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RESUMO 
 

Medeiros GX. Avaliação da resposta imunológica contra SARS-CoV-2 em 
grupos de risco vacinados com CoronaVac [tese]. São Paulo: Faculdade de 
Medicina, Universidade de São Paulo; 2024. 

 
Neste trabalho, tivemos como objetivo avaliar a resposta de grupos 
vulneráveis à COVID-19, como idosos e pacientes com Imunodeficiência 
Comum Variável (ICV), vacinados com CoronaVac. Além da resposta ao 
regime inicial de 2doses, também foi avaliada a resposta ao reforço vacinal 
com a vacina de RNAm BNT162b2. Níveis de IgG anti-RBD e Spike de SARS-
CoV-2, IFN-γ e IL-2 após ensaio de liberação de citocinas induzido por 
antígeno, foram determinados por ELISA. Título de neutralização foram 
quantificados por teste de neutralização baseado em efeito citopático (CPE-
VNT) para os dois grupos. Na coorte de idosos, foram incluídos indivíduos 
vacinados com 2 doses de CoronaVac (N=101, dos quais 54% estão acima 
dos 55 anos), ou 2 CoronaVac + 1 BNT162b2 (N=31), convalescentes foram 
recrutados como controles positivos (N=72) e amostras pré-pandêmicas 
foram incluídas como controle negativo (N=36). Não foi observada diferença 
na produção de IFN-γ e IL-2 entre vacinados com 2 doses e convalescentes. 
Vacinados tiveram maior produção de IgG anti-RBD de SARS-CoV-2, 
entretanto convalescentes apresentaram maiores títulos de anticorpos 
neutralizantes. Foi observada uma correlação negativa significativa entre 
produção de citocinas e anticorpos e idade dos participantes. Mulheres e 
homens mais jovens apresentaram maior produção de IL-2 em relação aos 
participantes acima de 55 anos. Homens acima de 55 anos tiveram níveis de 
IgG anti-RBD diminuídos em comparação àqueles abaixo de 55 anos. 
Mulheres acima de 55 apresentaram menor produção de anticorpos 
neutralizantes em comparação às mais jovens. A terceira dose (BNT162b2) 
levou à um aumento significativo na produção de anticorpos específicos e 
neutralizantes. O aumento foi observado tanto em indivíduos acima quanto 
abaixo de 55 anos em relação à 2a dose. Na coorte de imunodeficiência, 
foram incluídos 26 pacientes com ICV vacinados com 2 doses de CoronaVac 
(N=14) ou ChAdOx1 (N=9) e vacinados com 2 CoronaVac + 1 BNT162b2 
(N=14). Indivíduos saudáveis vacinados com CoronaVac (N=60) e após 
reforço com BNT162b2 foram incluídos como controles (N=16). Pacientes ICV 
vacinados com 2 doses ChAdOx1 apresentaram maiores dos níveis de 
anticorpo anti-RBD e -S em relação aos vacinados com CoronaVac. 
Vacinados com ChAdOx1 foram os únicos a produzirem anticorpos 
neutralizantes contra as linhagens Wuhan, Delta e Gama. A resposta celular 
foi baixa independentemente da plataforma vacinal. O regime de 3 doses (2 
CoronaVac + 1 BNT162b2) induziu resposta imune menor do que 2 doses de 
ChAdOx1. A resposta vacinal de pacientes ICV foi menor do que a de 
indivíduos saudáveis. Nossos resultados indicam que idosos se beneficiaram 
da dose heteróloga de BNT162b2, porém a duração desta resposta deve ser 
avaliada em estudos longitudinais para garantir o calendário ótimo de doses 
adicionais para este grupo. Os pacientes ICV tiveram uma melhor resposta ao 
regime de duas doses de ChAdOx1 em comparação ao de 3 doses, sugerindo 



que aqueles inicialmente vacinados com CoronaVac podem não estar 
adequadamente protegidos contra a infecção por SARS-CoV-2 e suas 
complicações. 
 
Palavras-chave: COVID-19. Vacina. CoronaVac. BNT162b2. Idade. 
Imunodeficiência comum variável. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



ABSTRACT 
 
Medeiros, GX. Evaluation of immunological response Against SARS-CoV-2 in 
risk groups vaccinated with CoronaVac [thesis]. São Paulo: Faculdade de 
Medicina, Universidade de São Paulo; 2024. 
 
In this study, our objective was to evaluate the response of vulnerable groups 
to COVID-19, such as the elderly and patients with Common Variable 
Immunodeficiency (CVID), who were vaccinated with CoronaVac. In addition 
to the response to the initial 2-dose regimen, the response to booster 
vaccination with the mRNA vaccine BNT162b2 was also assessed. Levels of 
anti-RBD and Spike IgG antibodies against SARS-CoV-2, as well as IFN-γ and 
IL-2 levels after antigen-induced cytokine release assay, were determined by 
ELISA. Neutralization titers were quantified using a cytopathic effect-based 
neutralization test (CPE-VNT) for both groups. In the elderly cohort, individuals 
vaccinated with 2 doses of CoronaVac (N=101, of which 54% were above 55 
years old) or 2 CoronaVac + 1 BNT162b2 (N=31) were included. Convalescent 
individuals were recruited as positive controls (N=72), and pre-pandemic 
samples were included as negative controls (N=36). No difference was 
observed in the production of IFN-γ and IL-2 between individuals vaccinated 
with 2 doses and convalescent individuals. Vaccinated individuals had higher 
production of anti-RBD IgG antibodies against SARS-CoV-2; however, 
convalescent individuals exhibited higher titers of neutralizing antibodies. A 
significant negative correlation was observed between cytokine production and 
antibody levels, as well as the age of participants. Women and younger men 
showed higher IL-2 production compared to participants above 55 years old. 
Men above 55 years old had decreased levels of anti-RBD IgG compared to 
those below 55 years old. Neutralizing antibody titers were lower in women 
above 55 compared to younger women. The third dose (BNT162b2) led to a 
significant increase in the production of specific and neutralizing antibodies. 
This increase was observed in both individuals above and below 55 years old 
compared to the second dose. In the immunodeficiency cohort, 26 CVID 
patients vaccinated with 2 doses of CoronaVac (N=14) or ChAdOx1 (N=9) and 
2 CoronaVac + 1 BNT162b2 (N=14) were included. Healthy individuals 
vaccinated with CoronaVac (N=60) and boosted with BNT162b2 were included 
as controls (N=16). CVID patients vaccinated with 2 doses of ChAdOx1 
showed higher levels of anti-RBD and –S antibodies compared to those 
vaccinated with CoronaVac. Only individuals vaccinated with ChAdOx1 
produced neutralizing antibodies against the Wuhan, Delta, and Gamma 
variants. Cellular response was low regardless of the vaccine platform. The 
3-dose regimen (2 CoronaVac + 1 BNT162b2) induced a lower immune 
response than 2 doses of ChAdOx1. The vaccine response in CVID patients 
was lower than in healthy individuals. Our results indicate that the elderly 
benefited from the heterologous dose of BNT162b2; however, the duration of 
this response should be evaluated in longitudinal studies to ensure the optimal 
schedule for additional doses in this group. CVID patients had a better 
response to the two-dose regimen of ChAdOx1 compared to the 3-dose 
regimen, suggesting that those initially vaccinated with CoronaVac may 
not be adequately protected against SARS-CoV-2 infection and its 
complications. 



