de
comorbidades, como obesidade, hipertensdo, doencas cardiovasculares etc., ja
foram caracterizadas como fatores de risco para piores prognésticos da infeccao
por SARS-CoV-2 [52].

No processo de resolucao da doenca, diversos estudos tém detalhado os
nuances do perfil de resposta imunologica contra 0 SARS-CoV-2. A invasao viral
desencadeia uma resposta imune local, com recrutamento de macrofagos e
mondcitos que liberam citocinas e atraem células T e B para resolucdo da
infeccdo. Contudo, em alguns casos ocorrem respostas imunes disfuncionais
gue levam a graus mais graves da doenca [53].

Nesses casos, uma resposta imune exacerbada é gerada a partir do
aumento de neutrdfilos, IL-6 e proteina C reativa (PCR), além da ativacdo do
padrdo Thl e Th1l7 de resposta, resultando em eventos excessivamente
inflamatorios [54]. Certos padrdes contribuem para esse aumento da resposta
disfuncional ao SARS-CoV-2, com interagdes diretas ou ndo com a infecgao viral,
que incluem imunossenescéncia, instabilidade gendmica, disfuncdo
mitocondrial, alteracfes epigenéticas e eroséo telomérica [51].

Na admissdo, pacientes com SARS-CoV-2 podem apresentar
linfocitopenia, trombocitopenia e leucopenia, sinbnimos da baixa contagem de
linfécitos, plaquetas e leucdcitos, respectivamente [55]. De acordo com Zheng et
al. [45], a contagem de células T CD8+ também é significativamente reduzida
em pacientes de COVID-19 em graus moderados e graves comparados a grupos
controle saudaveis.

O perfil de resposta a infeccdo e chances de convalescéncia sao

estritamente associados a idade, considerada um importante preditor de risco a
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individuos infectados por SARS-CoV-2. Como ja citado, desfechos negativos da
doenca sao relacionados a respostas imunologicas aumentadas e/ou
disfuncionais, que podem estar exacerbadas devido a disfuncbes imunes
proprias, como o desenvolvimento de inflamacé&o cronica em idosos [56], além
da senescéncia imunoldgica, caracteristica acentuada conforme o decorrer dos
anos e potencializada pelo descontrole da resposta imune contra infeccbes
persistentes como o CMV [49].

Simonnet et al. [57], Gatto et al. [58] e Weber et al. [59] investigaram a
incidéncia de infeccdes persistentes em pacientes de COVID-19 grave e
encontraram um indice elevado de reativacdo por citomegalovirus nesses
individuos, além de uma correlacdo positiva entre o soro status CMV+ e a
severidade da doenca [59]. A incidéncia disseminada de coinfecgdes pelo SARS-
CoV-2 e CMV [60, 61] tém evidenciado a importancia de investigar 0s
mecanismos pelos quais a infec¢ao primaria ou reativacdo do CMV ocorre, e sob
gue circunstancias essa resposta celular especifica pode interferir na resolucéo
da infeccao por SARS-CoV-2 em decorréncia de seus efeitos ja relatados.

Os mecanismos de patogénese do SARS-CoV-2 sao hoje intensamente
estudados visando desenvolver terapias que evitem desfechos clinicos graves
ou mesmo fatais. Para tal, é necessario identificar assinaturas imunoldgicas
indicativas de pior prognostico, como chances reduzidas de convalescéncia. A
investigacdo de fatores de risco da doenca, como as comorbidades ja
correlacionadas a desfechos clinicos indesejaveis (doencas cardiovasculares,
hipertenséo e idade avancada) [49], € uma das abordagens utilizadas para isso.

A hipétese deste trabalho é de que existe uma interagcdo entre as
respostas anti-CMV e anti-SARS-CoV-2, e de que isso pode ser evidenciado por

correlacdes entre ambas as atividades virus-especificas.



16

2. REFERENCIAS BIBLIOGRAFICAS

[1] Li X; Huang Y; Xu Z; Zhang R; Liu X; Li Y; Mao P. Cytomegalovirus infection
and outcome in immunocompetent patients in the intensive care unit: A
systematic review and meta-analysis. BMC Infectious Diseases, [S. |.], v. 18, n.
1, p. 1-10, 2018. DOI: 10.1186/s12879-018-3195-5.

[2] El Chaer F, Shah DP, Chemaly RF. How I treat resistant cytomegalovirus
infection in hematopoietic cell transplantation recipients. Blood. 2016
Dec;128(23):2624-2636. DOI: 10.1182/blood-2016-06-688432. PMID:
27760756; PMCID: PMC5146744.

[3] European Centre For Disease Prevention And Control. Immune responses
and immunity to SARS-CoV-2; COVID-19 latest evidence, 2020. Disponivel em:

https://www.ecdc.europa.eu/en/covid-19/latest-evidence/immune-responses.

[4] Wu S; Miller WE. The Human Cytomegalovirus Lytic Cycle Is Induced by 1,25-
Dihydroxyvitamin D3 in Peripheral Blood Monocytes and in the THP-1 Monocytic
Cell Line. Virology, [S. L], v. 483, p. 83-95 2015. DOI:
doi:10.1016/j.virol.2015.04.004.

[5] Al-omari A; Aljamaan F; Alhazzani W; Salih S; Arabi Y. Cytomegalovirus
infection in immunocompetent critically ill adults: literature review. Annals of
Intensive Care, [S. I.], v. 6, n. 1, 2016. DOI: 10.1186/s13613-016-0207-8.

[6] Reeves M; Sinclair J. Aspects of human cytomegalovirus latency and
reactivation. Current Topics in Microbiology and Immunology, [S. |], v. 325,
p. 297-313, 2008. DOI: 10.1007/978-3-540-77349-8 17.

[7] Griffiths P, Reeves M. Pathogenesis of human cytomegalovirus in the
immunocompromised host. Nat Rev Microbiol 19, 759-773 (2021).

https://doi.org/10.1038/s41579-021-00582-z

[8] Janeway CA; Medzhitov R. Innate immune recognition. Annu Rev Immunol.



17

2002;20:197-216. doi: 10.1146/annurev.immunol.20.083001.084359. Epub 2001
Oct 4. PMID: 11861602.

[9] Mesquita Junior D, Araujo JA, Catelan TT, Souza AW, Cruvinel Wde, Andrade
LE, et al. Sistema imunitario - parte II: Fundamentos da resposta imunoldgica
mediada por linfécitos T E B. Revista Brasileira de Reumatologia.
2010;50(5):552-80.

[10] Ranganathan S. Adaptive Immune System. Encycl Syst Biol. 2013;10-1.

[11] Cruz-Tapias P, Castiblanco J, Correa NE, Montoya-Ortiz G.
AUTOIMMUNITY From Bench to Bedside. Autoimmunity: From Bench to
Bedside. 2013. 767-768-794-800-801-803-804 p.

[12] Moticka EJ. T-Lymphocyte-Mediated Effector Mechanisms. ScienceDirect
Topics: A Historical Perspective on Evidence-Based Immunology. 2016;235—-42.

[13] McGeachy MJ, Cua DJ. Th17 cell differentiation: the long and winding road.
Immunity. 2008 Apr;28(4):445-53. doi: 10.1016/j.immuni.2008.03.001. PMID:
18400187.

[14] lwasaki A, Medzhitov R. Control of adaptive immunity by the innate immune
system. Nat Immunol. 2015;16(4):343-53.

[15] Schurich A, Henson SM. The many unknowns concerning the bioenergetics
of exhaustion and senescence during chronic viral infection. Front Immunol.
2014;5(SEP):1-6.

[16] Akbar AN, Henson SM, Lanna A. Senescence of T Lymphocytes:
Implications for Enhancing Human Immunity. Trends Immunol [Internet].
2016;37(12):866—76. Disponivel em: http://dx.doi.org/10.1016/j.it.2016.09.002

[17] Libri V, Azevedo RI, Jackson SE, Di Mitri D, Lachmann R, Fuhrmann S, et

al. Cytomegalovirus infection induces the accumulation of short-lived,



18

multifunctional CD4+CD45RA+CD27- T cells: The potential involvement of
interleukin-7 in this process. Immunology. 2011;132(3):326—39.

[18] Thibult ML, Mamessier E, Gertner-Dardenne J, Pastor S, Just-Landi S, Xerri
L, Chetaille B, Olive D. PD-1 is a novel regulator of human B-cell activation. Int
Immunol. 2013 Feb;25(2):129-37. doi: 10.1093/intimm/dxs098. Epub 2012 Oct
18. PMID: 23087177.

[19] Sharpe, A., Pauken, K. The diverse functions of the PD1 inhibitory pathway.
Nat Rev Immunol 18, 153-167 (2018). https://doi.org/10.1038/nri.2017.108

[20] Huang, W., Hickson, L.J., Eirin, A. et al. Cellular senescence: the good, the
bad and the wunknown. Nat Rev Nephrol 18, 611-627 (2022).
https://doi.org/10.1038/s41581-022-00601-z

[21] Callender LA, Carroll EC, Beal RWJ, Chambers ES, Nourshargh S, Akbar
AN, Henson SM. Human CD8+ EMRA T cells display a senescence-associated
secretory phenotype regulated by p38 MAPK. Aging Cell. 2018
Feb;17(1):e12675. doi: 10.1111/acel.12675. Epub 2017 Oct 12. PMID:
29024417; PMCID: PMC5770853.

[22] J Heath J, D Grant M. The Immune Response Against Human
Cytomegalovirus Links Cellular to Systemic Senescence. Cells. 2020 Mar
20;9(3):766. doi:  10.3390/cells9030766. PMID: 32245117; PMCID:
PMC7140628.

[23] van de Berg PJEJ, Griffiths SJ, Yong S-L, Macaulay R, Bemelman FJ,
Jackson S, et al. Cytomegalovirus Infection Reduces Telomere Length of the
Circulating T Cell Pool. J Immunol. 2010;184(7):3417-23.

[24] Heath JJ, Fudge NJ, Gallant ME, Grant MD. Proximity of cytomegalovirus-
specific CD8+ T cells to replicative senescence in human immunodeficiency

virus-infected individuals. Front Immunol. 2018;9(FEB).



19

[25] La Rosa C, Diamond DJ. The immune response to human CMV. Future
Virol. 2012;7(3):279-93.

[26] Chen SF, Tu WW, Sharp MA, Tongson EC, He XS, Greenberg HB, et al.
Antiviral CD8 T cells in the control of primary human cytomegalovirus infection in
early childhood. J Infect Dis. 2004;189(9):1619-27.

[27] Gamadia LE, Remmerswaal EBM, Weel JF, Bemelman F, Van Lier RAW,
Ten Berge IIJM. Primary immune responses to human CMV: A critical role for IFN-
y-producing CD4+ T cells in protection against CMV disease. Blood.
2003;101(7):2686-92.

[28] Carter J, Alston CI, Oh J, Duncan LA, Esquibel Nemeno JG, Byfield SN, et
al. Mechanisms of AIDS-related cytomegalovirus retinitis. Future Virol.
2019;14(8):545-60.

[29] Trgovcich J, Stimac D, Poli¢ B, Krmpotié A, Pernjak-Pugel E, Tomac J, et al.
Immune responses and cytokine induction in the development of severe hepatitis
during acute infections with murine cytomegalovirus. Arch Virol.
2000;145(12):2601-18.

[30] Dollard SC, Grosse SD, Ross DS. New estimates of the prevalence of
neurological and sensory sequelae and mortality associated with congenital
cytomegalovirus infection. Rev Med Virol. 2007;17(5):355-63.

[31] Samileh N, Ahmad S, Mohammad F, Framarz M, Azardokht T, Jomeht E.
Role of cytomegalovirus in sensorineural hearing loss of children: A case-control
study Tehran, Iran. Int J Pediatr Otorhinolaryngol. 2008;72(2):203-8.

[32] Murakami D, Harada H, Yamato M, Amano Y. Cytomegalovirus-associated
esophagitis on early esophageal cancer in immunocompetent host: a case report.
Gut Pathog [Internet]. 2021;13(1):1-8. Available from:
https://doi.org/10.1186/s13099-021-00418-4



20

[33] Marques S, Carmo J, Pinto D, Bispo M, Ramos S, Chagas C.
Cytomegalovirus Disease of the Upper Gastrointestinal Tract: A 10-Year
Retrospective Study. GE Port J Gastroenterol. 2017;24(6):262-8.

[34] Hertoghs KML, Moerland PD, Stijn A Van, Remmerswaal EBM, Yong SL,
Berg PJEJ Van De, et al. Molecular profiling of cytomegalovirus- induced human
CD8+ T cell differentiation. J Clin Invest [Internet]. 2010;120(11):4077-90.

[35] Van De Berg PJ, Heutinck KM, Raabe R, Minnee RC, Young S La, Van
Donselaar-Van Der Pant KA, et al. Human cytomegalovirus induces systemic
immune activation characterized by a type 1 cytokine signature. J Infect Dis.
2010;202(5):690-9.

[36] Barret, L, Fudge, S, Heath, J., Grant M. Cytomegalovirus Immunity and
Exhaustive CD8+ T cell Proliferation in Treated Human Immunodeficiency Virus
Infection. Clinical Infectious Diseases, 62, 11, 1 June 2016, Pages 1467-1468.

[37] Roberts ET, Haan MN, Dowd JB, Aiello AE. Cytomegalovirus antibody levels,
inflammation, and mortality among elderly latinos over 9 years of follow-up. Am
J Epidemiol. 2010;172(4):363—-71.

[38] Wang GC, Kao WHL, Murakami P, Xue QL, Chiou RB, Detrick B, et al.
Cytomegalovirus infection and the risk of mortality and frailty in older women: A
prospective observational cohort study. Am J Epidemiol. 2010;171(10):1144—
52.