 
Keywords: COVID-19. Vaccine. CoronaVac. BNT162b2. Age. Common 
variable immunodeficiency. 
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1. Introdução 

 

A pandemia de COVID-19 teve início em dezembro de 2019 em Wuhan, na China, e 

rapidamente se espalhou por todos os continentes. Desde 2019, já houve mais 700 

milhões de casos e quase 7 milhões de mortes mundialmente, de acordo com a 

Organização Mundial de Saúde (OMS, 2023). A COVID-19 é causada pelo 

coronavírus da síndrome respiratória aguda grave 2 (SARS-CoV-2), identificado em 

janeiro de 2020 (WU, Fan et al., 2020). 

O SARS-CoV-2 pertence ao gênero Coronavirus, família Coronaviridae e à classe dos 

Betacoronavirus, caracterizada por vírus envelopados de RNA fita simples com 

genomas longos, contendo 28 a 34kb. Outros vírus da mesma família já foram 

responsáveis por epidemias de infecções respiratórias no passado, como o SARS-

CoV e MERS-CoV, em 2002 e 2012 respectivamente, e outros são responsáveis 

pelos resfriados sazonais, como OC43, HKU-1, 293E e NL63 (FEHR; PERLMAN, 

2015). Assim como a dos demais coronavírus patogênicos, a transmissão do SARS-

CoV-2 ocorre, principalmente, através do contato próximo com pessoas infectadas, 

por meio da tosse, espirro e gotículas respiratórias contendo o vírus (LOTFI; 

HAMBLIN; REZAEI, 2020). 

A maioria dos indivíduos infectados por SARS-CoV-2 apresenta doença 

assintomática ou leve (DIAMOND; KANNEGANTI, 2022), sendo os sintomas mais 

comuns tosse, dor de garganta ou coriza, seguido ou não de anosmia, ageusia, 

diarreia, dor abdominal, febre, fadiga e/ou cefaleia. Os casos moderados são aqueles 

com persistência dos sintomas leves com uma piora progressiva e pneumonia. A 

doença é considerada grave quando, além da persistência dos sintomas iniciais, tem-

se síndrome respiratória aguda grave, caracterizada por desconforto respiratório e/ou 

saturação de oxigênio abaixo de 94% (OMS, 2023). Os casos graves ou que evoluem 

para óbito geralmente estão associados ao sexo, fatores genéticos, comorbidades, 

imunodeficiências e idade avançada (DIAMOND; KANNEGANTI, 2022; WRAY; 

ARROWSMITH, 2021). 

A infecção tem início nas vias orais, após a inalação do vírus. O SARS-CoV-2 codifica 

proteínas específicas que permitem que ele interaja com receptores das células 

epiteliais do trato respiratório e inicie sua replicação intracelular (TAY et al., 2020). O 

genoma do SARS-CoV-2 codifica 29 proteínas virais e contém 14 fases de leitura 

aberta (ORFs). Dois terços do genoma codificam duas poliproteínas (pp1a e pp1ab), 
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que são digeridas por proteases em 16 proteínas não-estruturais (NSPs), essenciais 

para replicação e transcrição viral (WANG et al., 2020). O terço restante codifica as 

proteínas estruturais spike, envelope, membrana e nucleocapsídeo, responsáveis 

pela montagem do vírion e entrada na célula. Genes acessórios codificam proteínas 

acessórias (ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF8b, ORF9b e ORF14), 

envolvidas na regulação da infecção viral (YANG; RAO, 2021). 

A proteína spike tem um papel importante na patogênese da COVID-19, pois medeia 

a entrada do vírus na célula hospedeira. A spike forma trímeros na superfície da célula 

e é clivada pela serina protease transmembrana 2 (TMPRSS2) em duas subunidades 

(S1 e S2)  (NAQVI et al., 2020). A subunidade S1 está envolvida na adesão dos vírus 

à membrana da célula hospedeira por interação do domínio de ligação ao receptor 

(RBD) com a enzima conversora da angiotensina 2 (ACE2), expressa nas células 

epiteliais (WAN et al., 2020). Após a ligação da RBD com a ACE2, a subunidade S2 

auxilia a fusão do vírus com a membrana da célula. Durante este processo, a 

subunidade S2 apresenta 3 conformações: 1) estado pré-fusional, 2) estado 

intermediário pré-grampo e 3) grampo pós fusional (QING; GALLAGHER, 2020). 

Essas mudanças conformacionais estão associadas com a antigenicidade do vírus 

(WALLS et al., 2020). 

Após a entrada na célula, o vírus inicia sua montagem (Figura 1). Os ribossomos do 

hospedeiro são utilizados para a produção das poliproteases pp1a e pp1ab, que serão 

processadas nas 16 NSPs. As NSPs formarão o complexo de replicação e transcrição 

(RTC) e iniciarão o processo de transcrição e replicação do RNA viral. O RNA 

genômico e proteínas estruturais formam vírions maduros, que serão liberados por 

exocitose para iniciar outro ciclo de infecção (DIAMOND; KANNEGANTI, 2022).  
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Figura 1. Etapas da replicação do vírus SARS-CoV-2. Adaptado de KUNG et al., 2022. 

 

2.1. Resposta imune adaptativa contra SARS-CoV-2 

 

A resposta imune adaptativa contra o SARS-CoV-2 surge entre o 5º e 10º dia de 

infecção, devido a necessidade de expansão e diferenciação dos linfócitos naive em 

linfócitos efetores. Quando há uma população suficiente de linfócitos T (auxiliares e 

citotóxicos) e B (células secretoras de anticorpos, chamadas de plasmócitos), eles 

trabalham juntos para eliminar as células infectadas e os vírus circulantes (SETTE; 

CROTTY, 2020). 

A resposta humoral tem um papel importante na defesa contra infecções virais. No 

geral, a resposta pode ser dividida em duas fases: extra-folicular e centro germinativo 

(ELSNER; SHLOMCHIK, 2020). Na primeira fase, linfócitos B são ativados e se 
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diferenciam em plasmócitos nos linfonodos – especificamente, na parte externa do 

folículo – poucos dias após a infecção. Os plasmócitos produzem anticorpos com 

afinidade baixa, mas suficiente para neutralizar o vírus (LAM; SMITH; BAUMGARTH, 

2020). A maior parte desses linfócitos são produtores de IgM, e tem vida curta na 

circulação. A segunda fase ocorre no centro germinativo, e é mais demorada e 

complexa que a primeira. Nesta, linfócitos B antígeno-específicos passam por 

hipermutação somática e seleção baseada em afinidade para gerar células de 

memória longevas e com alta afinidade (ELSNER; SHLOMCHIK, 2020). 

A maioria dos indivíduos infectados por SARS-CoV-2 produz anticorpos específicos 

– processo chamado de soroconversão – dentro de 1 a 2 semanas após a infecção, 

sendo os principais alvos as proteínas spike e nucleocapsídeo (PICCOLI et al., 2020; 

QI et al., 2022). A produção de IgG, IgM e IgA é praticamente simultânea, porém IgM 

e IgA decaem rapidamente, enquanto a produção de IgG persiste por mais tempo 

(ISHO et al., 2020). 