[39] Vescovini R, Biasini C, Telera AR, Basaglia M, Stella A, Magalini F, et al.
Intense Antiextracellular Adaptive Immune Response to Human Cytomegalovirus
in Very Old Subjects with Impaired Health and Cognitive and Functional Status.
J Immunol. 2010;184(6):3242-9.

[40] Pera A, Campos C, Corona A, Sanchez-Correa B, Tarazona R, Larbi A, et
al. CMV latent infection improves CD8+ T response to SEB due to expansion of
polyfunctional CD57+ cells in young individuals. PLoS One. 2014;9(2):1-7.



21

[41] Pera A, Vasudev A, Tan C, Kared H, Solana R, Larbi A. CMV induces
expansion of highly polyfunctional CD4 + T cell subset coexpressing CD57 and
CD154 . J Leukoc Biol. 2017;101(2):555—66.

[42] Precopio ML, Betts MR, Parrino J, Price DA, Gostick E, Ambrozak DR, et al.
Immunization with vaccinia virus induces polyfunctional and phenotypically
distinctive CD8+ T cell responses. J Exp Med. 2007;204(6):1405-16.

[43] Rocha CLH weber; lagares; C. Subclinical Cytomegalovirus Infection Is
Associated with Altered Host Immunity, Gut Microbiota, and Vaccine Responses.
J Virol. 2018;92(13):1-18.

[44] Furman D, Jojic V, Sharma S, Shen-Orr S, Angel CJL, Onengut-Gumuscu
S, et al. Cytomegalovirus infection improves immune responses to influenza. Sci
Trans!| Med. 2015;7(281):1-22.

[45] Zheng M, Gao Y, Wang G, Song G, Liu S, Sun D, et al. Functional exhaustion
of antiviral lymphocytes in COVID-19 patients. Cell Mol Immunol [Internet].
2020;17(5):533-5. Disponivel em: http://dx.doi.org/10.1038/s41423-020-0402-2

[46] WHO. WHO Coronavirus (COVID-19) Dashboard. WHO Coronavirus
(COVID-19) Dashboard With Vaccination Data [Internet]. WHO. 2023. Disponivel
em: https://covid19.who.int/

[47] Dardes D. et al. A Case of Coinfection with SARS-COV-2 and
Cytomegalovirus in the Era of COVID-19. European Journal of Case Reports
in Internal Medicine. [s.I: s.n.]. DOI: Doi: 10.12890/2020_001652 -.

[48] Le Balc’h, P; Pinceaux, K; Pronier, C; Seguin, P; Tadié, J; Reizine, F. Herpes
simplex virus and cytomegalovirus reactivations among severe COVID-19
patients. Critical Care, [S. I.], v. 24, n. 1, p. 1-3, 2020. DOI: 10.1186/s13054-
020-03252-3.



22

[49] Moss P. The ancient and the new": Is there an interaction between
cytomegalovirus and SARS-CoV-2 infection? Immunity and Ageing, [S. |], v.
17,n.1, p. 1-6, 2020. DOI: 10.1186/s12979-020-00185-x.

[50] Safiabadi Tali SH, LeBlanc JJ, Sadiq Z, Oyewunmi OD, Camargo C, Nikpour
B, Armanfard N, Sagan SM, Jahanshahi-Anbuhi S. Tools and Techniques for
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)/COVID-19
Detection. Clin Microbiol Rev. 2021 May 12;34(3):e00228-20. doi:
10.1128/CMR.00228-20. PMID: 33980687; PMCID: PMC8142517.

[51] Salimi S, Hamlyn JM. COVID-19 and Crosstalk With the Hallmarks of Aging.
Journals Gerontol Ser A. 2020;XX(Xx):1-8.

[52] Brodin P. Immune determinants of COVID-19 disease presentation and
severity. Nat Med [Internet]. 2021;27(1):28-33. Available from:
http://dx.doi.org/10.1038/s41591-020-01202-8

[53] Tay MZ, Poh CM, Rénia L, MacAry PA, Ng LFP. The trinity of COVID-19:

immunity, inflammation and intervention. Nat Rev Immunol. 2020;20(6):363—74.

[54] Gabriella M, Annalisa C. SARS-Cov-2 infection: Response of human immune
system and possible implications for the rapid test and treatment. Int

Immunopharmacol. 2020;84.

[55] Guan W, Ni Z, Hu Y, Liang W, Ou C, He J, et al. Clinical characteristics of
coronavirus disease 2019 in China. N Engl J Med. 2020;382(18):1708-20.

[56] Mallapaty S. How sewage could reveal true scale of coronavirus outbreak.
Nature. 2020 Apr;580(7802):176-177. doi: 10.1038/d41586-020-00973-x. PMID:
32246117.

[57] Simonnet A, Engelmann |, Moreau A, Garcia B, Six S, Kalioubie A El. High

incidence of Epstein—Barr virus, cytomegalovirus, and human-herpes virus-6



23

reactivations in critically ill patients with COVID-19. Infect Dis Now. 2021;296—
299 6/34.

[58] Gatto I, Biagioni E, Coloretti I, Farinelli C, Avoni C, Caciagli V, Busani S, Sarti
M, et al. Cytomegalovirus blood reactivation in COVID-19 critically ill patients: risk
factors and impact on mortality. Intensive Care Med. 2022 Jun;48(6):706-713.
doi: 10.1007/s00134-022-06716-y. Epub 2022 May 18. PMID: 35583676;
PMCID: PMC9116062.

[59] Weber S, Kehl V, Erber J, Wagner Kl, Jetzlsperger AM, Burrell T,et al. CMV
seropositivity is a potential novel risk factor for severe COVID-19 in non-geriatric
patients. PL0S One. 2022 May 25;17(5):e0268530. doi:
10.1371/journal.pone.0268530. PMID: 35613127; PMCID: PMC9132318.

[60] Im JH, Lee J-S, Kwon HY, Chung M-H, Baek J. Epstein—Barr Virus and
Cytomegalovirus Reactivation in Patients with COVID-19. Res Sq. 2020;

[61] Siddiqui SS, Chatterjee S, Yadav A, Rai N, Agrawal A, Gurjar M, et al.
Cytomegalovirus Coinfection in Critically lll Patients with Novel Coronavirus-2019
Disease: Pathogens or Spectators? Indian J Crit Care Med 2022;26(3):376—380

[62] Reddehase MJ, Lemmermann NAW. Mouse Model of Cytomegalovirus
Disease and Immunotherapy in the Immunocompromised Host: Predictions for
Medical Translation that Survived the "Test of Time". Viruses. 2018 Dec
6;10(12):693. doi: 10.3390/v10120693. PMID: 30563202; PMCID: PMC6315540.

[63] Zheng J, Wong LR, Li K, Verma AK, Ortiz ME, Wohlford-Lenane C, Leidinger
MR, Knudson CM, Meyerholz DK, McCray PB Jr, Perlman S. COVID-19
treatments and pathogenesis including anosmia in K18-hACE2 mice. Nature.
2021 Jan;589(7843):603-607. doi: 10.1038/s41586-020-2943-z. Epub 2020 Nov
9. PMID: 33166988; PMCID: PMC7855185.



24

[64] Perlman S, McCray P. B6.Cg-Tg(K18-ACE2)2Primn/J. The Jackson
Laboratory. Acessado em 2023. Disponivel em:

https://www.jax.org/strain/034860



25

3 PERGUNTA DE PESQUISA

e Existe relacdo entre a resposta imune ao CMV e a resposta imune ao

SARS-CoV-2 em individuos infectados por ambos 0s virus?

3.1 JUSTIFICATIVA

Os estudos que associam piores prognésticos de COVID-19 a
coinfeccdes virais ressaltam a necessidade de investigar se ha um impacto de
infecgdes persistentes na resposta imune celular e humoral contra o SARS-CoV-
2. Os resultados dessas investigacfes podem ser Uteis no desenvolvimento de
estratégias para tratamento e resolucdo da COVID-19 com menor prejuizo a

saude dos individuos acometidos.
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4. OBJETIVOS

e Investigar associacdoes entre as respostas imunes CMV-especifica e
SARS-CoV-2-especifica.

4.1 OBJETIVOS ESPECIFICOS

e Determinar o titulo de anticorpos anti-CMV em individuos com graus leve
e grave de COVID-19;

e Investigar frequéncia e fendtipo de células T CD4+ e CD8+ CMV- ou
SARS-CoV-2-especificas;

e Analisar as citocinas séricas representativas de perfis Thl, Th2 ou Th17
dos pacientes;

e Investigar possiveis correlacdes entre os parametros analisados.
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5. ARTIGOS CIENTIFICOS

Este trabalho gerou a publicagédo de um artigo original intitulado “A high CMV-
specific T cell response associates with SARS-CoV-2-specific IL-17 T cell
production” (DOI: https://doi.org/10.1007/s00430-022-00758-1), publicada na
revista Medical Microbiology and Immunology, cujo fator de impacto é 4.148

(2021) e possui qualis A3.
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Abstract

Human cytomegalovirus (CMV) is a widespread persistent herpes virus requiring lifelong immune surveillance to maintain
latency. Such long-term interactions with the immune system may be associated with deleterious effects including immune
exhaustion and senescence. Regarding the COVID-19 pandemic, we asked whether CM V-specific cellular and humoral activ-
ity could influence immune responses toward SARS-CoV-2 and/or disease severity. All adults with mild (n=15) and severe
(n=14) COVID-19 were seropositive for anti-CMV IgG, but negative for IgM antibodies. Antibody titers did not correlate
with COVID-19 severity. Six patients presented elevated frequencies of CMV-specific CD4 + and CD8 + T cells producing
IFNy, IL-17, and TNFa, designated as CMV high responders (hiT CMV). In comparison to low CMYV responders, hiT CMV
individuals exhibited higher frequencies of SARS-CoV-2-specific CD4 +IL-17 +and CD8 + IFNy +, IL-17 4+ or TNFa+ T
cells. These results indicate that high frequencies of CMV-specific T cells may be associated with a SARS-CoV-2-reactive
profile skewed toward Th17-dominated immunity.
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Introduction

Human cytomegalovirus (CMV) belongs to the Herpesviri-
dae family causing persistent latent infection in immuno-
competent individuals. After primary infection, the host may
experience several episodes of reinfection or reactivation, as
the virus persists in a latent phase in hematopoietic progeni-
tors and cells within the myeloid lineage [1]. Cytomegalovi-
rus represents one of the most common infections globally,
with a prevalence ranging from 50 to 95% depending on age
and socioeconomic status [2]. Studies from Southern Bra-
zil [3-5] show an 88-98% IgG prevalence in adults below
55 years old, and 100% in older individuals, with anti-CMV
IgM present in 2.4% of the adult population, most of them
under 35 years old and probably representing new infec-
tions [5].

The chronic interaction of CMV with the immune system,
necessary for maintaining latency and preventing pathol-
ogy, may eventually be associated with deleterious effects
reflecting immune exhaustion and senescence, especially
in the elderly [6-8], while in CMV-positive young people

@ Springer

and adults, the presence of highly differentiated and sensi-
tized T cells is potentially an immunological advantage for
responses against other pathogens [9-12]. We asked whether
the severity of SARS-CoV-2 disease, which has pathological
mechanisms associated with severe acute respiratory syn-
drome that include dysfunctional and exacerbated immune
responses [13], was associated with the immune response
to CMV infection. We found that, although anti-CMV IgG
titers did not correlate with COVID-19 severity, high fre-
quencies of CMV-specific CD4 +and CD8 +T cells were
associated with elevated levels of SARS-CoV-2-specific
IL-17-producing CD4 + and CD8 + T cells. This suggests
that CMV may skew the anti-SARS-CoV-2 activity toward
an immune phenotype polarized to a Th17 type of response
which could influence inflammation and the course of
disease.
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Methods
Patients

This is a case—control study focused on the analysis of CMV
humoral and cellular immune responses in mild and severe
COVID-19 patients. A convenience sample of COVID-19
patients was obtained from Moinhos de Vento and Rest-
inga Extremo Sul hospitals, located in Porto Alegre, Brazil.
Adults with confirmed SARS-CoV-2 positivity that arrived
at either hospital were invited to participate in the study.
Participants included were recruited from June to Decem-
ber 2020, all > 18 years of age who presented with cough
and/or axillary temperature above 37.8 °C and/or sore
throat, and who were hospitalized, in emergency rooms or
outside health units. Nasopharyngeal and oropharyngeal
swabs were collected to confirm the COVID-19 diagno-
sis. Clinical and demographic data were collected at inclu-
sion. Disease severity was obtained according to the World
Health Organization classification following a standardized
protocol [14]: severe COVID-19 patients were classified
based on oxygen saturation < 90% in room air, with signs
of severe respiratory distress and pneumonia. Mild disease
was defined by the absence of any of the criteria above for
severe COVID-19. The study was conducted according to
the Declaration of Helsinki. This study was approved by the
Institutional Review Board (IRB 30,749,720.4.1001.5330)
at Hospital Moinhos de Vento and Ethics Committee from
Fundacio Faculdade Federal de Ciéncias Médicas de Porto
Alegre (CEP-UFCSPA) (CAAE 30,749,720.4.3001.5345).
Informed consent was obtained from all participants or legal
guardians.