O aparecimento de anticorpos neutralizantes (NAb) é rápido e geralmente ocorre 

simultaneamente à soroconversão (SEOW et al., 2020). Os anticorpos neutralizantes 

têm como principal alvo a RBD, responsável pela entrada no vírus na célula 

hospedeira, chegando a 90% da atividade neutralizante do soro (PICCOLI et al., 

2020). Os níveis séricos de NAbs atingem seu pico poucas semanas após a infecção 

e caem significativamente durante os meses subsequentes (COHEN et al., 2021; 

SEOW et al., 2020). Interessantemente, diversos estudos relatam que indivíduos sem 

anticorpos neutralizantes após infecção conseguiram se recuperar da COVID-19, 

devido a uma resposta celular considerável (RYDYZNSKI MODERBACHER et al., 

2020; SCHULIEN et al., 2021). A presença de linfócitos T específicos para SARS-

CoV-2 em indivíduos convalescentes na ausência de anticorpos é chamada de 

“sensibilização celular sem soroconversão” (MOSS, 2022; SWADLING et al., 2021). 

A resposta celular na COVID-19 é caracterizada pela presença de linfócitos T CD4+ 

e CD8+  (SETTE; CROTTY, 2020). Linfócitos T CD4+ estão presentes após quase 

toda infecção por SARS-CoV-2 e são mais proeminentes que respostas T CD8+ 

(GRIFONI et al., 2020; SEKINE et al., 2020). Ao contrário da resposta de anticorpos, 

linfócitos T CD4+ específicos foram encontrados contra quase todas as proteínas da 

linhagem ancestral de SARS-CoV-2 (21 em 24), ainda que com reconhecimento maior 

das proteínas spike, membrana e nucleocapsídeo (GRIFONI et al., 2020). Estudos 

observacionais de pacientes com COVID-19 aguda e convalescentes mostraram que 
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a resposta de linfócitos T está associada à doença leve, indicando a importância da 

resposta celular para controle da doença (SEKINE et al., 2020; TARKE et al., 2022). 

A resposta de linfócitos T CD4+ contra SARS-CoV-2 é caracterizada pela alta 

produção das citocinas IFN-γ, IL-2, TNF-α, IL-6 e IL-17A, característicos de um perfil 

Th1 (SHAH et al., 2020; SONG et al., 2020). Uma das funções dos linfócitos T CD4+ 

é a de recrutar outras células efetoras para o sítio da infecção e, para isso, expressam 

também quimiocinas que auxiliam nessa função, como CCL-3, CCL-4 e CCL-5 

(MECKIFF et al., 2020). Já os linfócitos T CD8+, apresentam alta capacidade 

proliferativa e citotóxica, com alta produção de IFN-γ, granzima B, perforina e CD107a 

(RYDYZNSKI MODERBACHER et al., 2020; SCHULIEN et al., 2021; SEKINE et al., 

2020). 

Estudos longitudinais realizados após a epidemia de SARS-CoV-1 em 2002 

mostraram que a resposta de anticorpos se tornou indetectável após 4 anos (TANG 

et al., 2011), enquanto linfócitos T de memória contra o vírus foram detectados até 17 

anos após a infecção (LE BERT et al., 2020). No caso da atual pandemia de SAR-

CoV-2, foi observado que a produção de anticorpos neutralizantes diminui 4-6 meses 

após a infecção natural (DAN et al., 2021; WHEATLEY et al., 2021), mas a resposta 

celular permaneceu detectável 12 meses após infecção (GUO et al., 2022).  

Outro grande desafio a pandemia de COVID-19 foi o aparecimento de variantes virais. 

Nos últimos meses, diversas variantes de SARS-CoV-2 emergiram, como a alpha, 

beta, gamma, delta e, mais recentemente, omicron (OMS, 2023). Todas estiveram 

associadas a aumento da transmissibilidade, maior risco de reinfecção, resposta de 

NAbs reduzida e redução da efetividade das vacinas, e por isso foram classificadas 

como variantes de preocupação (VOCs) (OMS, 2023). Estratégias para combater o 

aparecimento de novas variantes são de extrema urgência e, em grande parte, não 

dependem somente do sistema imune, mas sim da adesão da população às vacinas 

desenvolvidas contra COVID-19 e a formulação de novos imunizantes capazes de 

eliminar o vírus mutante. 

 

1.1. Vacinas contra COVID-19 

 

O desenvolvimento de vacinas contra a COVID-19 foi extremamente rápido e bem-

sucedido. Graças ao conhecimento adquirido durante as epidemias de SARS e 

MERS, diversos laboratórios possuíam pesquisas avançadas sobre a patogênese dos 
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coronavírus, o que permitiu o desenvolvimento de vacinas em menos de 1 ano da 

identificação do SARS-CoV-2. Desde o início da vacinação em dezembro de 2020, 

mais de 13 bilhões de doses foram aplicadas no mundo todo. No Brasil, já foram mais 

de 510 milhões de doses, com a taxa de imunização completa chegando a 80% em 

junho de 2023 (SAÚDE, 2023). 

Atualmente, temos 11 vacinas aprovadas para uso emergencial, e mais de 180 em 

fase de testes clínicos (OMS, 2023). Dentre as vacinas aprovadas, incluem-se: (i) 

vacinas de RNA mensageiro (RNAm); (ii) vacinas de vetores virais não replicantes; 

(iii) vacina de subunidade proteica; (iv) vacina de vírus inativado. As características 

de cada tipo de vacina estão resumidas na tabela 1  (SADARANGANI; MARCHANT; 

KOLLMANN, 2021; TREGONING et al., 2021). 

A maioria das vacinas baseia-se na apresentação da proteína spike. Isso se deve ao 

fato de que em indivíduos hospitalizados com COVID-19, a presença de anticorpos 

específicos contra a spike se correlacionou com sobrevivência (ATYEO et al., 2020). 

Ainda, NAbs contra a spike estão presentes na maioria dos indivíduos após a infecção 

(LEE et al., 2021; ROBBIANI et al., 2020). Em estudos vacinais preliminares, a 

quantidade de NAbs contra a proteína spike foi demonstrada como o correlato de 

proteção mais promissor (CHANDRASHEKAR et al., 2020). 