SARS-CoV-2 RT-qPCR

A qualitative RT-PCR assay to SARS-CoV-2 was performed
for all participants as detailed in our previous work [15]:
bilateral nasopharyngeal and oropharyngeal swabs were col-
lected and transported in medium with saline solution and
RNAlater®, RNA Stabilization Solution (Catalog number
AM7021, Invitrogen™). For RNA extraction, MagMax™
Viral/Pathogenic Nucleic Acid Isolation Kit (Applied Bio-
systems) was used in the KingFisher Duo Prime System
(ThermoFisher, USA) automated platform. The RT-PCR
assay was performed in a 10 pL total reaction, using Path™
1-Step RT-qPCR Master Mix, CG (catalog number A15299,
AppliedBiosystems), and TagMan™ 2019-nCoV Assay Kit
vl (catalog number A47532, AppliedBiosystems). As con-
trol, 5pL (200 copies/pL) of the TagMan™ 2019-nCoV
Control Kit v1 (catalog number A47533, AppliedBiosys-
tems) was used. QuantStudio 5 (ThermoFisher Scientific,
USA) was applied to perform the PCR.

ELISA

IgG and IgM antibodies for CMV and IgG and IgA for
SARS-CoV-2 S-RBD (Spike-Receptor Binding Domain)
and N (Nucleocapsid) peptides were analyzed. Heat-Inac-
tivated (56 °C for 60 min) plasma samples from the study
participants were used in the assay.

Anti-CMV antibodies were tested using commercial kits
provided by BioClin (Brazil). Qualitative IgM determina-
tion was performed by enzyme immunoassay (Biolisa CMV
IgM, K123—BioClin). Positive results were defined by
absorbance greater than the cut-off calibrator. For IgG, we
performed a quantitative determination (Biolisa CMV IgG,
K122—BioClin). To quantify the sample absorbances as
IU/mL (International Units per mL), five reference standard
solutions containing IgG anti-CMV antibodies in different
concentrations were used in the assay, and a concentration
curve was obtained from each absorbance and known IgG
(in IU/mL). Samples’ absorbances were converted to 1U/
mL based on the assay concentration curve. Negative and
positive controls from the kits were used in the assays to
confirm test accuracy.

For anti-S-RBD and anti-N IgG and IgA, we followed our
previous study protocol [15]. Briefly, ELISA plates (Kasvi,
Brazil) were coated overnight with 1 pg/mL of SARS-CoV-2
Spike Protein (S-RBD; Catalog nr. RP-87678, Invitrogen) or
N peptide (Fiocruz, Brazil). Next, blocking buffer was added
for 1 h at room temperature. Samples were serially diluted in
0.05% PBS-Tween 20 (milk 1%) starting at 1:25 and incu-
bated for 2 h at 37 °C. Secondary antibodies diluted in 0.05%
PBS-Tween were then added and plates were incubated for
1 h at room temperature. Anti-human peroxidase produced
in rabbits (Catalog nr. IC-1HO1—Rhea Biotec, Brazil) was
used for IgG, and anti-human peroxidase produced in goat
(Catalog nr. A18781—Invitrogen, USA) was used for IgA,
both at a 1:10,000 dilution. The assay was developed with
TMB Elisa Substrate—High Sensitivity (Abcam, United
Kingdom) for 30 min, and 1 M chloric acid was added to
stop the reaction. An ELISA reader (Biochrom EZ 400) was
used to measure anti-CMV and anti-SARS-CoV-2 antibodies
with a 450 nm O.D. To calculate the area under the curve
(AUC), a baseline of 0.07 was applied [16].

PBMC Isolation

Blood samples were collected in EDTA tubes and stored at
room temperature. PBMCs were isolated by density gradi-
ent centrifugation, using Ficoll™ PLUS (GE Healthcare®).
Cells were resuspended in Fetal Bovine Serum (FBS) with
5% DMSO and stored in liquid nitrogen until analysis.
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Table 1 Patient’s baseline and COVID-19 related data

Mild Severe p-value
N 15 14
Age, mean + SD 38.8+12.6 53.6+179 0.02 (*)
Female, n (%) 9 (60) 8(57.1) >0.99
Racial/ Ethnic group
Caucasian, n (%) 12 (80) 9 (64.3) 0.43
Black, n (%) 2(13.3) 1(7.1) >0.99
Other/ Not Reported, n (%) 1 (6.7) 4 (28.6) 0.17

Symptoms
Days of symptoms until
blood collection, median

(IQR)

17 (15-22) 10.5(7-14.7) 0.05 (*)

Fever, n (%) 11(73.3) 11(78.6) >0.99
Dyspnea, n (%) 7 46.7) 9 (64.3) 0.46
Comorbidities, n (%) 2(13.3) 9 (64.3) 0.008 (**)
Asthma, n (%) 1(6.7) 2(14.3) 0.6
Hypertension, n (%) 1(6.7) 5(35.7) 0.08
Congenital heart disease, 0(0) 1(7.1) 0.5

n (%)
COPD, n (%) 0 (0) 3(21.4) 0.1
DM 1,2, n (%) 1(6.7) 3(21.4) 0.33
Prior Stroke, n (%) 0(0) 1(7.1) 0.48
Heart Failure, n (%) 0(0) 1(7.1) 0.48
Obesity, n (%) 0 (0) 1(7.1) 0.48

Demographic and COVID-19-related data from the study sample.
Age was analyzed by unpaired T-test with Welch’s correction and
anti-CMV IgG and days of symptoms were analyzed by unpaired
Mann-Whitney test. Fisher's exact test was used to compare propor-
tions of racial groups, comorbidities, and symptoms between groups,
with p values <0.05 (*), <0.01 (**) and <0.001 (***). Abbreviations:
COPD: Chronic Obstructive Pulmonary Disease; DM 1, 2: Type 1, 2
Diabetes Mellitus; NR Not Reported

T cell In vitro simulation

After thawing, PBMCs were counted and viability was eval-
uated, with subsequent plating in 96-well plates at 3 x 10°
PBMCs per well in 100 pL of RPMI-1640 medium (Sigma-
Aldrich—R8758) supplemented with fetal bovine serum
(10%) and antibiotics (100 IU penicillin/mL, 100 pg strepto-
mycin/mL and 2 mM L-glutamine (Lonza, Belgium)). Cells
were stimulated with a CMV mega pool (2 pg/mL, com-
posed of 42 peptides from cytomegalovirus, including pp50,
pp65, IE1, IE2, and envelope glycoprotein B—Mabtech,
Sweden) or 1 pg/mL of peptide PepTivator SARS-CoV-2
Prot S (130-126-700—Miiltenyi Biotec, Germany), PepTi-
vator SARS-CoV-2 Prot N (130-126-698—Miltenyi Biotec,
Germany) or PepTivator SARS-CoV-2 Prot M (130-126-
702—Miltenyi Biotec, Germany). PMA (50 ng/mL, Sigma,
USA) plus ionomycin (1 pg/mL, Cayman chemical com-
pany, USA) and DMSO were used as positive and negative
controls, respectively. Plates were incubated at 37 °C/5%
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CO, for 18 h. Three hours before harvesting the cells, 1 pg/
ml of Golgi Plug (BD Biosciences, USA) was added to each
well. Cells were labeled and analyzed by flow cytometry to
establish their phenotypes as follows.

CD4 + and CD8 + immunophenotyping

Cells were labeled with BD Horizon™ Fixable Viability
Stain 510 for viability, and then with surface marker antibod-
ies: anti-CD3-PE-Cy7 (clone SK7), anti-CD4-PerCP-Cy5.5
(clone RPA-T4), and anti-CD8-APC-H7 (clone SK1). For
intracellular cytokine labeling, cells were first stained with
surface markers, and then fixed, and permeabilized with
Cytofix/Cytoperm kit (BD Biosciences-Pharmingen, USA).
They were then stained with anti-IFNy-FITC (clone 45.B3),
anti-TNFa-APC (clone MAb11), and anti-IL-17-PE (clone
SCPL1362) antibodies. For surface antibody staining, incu-
bation was for 30 min at room temperature in the dark. For
intracellular antibodies, the interval was 40 min at 2-8 °C.
Samples were analyzed using BD Biosciences—FACSCanto
ITand FlowJo 10.7.1 software. CMV- and SARS-CoV-2-spe-
cific CD4 +and CD8 +cells are represented as frequencies
of viable PBMCs.

Serum cytokine measurements

IFN-y, TNF, IL-4, IL-6, IL-10, and IL-17A concentrations
in inactivated serum were analyzed with a commercial BD
CBA Human Th1/Th2/Th17 cytokines kit (cat 560,484, BD
Inc., USA), as described in our previous work [15]. Briefly, a
mixture of capture beads coated with capture antibodies spe-
cific for each cytokine and a phycoerythrin (PE) detection
reagent were used according to the manufacturer’s instruc-
tion. Then, samples were measured on the BD FACS Canto
II flow cytometer and analyzed by FCAP Array software 3.0.
Individual cytokine concentrations were indicated by their
fluorescent intensities and represented in pg/mL.

Statistical analysis

The Shapiro Wilk test was used to determine normal dis-
tribution of results. For age, mean + standard deviation was
considered, and an unpaired T-test with Welch’s correction
was applied. Fisher’s exact test was used to calculate propor-
tions between groups. For anti-CMV IgG, days of symptoms
until blood collection and CD4 + and CD8 + specific T cell
frequencies, median + interquartile range was considered. A
nonparametric two-tailed Mann Whitney test was used for
comparison between two groups and the Kruskal-Wallis test
for comparisons between more than two groups. Spearman r
was used for correlations between variables (corrplot pack-
age in R). Statistical analysis was conducted in GraphPad
Prism 9.0 and R 4.1.
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Results

As shown in Table 1, severe COVID-19 patients were signif-
icantly older than mild patients (53.6 +17.9 vs 38.8 +12.6,
p <0.05), in addition to having a higher proportion of
comorbidities (9 (64.3%) vs 2 (13.3%), p<0.001) such as
hypertension, congenital heart disease, chronic obstructive
pulmonary disease (COPD), Diabetes Mellitus 1 or 2, prior
stroke, heart failure, and obesity. These results align with
previous studies that attribute comorbidities as a risk factor
for the severity of COVID-19 [17, 18].

To investigate cytomegalovirus prevalence in mild and
severe COVID-19 patients, we evaluated anti-CMV IgG and
IgM positivity to determine the presence of primary infec-
tion (IgM +), latency (IgG +), or reactivation cases (IgM +,
IgG +) in our sample. While none of the patients with con-
firmed COVID-19 was CMV IgM-seropositive (Fig. 1A), all
were [gG-seropositive. No significant difference in IgG titers
was found according to the severity of the disease (Fig. 1B).

The wide range of anti-CMYV IgG titers in severe COVID-
19 patients (18.4 IU/mL (2.8-39.5)) might be attributable
to age variation in this group (53.6 + 17.9 years). Based on
studies that showed associations between anti-CMV 1gG
titers and age [19], we separated severe patients by anti-
CMYV IgG quartiles and found that individuals with higher
IgG titers indeed tended to be older (Fig. 1C). We also
assessed the proportion of comorbidities in each anti-CMV
IgG quartile and observed that six of the nine severe patients
with comorbidities (66.7%) were concentrated in the third
and fourth quartiles, whereas four of the five individuals
with no comorbidities (80%) belonged to the first and sec-
ond IgG quartiles. In contrast, neither age nor the presence
of comorbidities correlated with anti-CMV IgG titers in
patients with mild COVID-19.

‘We then asked if CMV-specific T responses were dif-
ferent in COVID-19 patients according to disease severity.
‘We assessed the frequencies of CD4 +and CD8 + CMV
peptide-specific T cells by the production of IFNy, IL-17,
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«Fig.2 A Gate strategy for T cell responses after stimulation with
CMV peptides. The same gates were applied for SARS-CoV-2
peptides and controls. Each panel depicts how peptide-specific
CD4+and CD8+T cells were selected: viable PBMCs were isolated
through size and complexity (FSC-A, SSC-A) together with BD Hori-
zon™ Fixable Viability Stain 510. Anti-CD3 stained cells were then
selected to isolate only lymphocytes that were positive for anti-CD4
or anti-CD8 with the respective cytokines (IFNy, IL-17 or TNFuw).
B-G Frequencies of CMV-specific CD4+ and CD8+ T cells in mild
(n=15) and severe (n=14) COVID-19 patients. T responses repre-
sented in frequencies of parent: B CD4 + IFNy +, (C) CD4+IL-17+,
D CD4+TNFa+, E CD8+IFNy+, F CD8+IL-17+, and G
CD8+ TNFu +, after stimulation with CMV peptides. Bars represent
median with interquartile range, and dots represent each patient. Six
individuals from mild (1, 2, 3) and severe (4, 5, 6) groups exhibited
frequency of cells above the third quartile for at least 5 of the 6 sub-
populations analyzed. Statistical analysis by Mann—Whitney test. with
p values <0.05 (*), <0.01 (*¥) and < 0.001 (¥*¥*)

and TNFa by flow cytometry (gating strategy presented in
Fig. 2A). Despite the lack of difference in terms of sever-
ity of disease, a group of CMV responders [patients’ num-
ber 1 to 6 (Fig. 2B-G)], exhibited frequencies of CMV-
specific cells above the third quartile for at least five of
the six subpopulations analyzed (CD4 +IFNy+ > 1.1%;
CD4 +IL17+ >4.9%; CD4 + TNFa + > 1.83%;
CD8 +IFNy + > 1.75%; CD8 +IL-17+ > 1.57%;
CD8 +TNFo+ > 3.9%). Figure 3 shows that, overall, CMV-
specific T responses had significant correlations with each
other, in contrast to the absence of association with anti-
CMV IgG titers.