A vacina de RNAm BNT162b2 foi a mais utilizada no mundo (OMS, 2023). Sua 

eficácia no “mundo real” foi considerada similar àquela relatada pelo ensaio clínico de 

fase III (CHODICK et al., 2021). Duas semanas após a 2ª dose da BNT162b2, tem-

se um aumento significativo dos níveis de anticorpos neutralizantes e de IgG nos 

indivíduos vacinados (LUSTIG et al., 2021). Além da resposta humoral, foi observada 

a presença de linfócitos T CD4+ e CD8+ IFN-γ+ e/ou IL-2+ após a 2ª dose (SAHIN et 

al., 2021). A vacina foi também associada a redução de hospitalizações e mortes 

relacionadas à COVID-19 (CHODICK et al., 2021; HAAS et al., 2021). A vacina de 

vírus inativado CoronaVac foi utilizada para vacinação em massa na maioria dos 

países de média e baixa renda, incluindo o Brasil. Resultados de estudos clínicos 

randomizados demonstraram uma eficácia de 51 a 84% contra infecção sintomática 

em adultos de 18-59 anos (HITCHINGS et al., 2021; JARA et al., 2021; TANRIOVER 

et al., 2021),  chegando a 90% de eficácia na prevenção de hospitalização na UTI 

(JARA et al., 2021). Estudos relataram uma alta taxa de soroconversão após 2 doses 

de CoronaVac, com a presença de IgG anti-RBD em 99-100% dos vacinados 28 dias 

após a segunda dose (WU, Zhiwei et al., 2021; YALÇIN et al., 2022). Anticorpos 
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neutralizantes foram detectados em 94-100% dos indivíduos após o mesmo intervalo 

(WU, Zhiwei et al., 2021; YALÇIN et al., 2022; ZHANG et al., 2021). Quando 

comparando a magnitude da resposta humoral entre vacinas, diferentes estudos 

detectaram menores títulos de NAbs em indivíduos vacinados com CoronaVac em 

relação aos vacinados com BNT162b2 (LU et al., 2021; PENG et al., 2022). 

Quanto à duração da resposta imunológica induzida pela vacina, foi observada uma 

redução da resposta humoral 6 meses após a segunda dose de BNT162b2, sendo 

essa redução mais acentuada em homens e idosos (LEVIN et al., 2021). Anticorpos 

contra as VOCs circulantes não foram detectados em indivíduos vacinados com 2 

doses de CoronaVac ou 2 doses de vacina de RNAm (PENG et al., 2022). A resposta 

celular se manteve estável frente às variantes em indivíduos vacinados com vacina 

de RNAm (MOSS, 2022).  

Devido à queda da proteção contra a infecção ao longo do tempo, redução da 

proteção contra variantes e proteção reduzida em grupos de risco, mesmo após 2 

doses da vacina – seja ela de RNAm ou vírus inativado –, a OMS passou a 

recomendar de doses de reforço.  

Considerando a importância da resposta celular para a proteção contra COVID-19, 

estudos longitudinais que acompanham a resposta imunológica das doses adicionais 

serão essenciais para guiar o desenvolvimento do plano de imunização e manutenção 

da proteção contra as atuais e possíveis novas variantes de SARS-CoV-2. 
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1.2. Resposta vacinal em grupos de risco 

 

1.2.1. Idosos 

 

Idosos são mais suscetíveis a infecções e, devido ao declínio do sistema imunológico, 

a eficácia das vacinas também é reduzida com a idade. Esse declínio na capacidade 

do sistema imunológico em gerar imunidade protetora contra vacinas e infecções ao 

longo dos anos é denominado "imunosenescência" (ALLEN et al., 2020; FRASCA; 

BLOMBERG, 2020). Por este motivo, idosos foram incluídos como um grupo de risco 

na pandemia da COVID-10. 

À medida que envelhecemos, o sistema imunológico inato começa a produzir 

respostas inflamatórias cronicamente, processo conhecido como "inflammaging", que 

contribui, entre outros fatores, para doenças relacionadas ao envelhecimento 

(FRANCESCHI et al., 2018). Apesar dessa inflamação, a capacidade do sistema 

imunológico inato de se ativar e, consequentemente, ativar a resposta adaptativa é 

reduzida (SHAW; GOLDSTEIN; MONTGOMERY, 2013). Na resposta imune inata, 

observa-se que a subpopulação de monócitos CD14+16+, que produz citocinas pró-

inflamatórias, aumenta com a idade, contribuindo para o inflammaging (MERINO et 

al., 2011). No entanto, apesar do aumento basal na produção de citocinas pró-

inflamatórias, a resposta inflamatória aos antígenos é reduzida em idosos, 

possivelmente devido à diminuição da capacidade fagocítica desses monócitos 

(PENCE, 2020). 

Estudos em macrófagos de pacientes idosos mostraram redução na capacidade de 

apresentação de antígenos após a vacinação (JACKAMAN et al., 2013; KELLY et al., 

2007). Isso pode ser explicado pela redução na produção de IFN-γ, citocina 

responsável pela ativação de macrófagos e pela função fagocítica. Estudos em 

camundongos também demonstraram que macrófagos de animais mais velhos 

apresentam expressão reduzida de MHC-II após o tratamento com IFN-γ (HERRERO 

et al., 2001). Além disso, foi demonstrado que células dendríticas derivadas de 

monócitos (moDCs) apresentam capacidade fagocítica e migração reduzidas, o que 

pode ter um impacto negativo na capacidade dessas células de capturar antígenos e 

apresentá-los aos linfócitos T nos linfonodos, resultando na redução da ativação da 

resposta adaptativa (AGRAWAL et al., 2007). 
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À medida que envelhecemos, ocorre um declínio progressivo na produção de 

linfócitos T naive pelo timo e nas células T progenitoras da medula óssea (KYOIZUMI 

et al., 2013). A redução na quantidade de linfócitos T naive resulta em um menor 

repertório do receptor de células T (TCR), o que afeta a capacidade dessas células 

de reconhecer antígenos novos (BEKTAS et al., 2017). Ainda, a expressão de 

moléculas coestimuladoras também é afetada pela idade (PLUNKETT et al., 2007). A 

redução da expressão das moléculas co-estimuladores CD28 e CD27 nos linfócitos T 

leva a queda na proliferação e sinalização da via de IL-2 (PLUNKETT et al., 2007) 

A frequência de linfócitos B de memória e plasmócitos na periferia e na medula óssea 

é também reduzida em idosos (PRITZ et al., 2015). Esse declínio na frequência pode 

ser uma das causas da rápida diminuição dos títulos de anticorpos protetores após a 

imunização em idosos em comparação com adultos, uma vez que a idade não afeta 

a função efetora dos plasmócitos (SASAKI et al., 2011).  

 

1.2.2. Imunodefiência comum variável 

 

A imunodeficiência comum variável (ICV) é o erro inato da imunidade (EII) mais 

prevalente e e clinicamente relevante (CUNNINGHAM-RUNDLES, 2019; SEIDEL et 

al., 2019). A ICV é caracterizada por hipogamaglobulinemia e defeitos na produção 

de anticorpos específicos, uma vez que linfócitos B falham em se diferenciar em 

linfócitos B de memória e plasmócitos (GATHMANN et al., 2014). Diversas anomalias 

na produção de linfócitos T também foram relatadas em pacientes com ICV, incluindo 

expansão oligoclonal de linfócitos T CD8+, número reduzido de linfócitos T CD4+, 

bem como defeitos na ativação dessas células (MEYTS et al., 2021; RAMESH et al., 

2017). Como sugerido pelo nome, a manifestação clínica da doença é variável e, 

apesar da maioria pacientes apresentarem infecções bacterianas recorrentes 

características, muitos apresentam outros sinais de desregulação imune, como 

autoimunidade, doença pulmonar, enteropatias, linfoproliferação e alergias. 

Atualmente, terapia de reposição de imunoglobulina é o principal tratamento para a 

condição (SEIDEL et al., 2019). 

Considerando que o excesso de anticorpos pode ser um agravante da COVID-19 

devido  à citotoxicidade mediada por células dependente de anticorpos (ADCC) 

(ZHOU et al., 2021), o fato de pacientes ICV terem sua produção comprometida pode 

ser algo positivo. Entretanto, pacientes que também apresentam defeitos nos 
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linfócitos T, podem estar em risco elevado de infecção grave e reduzida resposta 

vacinal (DELAVARI et al., 2021). 

Indivíduos imunocomprometidos estão em maior risco de infecção, e, por isso, a 

pandemia de COVID-19 apresentou um grande potencial desafio para este grupo 

(MEYTS et al., 2021). Diversos casos de COVID-19 em pacientes ICV foram 

reportados: ~29% tiveram doença moderada a grave e ~13% foram casos fatais, uma 

porcentagem mais alta que a população geral (HAUSER et al., 2020; KATZENSTEIN 

et al., 2022; WEIFENBACH; JUNG; LÖTTERS, 2021). Entretanto, o fato de ~87% dos 

pacientes se recuperarem da infecção, sugere que a resposta imune, ainda que 

comprometida, tem um papel importante protegendo esses indivíduos da COVID-19 

fatal.  

Vacinas contra COVID-19 tiveram sucesso para conter a pandemia de SARS-CoV-2, 

uma vez que, em geral, induziram resposta suficiente para reduzir hospitalizações e 

transmissão da doença (TREGONING et al., 2021). Em geral, pacientes ICV 

apresentam resposta vacinal subótima, porém pacientes com condições imuno-

mediadas leves, como defeitos nos fagócitos e deficiências de anticorpos, 

apresentam resposta vacinal adequada (LEEUWEN; GEURTSVANKESSEL; 

ELLERBROEK, 2022). Pacientes ICV responderam à vacina contra influenza tipo B 

(HIB) e à vacina do tétano, porém tiveram baixas respostas à vacina contra difteria e 

S. pneumoniae, indicando uma heterogeneidade significativa na resposta vacinal 

destes pacientes (AMERATUNGA; LONGHURST; LEHNERT, 2021). Quanto às 

vacinas contra COVID-19, também é esperado uma resposta heterogênea, a 

depender da condição de cada paciente e da plataforma vacina utilizada. Não é 

possível estimar qual tecnologia vacinal terá maior eficácia, porém foi observada uma 

soroconversão de 72% de pacientes com EII produziram após vacina de mRNA 

(DURKEE-SHOCK; KELLER, 2022). 

Com o aumento crescente da porcentagem da população com anticorpos contra 

SARS-CoV-2 devido à infecção e vacinação, é esperada a transferência passiva 

destes para os pacientes ICV durante tratamento de reposição de imunoglobulina 

(MANIAN et al., 2021). Porém ainda não se sabe se estes anticorpos serão funcionais 

e auxiliarão na proteção à longo prazo. 
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2. Objetivos 

 

2.1. Objetivo geral 

 

Quantificar a resposta imunológica humoral e celular em indivíduos idosos e 

pacientes com Imunodeficiência Comum Variável vacinados com diferentes 

plataformas e regimes vacinais. 

 

2.2. Objetivos específicos 

 

- Identificar a influência do sexo e da idade na resposta celular à vacina em idosos 

após 2 doses de vacina; 

- Avaliar a magnitude da resposta de pacientes ICV após 2 e 3 doses de vacina; 

- Comparar a resposta vacinal elicitada por CoronaVac e a vacina de adenovírus 

ChAdOx1 em pacientes ICV; 

- Avaliar a imunogenicidade do reforço vacinal após regime inicial de CoronaVac. 
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3. Métodos 

 

3.1. Participantes 

 

Para a quantificação da resposta celular em idosos, foi realizado um estudo 

transversal com profissionais da saúde do Instituto do Coração de São Paulo 

imunizados com 2 doses de CoronaVac (3µg vacina/imunização), com intervalo de 3 

semanas entre as doses (n = 101, mediana da idade = 55, IIQ = 28), ou 2 doses de 

CoronaVac + 1 dose de BNT162b2, 230 dias (IIQ = 30) após as duas doses iniciais 

(n = 39, mediana da idade = 49, IIQ = 23). Os indivíduos relataram não terem sido 

infectados previamente com SARS-CoV-2. Coleta de sangue venoso foi realizada 

pelo menos 21 dias após a última imunização (mediana = 37, IIQ = 40). Indivíduos 

convalescentes (confirmados por RT-PCR para SARS-CoV-2, n = 72; mediana da 

idade = 40, IIQ = 15) com doença leve e 150 dias pós sintomas foram incluídos como 

controle positivo. Amostras soronegativas sem resposta celular específica para 

SARS-CoV-2 obtidas durante a pandemia foram incluídas como controle negativo (n 

= 36; mediana da idade = 36, IIQ = 17).  

Para avaliação da resposta de indivíduos imunodeficientes, foram recrutados 26 

pacientes ICV acompanhados no Hospital das Clínicas da Faculdade de Medicina da 

Universidade de São Paulo (HC-FMUSP) entre maio e novembro de 2021, durante a 

circulação das variantes Delta e Gamma no Brasil. Todos os pacientes preenchiam 

os critérios diagnósticos estabelecidos por Bonilla et al. Dentre os 26 indivíduos 

incluídos, 15 foram vacinados com 2 doses de CoronaVac, 9 com 2 doses de 

ChAdOx1 e 14 tomaram dose reforço BNT162b2 após 2 doses de CoronaVac. 

Indivíduos saudáveis vacinados com 2 doses de CoronaVac (N=60) ou após reforço 

com BNT162b2 (N=17) foram incluídos como controles. Todas as amostras foram 

coletadas imediatamente antes da infusão mensal de imunoglobulina. 

Todos os voluntários assinaram termo de consentimento e o estudo foi aprovado pelo 

Comitê de Ética do Hospital das Clínicas da Universidade de São Paulo (CAPPesq 

CAAE30155220.30000.0068). 
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3.2. Ensaio de liberação de citocina induzido por antígeno 

 

O ensaio de liberação de citocina induzido por antígeno foi realizado incubando 250ul 

de sangue periférico heparinizado em placas de 96 poços de fundo U por 48h em 

incubadora 37°C, 5%CO 2 na presença de pool de epítopos de linfócitos T CD4+. Os 

vinte epítopos usados como estímulo específico foram identificados por análise 

bioinformática e sintetizados escaneando o proteoma completo do genoma de 

referência de SARS-CoV-2 (RefSeq: NC_045512.2) usando a abordagem de ligação 

de HLA-DR promíscuo. As placas foram centrifugadas e o sobrenadante foi coletado 

e armazenado a -80°C até o uso. A quantificação de IFN-γ e IL-2 no sobrenadante foi 

avaliada por ELISA, de acordo com as instruções do fabricante (R&D Systems, 

Minneapolis, MN). Os valores de cutoff foram obtidos por análise de curva ROC com 

diagnóstico como valores de referência, e valores IFN-γ ou IL-2 como preditores. 

Valores de citocinas foram subtraídos do controle de DMSO. O limite de quantificação 

do teste para IFN-γ foi de 1,17pg/ml e 0,98pg/ml para IL-2. 