By separating this group of CMV high T responders
(designated “hiT CMV”) from those with lower levels of
response (“loT CMV™), we investigated SARS-CoV-2-spe-
cific CD4 + and CD8 + cells in both groups following stimu-
lation of PBMCs with Spike (S), Membrane protein (M) or
Nucleocapsid (N) peptides. We matched baseline character-
istics between hiT and 16T CMV groups for further analysis.
Mean age of the hiT CMV group (n=6) was 46+ 9.4 years,
similar to 48 + 19.2 years of the 1oT CMV group (n=10).
Three patients (50%) in the hiT group and 5 (50%) in the
loT CMV group presented with one or more comorbidities.
The number of symptomatic days prior to blood collection
was 13 (10.5-20.2) for the hiT patients and 10.5 (3.5-16.2)
for the 10T group.

hiT CMV individuals showed an increase in the fre-
quencies of SARS-CoV-2-specific CD4 +1L-17 +,
CD8+1IL-17+, CD8 + TNFa+, and CD8 + IFNy + cells
(Fig. 4B-G), whereas loT CMV showed elevated
CD4 + TNFua + frequencies for all three peptides analyzed
(Supplementary Table 1). A comparison of the proportions
of SARS-CoV-2-specific cytokine production between hiT
and loT CMYV individuals revealed that S- and N-specific
CD4 + and CD8 + profiles were skewed to a Th17 type
response in the hiT CMV group, with predominant IL-
17-producing cells and an absence of CD4 + TNFa + cells

(Fig. 4H). PBMCs stimulated with M peptide showed a less
skewed response profile in the hiT CMV group. Thus, unlike
the polarized Th17 profile stimulated by S and N peptides in
hiT CMV responders, an overall more diversified phenotype
of response was observed in the 16T CMV individuals.

We then investigated possible associations between
responses against the two viruses in CMV high and low T
responders. Figure SA-B shows that anti-CMV IgG cor-
related positively with anti-RBD IgG and anti-N IgA anti-
bodies in hiT CMYV, but not loT CMV individuals. In the
hiT CMV group, anti-RBD IgG levels, but not [gA, corre-
lated positively with all other anti-SARS-CoV-2 antibodies
assayed. Anti-S-RBD and anti-N IgG were positively cor-
related with anti-N IgA in the loT CMV group.

Next, we asked if the frequency of CMV-spe-
cific T cells producing IFNy, IL-17, or TNFa corre-
lated with SARS-CoV-2-specific responses. Figure 5C
shows that, in the hiT CMV group, both CD8 + and
CD4 + IFNy +responses to CMV positively correlated
with anti-SARS-CoV-2 IFNy + responses, while only
CMV-specific CD4 + IL-17 + consistently correlated posi-
tively with IL-17 + anti-SARS-CoV-2 responses; anti-
CMYV CD8 +IL-17 +, instead, negatively correlated with
IL-17 + anti-SARS-CoV-2 responses. Correlations of
CMV-specific CD4 4+ TNFa + cells were also mostly posi-
tive between them and anti-SARS-CoV-2 TNFa+, except
for CD8 4+ TNFu + cells and anti-M TNFuo + cells (both
CD4 +and CD8 +, Fig. SE). For the 1oT CMV group, these
patterns were not observed (Fig. 5D).

Finally, considering the elevated frequency of IL-17
responses in the hiT CMYV individuals, we analyzed Thl
(IFNy, TNFa), Th2 (IL-4, IL-10) and Th17 (IL-6, IL-17)
cytokines in the patients’ serum to investigate if there were
systemic implications related to the Th17 skewed profile
observed. As shown in Fig. 6A-F, we found no differences
in the concentration of these cytokines between hiT and
1oT CMV groups. However, their profile, or proportion,
was unique for each group: hiT CMV individuals exhibited
more IL-17 and IL-6 than any other cytokine, whereas the
1oT CMV group presented an IL-6 and IL-10 enriched state
(Fig. 6G). This distinct IL-17 predominance corroborates
our findings regarding the peptide-specific T cell responses
with a Th17 polarized profile in the hiT CMV group.

The balance of Th1/Th2/Th17 serum cytokines was
analyzed through a matrix correlation in each group. Fig-
ure 6H-I shows that the 16T CMV group exhibited strong
positive correlations between Th1, Th2 and Th17 cytokines,
suggesting a balance between pro and anti-inflammatory
responses during COVID-19. On the other hand, hiT CMV
individuals did not show the same equilibrated profile, with
negative correlations between Th2 (IL-4) with Thl (IFNy
and TNFa) cytokines.
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Fig.3 Correlation matrix
between anti-CMV IgG titer
and CMV-specific CD4 + and
CD8+T cell frequencies in
COVID-19 patients (n=29).

19G | CMV

Anti-CMV IgG titers presented
in IU/mL and T responses in
frequencies of parent. Circle
size and color intensity indicate
the strength of correlation by
Spearman r (bigger and darker
circles denote stronger associa-
tions), and colors depict positive
(blue) or negative (red) correla-
tions, with p<0.05 (*),<0.01
(¥*) and <0.001 (**¥)

Altogether, these data indicate that the predominant
CD4 +IL-17 +frequencies toward CMV and SARS-CoV-2
may have systemic implications, including a higher propor-
tion of serum IL-17A compared to other cytokines, and an
imbalance of Thl, Th2 and Th17 immune profiles during
infection.

Discussion

Since the SARS-CoV-2 outbreak, countless efforts have
been made to investigate and understand risk factors related
to a worse COVID-19 prognosis. The phenomena of cyto-
megalovirus reactivation in COVID-19 patients, in addi-
tion to longer ICU stay and lower chances of convalescence
[20-26], highlight how important it is to study the impact of
CMV infection and latency in the immune defense against
SARS-CoV-2.

Given the mean age of our sample ranging from 20 to
81 years (45.9 £ 16.8 years), the absolute positivity rate
for IgG showed the expected CMV prevalence in South-
ern Brazil [3-5]. We found that, despite the high prevalence
of anti-CMV IgG, which indicates previous infection and
latency (IgG +and IgM-), antibody titers did not corre-
late with severity of COVID-19 or humoral responses to
SARS-CoV-2. Additionally, age and comorbidities did not
significantly correlate with anti-CMV IgG titers in severe
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COVID-19 patients. This was perhaps unexpected given
published studies showing associations between high titers
of IgG to cytomegalovirus with disease progression and
mortality in COPD [27, 28], hypertension [29], and cardio-
vascular diseases [30], which have all been identified as risk
factors for COVID-19 severity [31].