 

3.3. Ensaio Imunoadsorvente Ligado à Enzima (ELISA) 

 

ELISA foi realizado em placas de poliestireno de 96 poços de alta aderência cobertas 

com 4mg/ml de proteína Spike, 2mg/ml de proteína Nucleocapsídeo ou 0.8mg/ml de 

RBD de SARS-CoV-2, expressas em células HEK293T (gentilmente cedidas por Dr. 

Ricardo Gazzinelli, UFMG) por 18h a 4°C. Resumidamente, 50μl de soro diluído 

(1:100) foram incubados a 37°C por 45min. O anticorpo secundário IgG de cabra anti-

humano conjugado com peroxidase foi diluído 1:10.000 e incubado a 37°C por 30min. 

A densidade ótica (DO) a 492nm foi medida com leitor de microplaca (Epoch, BioTek, 

EUA). Valores foram determinados como DO menos branco e o ponto de corte foi 

determinado como a média da DO média de 12 amostras pré-pandêmicas + 3x desvio 

padrão. Resultados são mostrados como razão da DO amostra/ponto de corte. Razão 

de anticorpo > 1,2 foi considerada como positiva. 

 

3.4. Ensaio de neutralização viral 

 

Os ensaios de neutralização viral foram realizados em parceria com laboratório de 

Virologia Clínica e Molecular da USP. Para tal, SARS‐CoV‐2 (GenBank: MT 
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MT350282) foi usado para conduzir o teste de neutralização de vírus de efeito 

citopático (CPE-VNT). As propriedades da linhagem viral foram previamente descritas 

em Araujo et al. ((ARAUJO et al., 2020)). Foram utilizadas placas de 96 poços 

contendo células Vero a 5x10^6 células/ml (ATCC CCL‐81). Uma série de diluições 

(1:20 a 1:2.560) foram preparadas para o ensaio. Soro diluído foi misturado em igual 

volume com o vírus (100 doses de cultura infecciosa, 100% endpoint por poço – 

VNT100) e pré incubados para neutralização viral por 1h a 37°C.  A mistura contendo 

soro e vírus foi transferida para uma monocamada confluente de células e incubadas 

a 37°C 5% CO2 por 3 dias. Todos os procedimentos foram realizados em Laboratório 

de Biossegurança Nível 3. Após 72h, placas foram analisadas por microscopia de luz. 

CPE total foi observado em células Vero, distinguindo a presença/ausência de CPE-

VNT contra linhagem referência Wuhan ou variantes Delta e Gamma. Para determinar 

os títulos de VNT, foi considerada a diluição de soro mais alta capaz de neutralizar o 

soro. Como controle positivo, foi utilizado um soro referência de amostra de indivíduo 

RT-qPCR positivo. 

 

 

3.5. Análise estatística 

 

Análises estatísticas foram realizadas usando GraphPad Prism versão 9 e plataforma 

R versão 4.0.3. Variáveis contínuas foram analisadas usando teste de Shapiro-Wilk 

para avaliação da normalidade da distribuição. Comparações de variáveis contínuas 

entre vários grupos foram feitas usando teste de Kruskal-Wallis com teste de Dunn 

post-hoc e Mann-Whitney foi utilizado para comparação de dois grupos. Teste de qui-

quadrado foi realizado para associação de dados categóricos. Correlações foram 

avaliadas pelo coeficiente de Spearman. O limite de idade usado para caracterizar os 

grupos de resposta imune foram estabelecidos após duas etapas: (i) análise de k-

means cluster baseada em cinco variáveis contínuas (razão de IgG de NP, RBD, 

Spike e níveis de IFN-γ e IL-2) foi usada para identificar dois grupos com resposta 

imune diferentes, de acordo com o algoritmo de Hartigan e Wong (J. A. HARTIGAN 

AND M. A. WONG, 1979); (ii) análise de curva ROC com os clusters de referência e 

idade como preditor foi utilizada para determinar o threshold de idade que poderia 

distinguir os dois grupos com maior acurácia. Um valor de p < 0,05 foi considerado 

como estatisticamente significativo para todas as análises.  
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4. Resultados 

 

4.1. Idosos 

 

Dados demográficos e medianas das quantificações estão descritos na tabela 2. Foi 

avaliada a resposta celular, representada pela produção de IFN-γ e IL-2, e humoral, 

representada por anticorpos vírus-específicos e neutralizantes, em indivíduos 

saudáveis não infectados (amostras pré-pandêmicas), em vacinados com 2 doses de 

CoronaVac e em convalescentes (previamente infectados). A produção de IFN-γ e IL-

2 foi maior nos grupos vacinado e convalescente em relação ao grupo controle, mas 

não apresentaram diferenças entre si (Fig. 2A). A produção de IgG anti-RBD foi maior 

no grupo vacinado em comparação com o grupo controle e convalescente, que 

também apresentou maior produção de IgG em relação aos controles (Fig.2B). 

Indivíduos convalescentes apresentaram maior produção de anticorpos 

neutralizantes contra linhagem Wuhan do que indivíduos vacinados com 2 doses de 

CoronaVac (Fig.2C). 

 

Tabela 2. Características dos participantes 
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Figura 2. Produção de citocinas e anticorpos em indivíduos vacinados e convalescentes. (A) 

Produção de IFN-γ e IL-2 em indivíduos saudáveis sem infecção prévia (Controle), vacinados 

com 2 doses de CoronaVac (CV) e convalescentes após estímulo de sangue total com 

peptídeos específicos de SARS-CoV-2. (B) Produção de IgG anti-RBD de SARS-CoV-2 em 

indivíduos saudáveis sem infecção prévia (Controle), vacinados com 2 doses de CoronaVac 

(CV) e convalescentes. (C) Títulos de neutralização viral contra linhagem Wuhan de SARS-

CoV-2 em indivíduos vacinados com 2 doses de CoronaVac (CV) e convalescentes. Box 

plots mostram mediana e IIQ, barras de erro mostram valores min e max; Para VNT, 

barras mostram média geométrica e barras de erros indicam IC 95%. VNT abaixo de 1:20 foi 

considerado 1 nos gráficos. Kruskal–Wallis com post hoc test Dunn; Mann-Whitney test. 

 

Para avaliar se o tempo até a coleta interferiu nos resultados, avaliamos a correlação 

do intervalo entre vacinação e coleta. Não foi encontrada correlação no tempo entre 

coleta e vacinação (Fig.3A-C). 
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Figura 3. Correlação entre tempo até coleta e parâmetros imunológicos em indivíduos 

vacinados com 2 doses de CoronaVac. (A) Correlação entre a produção de IFN-γ e IL-2 e o 

tempo até 2ª dose de CoronaVac. (B) Correlação entre a produção de IgG anti-RBD e o tempo 

até 2ª dose de CoronaVac. (C). Correlação entre títulos de anticorpos neutralizantes e o 

tempo até 2ª dose de CoronaVac. Teste de correlação de Spearman. 

 

Considerando o impacto da idade na resposta imunológica, avaliamos a correlação 

entre a idade dos indivíduos vacinados com 2 doses e os parâmetros imunológicos. 