We also found that CMV-specific T cell responses were
not associated with COVID-19 clinical course. Strikingly,
in the individuals with higher CMV-specific T responses,
CD4 +and CD8 +immune profiles following Spike and
Nucleocapsid stimulation in vitro were polarized toward
a Th17-type of response, in contrast to more heterogene-
ous proportions of Thl and Th17 cytokines in loT CMV
individuals. Immune responses orchestrated by IL-17 are
commonly associated with defense against extracellular
fungi and bacteria through the recruitment of neutrophils
and mononuclear phagocyte activation [32, 33]. Th17-dom-
inated immunity is not the most effective type of response
against viruses, which is associated with type 1 immunity
and IFNy production [34]. This agrees with recent studies
that show IL-17 as a dysfunctional type of response against
SARS-CoV-2, responsible for so-called “immune misfiring”
[35], and associated with a worse prognosis of the disease,
including mortality [36, 37]. Nevertheless, we could not
confirm a relationship between the Th17 phenotype dis-
played by hiT CMV individuals and disease severity. It is
possible that the “immune misfiring” is not as obvious as
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death or hospitalization—in the sense that infection seems to
leave long-lasting symptoms, often neurological—and thus
worth following up. In this context, the Th17 immune profile
uncovered in this study, in association with CMV infection,

might be implicated in the disease’s recovery process and
incidence of inflammatory injury.

The mechanism responsible for the Th17 unbalanced
response during COVID-19 is unclear. Hasan et al. [38]
suggested that in some individuals, SARS-CoV-2 infection
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initiates a predominant [L-17-enriched chemokine tran-
scriptional response while producing a low to moder-
ate antiviral response by impairing interferon regulatory
factors. The elevated frequency of SARS-CoV-2-spe-
cific CD4 +IL-17 +cells, in addition to an absence of
CD4 + TNFa +response in the hiT CMYV group, also points
to a polarized T helper cell profile with predominant Th17-
mediated activity. In line with this, Mason and colleagues
[50] investigated the CMV secretome during latency and
found an elevated production of chemokine ligand (CCL)8,
responsible for the recruitment of CD4 + T cells, and, more
importantly, a downregulation of CMV-specific IFNy +and
TNFa+CD4 + T cells, proposing it as a virus strategy to
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inhibit antiviral effector functions of recruited T cells and
to skew it to a more favorable condition, as observed in our
study in the hiT CMYV individuals.

Also, because the development of Th17 cells during viral
infections correlates with high levels of IL-6 and trans-
forming growth factor-B (TGEp) [39, 40], the inflammatory
environment created by SARS-CoV-2 infection, marked by
IL-1B, IL-17A, IL-18, and IL-6 upregulation [41]. might be
a potential factor involved in the unbalanced immune profile
uncovered in the present study. The excess of SARS-CoV-
2-specific CD8 + IFNy, TNFa, and IL-17-producing cells
also highlight the exacerbated inflammatory state evidenced
in CMYV high responders. In fact, a recent study by Naendrup
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Fig.4 (continued) G
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and colleagues [42] found that most COVID-19 patients with
cytomegalovirus or EBV reactivations were under systemic
corticosteroid treatment due to a hyper inflammation state.

How anti-CMV T response could contribute or be related
to this process could not be confirmed in this study. Besides,
most existing research in this area focuses only on CMV
seropositivity and its impact on T cell senescence and dis-
ease severity [43, 44]. Jo et al. [44] found that putatively
senescent SARS-CoV-2-reactive CD8+ T cell populations
were higher in CMV-seropositive young individuals than in
seronegative ones, whereas Shrock et al. [43] observed that
CMV seropositivity correlated with the hospitalization rate
among COVID-19 patients. Our results suggest that CMV-
specific T responses can also be investigated as a marker of
immune polarization during SARS-CoV-2 infection.

Could pre-existing CMV-specific T cells be enhancing
pro-inflammatory immunity mounted against SARS-CoV-2?
Furman et al. [45] found that, upon influenza vaccination,
CMV-seropositive young adults presented an upregulated
immune function marked by elevated levels of IFNy and
increased CD8 + T cell sensitivity compared to CMV-seron-
egative individuals. Also, Barton et al. [46] showed in mice
that CMV infection can protect animals against lethal infec-
tion with certain other pathogens by a mechanism involving

prolonged production of cytokines and systemic activation
of macrophages, thereby upregulating the basal activation
state of innate immunity against subsequent infections.
Moreover, some studies suggest that viral latency caused
by Epstein-Barr (EBV) and CMV are responsible for a pro-
inflammatory polarization that reduces Th2 upregulation and
therefore decreases the incidence of allergies [47]. Thus,
CMV latency may modulate immune responses to other
antigens through a polarized cytokine environment. Another
possibility is that CMV-specific T cells could be just contrib-
uting to an already dysfunctional immune response against
SARS-CoV-2. Limaye and Boeckh [48] imply that, in the
context of other respiratory infections, cytomegalovirus can
prolong a pre-existing inflammatory environment through
the upregulation of cytokines and inflammatory mediators.
Finally, CMV-specific T cells could be cross-reacting with
SARS-CoV-2 epitopes and leading to the augmentation of
pro-inflammatory responses during infection. A preprint of
research from Weber et al. [49] detected T cell cross-reactiv-
ity to cytomegalovirus and SARS-CoV-2 epitopes, partially
explaining why individuals with a high frequency of CMV-
specific T cells also had an elevation of CD4 +IL-17 4+ and
CD8 +IFNy, IL-17 + and TNFa + responses specific to
SARS-CoV-2 peptides.
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Fig.5 Correlation matrices
between CMV- and SARS-
CoV-2-specific responses. A-B
anti-CMV IgG and anti-SARS-
CoV-2 (RBD or N-specific)
IgG and IgA correlation matrix
in (A) hiT CMV (n=6) and B
10T CMV (r=10) groups. C-D
Correlation between CMV-

and SARS-CoV-2-specific

T responses in C hiT CMV
(n=0), and D 1oT CMV (r=10)
groups. CD4 +and CDS8 + cells
represented in frequencies of
viable PBMCs. Circle size and
color intensity indicate the
strength of correlation by Spear-
man r (bigger and darker circles
denote stronger associations),
and colors exhibit positive
(blue) or negative (red) correla-
tions, with p <0.05 (¥),<0.01
(*%) and < 0.001 (***)
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More evidence is needed to understand the mechanistic Limitations

link between cytomegalovirus and SARS-CoV-2-specific
T cell responses. To the best of our knowledge, this is the
first study that focuses on anti-CMV humoral and cellular
immune activity and its associations with SARS-CoV-2 T
cell-specific immune profiles. Because we had no CMV-
negative patients, it is not possible to attribute causality
to the results obtained. Nonetheless, CMV-specific T cell
responses in COVID-19 patients could be implicated in an
immune polarization process during SARS-CoV-2 infection.

The sample size was relatively small and restricted to a Bra-
zilian cohort in this study, and it is not possible to confirm
that high T responses to cytomegalovirus are the cause of
SARS-CoV-2 immune dysregulation because all patients
were CMV IgG-seropositive. Because all data stem from
COVID-19 patients, it cannot be excluded that SARS-CoV-2
caused the different profiles of T cell responses to CMV.
Also, additional data with respect to CMV- and SARS-
CoV-2-specific Th2 cytokines in hiT CMV and 16T CMV
responders would give an important and comprehensive
insight into the effect of CMV in T cell response to SARS-
CoV-2. Due to the lack of differences between groups and an
overall low frequency observed, we also did not mention in
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