Observamos uma correlação significativamente negativa entre idade e produção de 

IL-2, mas não para IFN-γ (Fig. 4A).  A produção de IgG anti-RBD apresentou uma 

correlação significativamente negativa com a idade (Fig. 4B), bem como os anticorpos 

neutralizantes contra as linhagens Wuhan e Beta (Fig. 4C). 
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Figura 4. Correlação entre idade e parâmetros imunológicos em indivíduos vacinados com 2 

doses de CoronaVac. (A) Correlação entre idade e a produção de IFN-γ e IL-2 após estímulo 

do sangue total em indivíduos vacinados com 2 doses de CoronaVac. (C-D) Correlação entre 

idade e a produção de IgG anti-RBD em indivíduos vacinados com 2 doses de CoronaVac. 

(C) Correlação entre idade e títulos de neutralização viral contra linhagens Wuhan, Beta e 

Gamma, respectivamente, em indivíduos vacinados com 2 doses de CoronaVac. Teste de 

correlação de Spearman. 

 

A partir do resultado de correlação negativo entre idade e resposta imunológica após 

2 doses, utilizamos as variáveis numéricas (IFN-γ, IL-2, IgG anti-RBD, -Spike, -NP) 

como preditoras e a idade dos participantes vacinados, para identificar clusters 

distintos de resposta, e encontramos a idade de 55 anos como aquela que melhor 

divide os resultados. Portanto, comparamos dois grupos: indivíduos vacinados com 

idade <55 anos e ≥55. No geral, observamos que mulheres e homens jovens 

produziram citocinas ou anticorpos específicos/neutralizantes contra SARS-CoV-2, 

enquanto 17% dos homens acima de 55 não produziram citocinas nem anticorpos, 

em comparação com 3% das mulheres do mesmo grupo (Fig.5A). A produção de IL-

2 em homens acima de 55 anos foi significativamente menor do que daqueles abaixo 

de 55, bem como em relação às mulheres mais velhas e as mais novas (Fig. 5B). Não 

foram encontradas diferenças na produção IFN-γ entre os grupos (Fig. 5B). Os níveis 

de IgG anti-RBD também foram menores em homens acima de 55 em relação aos 

mais novos (Fig. 5C). Quanto aos NAbs, observamos que mulheres acima de 55 anos 

possuem menos NAbs contra linhagem Wuhan quando comparadas às mais novas 
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(Fig. 5D). Para as linhagens Beta e Gamma, não foram observadas diferenças (Fig. 

5D). 

 

 

Figura 5. Produção de citocinas e anticorpos em indivíduos vacinados com 2 doses de 

CoronaVac, agrupados por sexo e idade. (A) Perfil da produção de citocinas e anticorpos em 

vacinados com 2 de CoronaVac, agrupados por idade e sexo. (B) Produção de IFN-γ e IL-2 

após estímulo de sangue total com peptídeos específicos de SARS-CoV-2 em indivíduos 

acima e abaixo de 55 anos vacinados com 2 doses de CoronaVac. (C) Produção de IgG anti-

RBD de SARS-CoV-2 em indivíduos acima e abaixo de 55 anos vacinados com 2 doses de 

CoronaVac. (D) Títulos de neutralização viral contra as linhagens Wuhan, Delta e Gamma, 

respectivamente, em indivíduos acima e abaixo de 55 anos vacinados com 2 doses de 

CoronaVac. Box plots mostram mediana e IIQ, barras de erro mostram valores min e max; 

Para VNT, barras mostram média geométrica e barras de erros indicam IC 95%. VNT abaixo 

de 1:20 foi considerado 1 nos gráficos. Tcell+/-: produção de citocinas acima ou abaixo do 

cutoff; Ab+/-: produção de IgG anti-RBD acima ou abaixo do cutoff e título de NAb ≥ ou < 80. 

Mann-Whitney test. 
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Quando comparando a resposta celular após 2 doses de CoronaVac e 2 CoronaVac 

+ 1 BNT162b2, não foi observada diferença significativa na produção de IFN-γ e IL-2 

entre os dois regimes vacinais (Fig. 6A). Entretanto, a produção de IgG foi 

significativamente aumentada com a dose adicional BNT162b2 (Fig. 6B), bem como 

os títulos de anticorpos neutralizantes contra linhagem Wuhan (Fig. 6C). 
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Figura 6. Comparação da produção de citocinas e anticorpos entre 2 doses CV (CV) e após 

reforço com BNT162b2 (CV+BNT162b2). (A) Produção de IFN-g e IL-2 após estímulo de 

sangue total em indivíduos vacinados com 2 doses CV ou 2CV+BNT162b2. (B) Produção de 

IgG anti-RBD em indivíduos vacinados com 2 doses CV ou 2CV+BNT162b2. (C) Títulos de 

neutralização viral contra linhagem Wuhan de SARS-CoV-2 em indivíduos vacinados com 2 

doses CV ou 2CV+BNT162b2. Mann-Whitney test. 

 

Assim como o regime de 2 doses, na terceira dose também não foi observada 

correlação no tempo entre coleta e vacinação (Fig. 7). Não foram observadas 

correlações significativas entre a produção de citocinas e anticorpos e a idade dos 
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indivíduos após a 3ª dose (Fig. 8A-C), porém podemos observar uma queda na 

produção de IFN-γ e NAbs com o aumento da idade dos participantes (Fig. 8A e C). 
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Figura 7. Correlação entre tempo até coleta e parâmetros imunológicos em indivíduos 

vacinados com 3 doses (CV+BNT162b2). (A) Correlação entre a produção de IFN-γ e IL-2 e 

o tempo até 3ª dose (CV+BNT162b2). (B) Correlação entre a produção de IgG anti-RBD e o 

tempo até 3ª dose (CV+BNT162b2). (C). Correlação entre títulos de anticorpos neutralizantes 

e o tempo até 3ª dose (CV+BNT162b2). Teste de correlação de Spearman. 
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Figura 8. Correlação entre idade e parâmetros imunológicos em indivíduos vacinados com 3 

doses (2 CV+BNT162b2). (A) Correlação entre idade e a produção de IFN-γ e IL-2 após 

estímulo do sangue total em indivíduos vacinados com 3 doses. (C-D) Correlação entre idade 

e a produção de IgG anti-RBD em indivíduos vacinados com 3 doses. (C) Correlação entre 

idade e títulos de neutralização viral contra linhagens Wuhan, Beta e Gamma, 

respectivamente em indivíduos vacinados com 3 doses. Teste de correlação de Spearman. 

 

Considerando o menor número amostral após a 3ª dose (N=30), não foi possível 

realizar a análise agrupada em sexo e idade. Porém, avaliando resultados agrupados 

somente por idade, observamos um aumento da produção de IL-2 em indivíduos >55 

anos em relação aos mais jovens (Fig. 9A). Anticorpos específicos e neutralizantes 

aumentaram significativamente com o reforço vacinal e não foi observada diferença 

entre adultos e idosos após 3ªdose (Fig. 9C). 

 

 

Figura 9. Comparação da produção de citocinas e anticorpos em indivíduos vacinados com 2 

e ou 3 doses (CV+BNT162b2), agrupados por idade. (A) Produção de IFN-γ e IL-2 após 

estímulo de sangue total com peptídeos específicos de SARS-CoV-2 em indivíduos acima e 

abaixo de 55 anos vacinados com 2 ou 3 doses (CV+BNT162b2). (B) Produção de IgG anti-

RBD de SARS-CoV-2 em indivíduos acima e abaixo de 55 anos vacinados com 2 ou 3 doses 
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(CV+BNT162b2). (C) Títulos de neutralização viral contra as linhagens Wuhan, Delta e 

Gamma, respectivamente, em indivíduos acima e abaixo de 55 anos vacinados com 2 ou 3 

doses (CV+BNT162b2). Box plots mostram mediana e IIQ, barras de erro mostram valores 

min e max; Para VNT, barras mostram média geométrica e barras de erros indicam IC 95%. 

VNT abaixo de 1:20 foi considerado 1 nos gráficos. Mann-Whitney test. 
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4.2. Imunodeficiência comum variável 

 

No total, 26 pacientes ICV foram incluídos. As características dos pacientes 

encontram-se na Tabela 1. Indivíduos com ICV frequentemente têm diversas 

comorbidades, devido à disfunção imune. Na presente coorte, a comorbidade mais 

incidente foi doença pulmonar (88%); 65% apresentavam linfoproliferação benigna 

(57% esplenomegalia), 33% têm alguma doença autoimune, como psoríase e colite 

ulcerativa, 15% têm diarreia crônica (Fig.10). Comorbidades não apresentaram 

correlação com produção de citocinas e anticorpos pós vacinação (dados não 

mostrados). 

 

 

Tabela 3. Características dos participantes 
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Figura 10. Comorbidades dos pacientes ICV participantes da coorte. 

 

Considerando que foram incluídos indivíduos vacinados com diferentes plataformas 

vacinais, nós avaliamos a resposta imune elicitada por cada vacina separadamente. 

Nós observamos que indivíduos vacinados com ChAdOx1 apresentavam aumento 

nos anticorpos específicos anti-RBD e anti-S quando comparados com vacinados 

com CoronaVac (Fig.11A). Não foram observadas diferentes na resposta celular entre 

vacinados com ChAdOx1 e CoronaVac (Fig. 11B). Apenas indivíduos vacinados com 

ChAdOx1 possuíam anticorpos neutralizantes contra as linhagens avaliadas (Wuhan, 

Delta e Gamma; Fig. 11C-E). 
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Figura 11. Comparação da resposta imune após 2 doses em pacientes ICV. (B) Produção de 

IFN-g e IL-2 SARS-CoV-2-específico produzidos mediante estímulo de sangue total com 

peptídeos de SARS-CoV-2. (C-E) Títulos de neutralização viral contra linhagens Wuhan, 

Delta e Gamma, respectivamente. VNT abaixo de 1:20 foi considerado 1 nos gráficos; barras 

mostram títulos da média geométrica e barras de erros indicam IC 95%. Análise estatística: 

Kruskal–Wallis com post hoc test Dunn; Mann-Whitney test. 

 

Quando avaliando a resposta à dose adicional, observamos que o reforço com 

BNT162b2 em indivíduos previamente vacinados com CoronaVac aumentou IgG 

SARS-CoV-2-específico e produção de IL-2 (Fig. 12A-B), mas falhou em induzir a 

produção de anticorpos neutralizantes em 12 de 14 pacientes ICV (Fig. 12C).  
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Figura 12. Comparação da resposta imune após 2ª dose e pós reforço com BNT162b2. (A) 

Reatividade de IgG anti-RBD e Spike. (B) Produção de IFN-g e IL-2 SARS-CoV-2-específico 

produzidos mediante estímulo de sangue total com peptídeos de SARS-CoV-2. (C-E) Títulos 

de neutralização viral contra linhagens Wuhan, Delta e Gamma, respectivamente. VNT abaixo 

de 1:20 foi considerado 1 nos gráficos; barras mostram títulos da média geométrica e barras 

de erros indicam IC 95%. Análise estatística: Kruskal–Wallis com post hoc test Dunn; Mann-

Whitney test. 

 

Para melhor avaliar a resposta da dose adicional, comparamos o regime de 3 doses 

(2 CV + BNT162b2) com as duas doses de ChAdOx1 e um grupo controle saudável, 

vacinado com 2 doses de CoronaVac (HC CV) ou após reforço com BNT162b2 (HC 

CV+BNT162b2). Em indivíduos saudáveis, reforço com BNT162b2 induziu maior 

produção de anticorpos neutralizantes e não-neutralizantes em comparação com 2 

doses (Fig. 13A e C-E). Em pacientes ICV, vacinados com ChAdOx1 apresentaram 

mais anticorpos neutralizantes do que aqueles vacinados com CV + BNT162b2 para 

as linhagens Wuhan e Delta, porém apresentaram resposta menor quando 

comparado à indivíduos saudáveis (Fig. 13A-E). 
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Figura 13. Comparação de pacientes ICV vacinados com 2 doses ChAdOx1 (N=9) e 2 doses 

de CV seguida por reforço com BNT162b2 (N=14) e controles saudáveis vacinados com 2 

doses de CV (N=60) ou após reforço com BNT162b2 (N=16). (A) Reatividade de IgG anti-

RBD, -N e -Spike. (B) Produção de IFN-g e IL-2 SARS-CoV-2-específico produzidos mediante 

estímulo de sangue total com peptídeos de SARS-CoV-2. (C-E) Títulos de neutralização viral 

contra linhagens Wuhan, Delta e Gamma, respectivamente. Boxplots mostram mediana e IIQ, 

barras de erro indicam valores máximo e mínimo. VNT abaixo de 1:20 foi considerado 1 nos 

gráficos; barras mostram títulos da média geométrica e barras de erros indicam IC 95%. 

Análise estatística: Kruskal–Wallis com post hoc test Dunn. 
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5. Discussão 

 

A CoronaVac foi a primeira vacina a ficar disponível para vacinação em massa no 

Brasil, sendo priorizada a imunização de profissionais da saúde, 

imunocomprometidos e idosos. Na primeira parte deste trabalho, objetivamos avaliar 

a resposta após a vacinação com CoronaVac, estratificando-a por sexo e idade, 

quando possível. Neste estudo, a maioria do indivíduos vacinados desenvolveram 

algum tipo de resposta após 2 doses de vacina. Entretanto, observamos uma 

correlação negativa com a idade e a produção de citocinas e anticorpos, sugerindo 

uma menor imunogenicidade em idosos. Ao estratificar os resultados, observamos 

que a menor imunogenicidade foi encontrada em homens acima de 55 anos, 

sugerindo que este grupo pode não estar protegido contra futuras infecções e 

complicações advindas da doença. Ainda, homens idosos apresentaram a menor 

produção de IL-2, o que é particularmente preocupante, uma vez que esta citocina 

está relacionada ao desenvolvimento de linfócitos T de memória (ANSARI et al., 2021; 

DHUME; MCKINSTRY, 2018). 

Homens foram desproporcionalmente impactados pela COVID-19, com número de 

mortes e hospitalizações foram significativamente maiores neste grupo (PECKHAM 

et al., 2020). As razões dessa discrepância não são completamente esclarecidas, 

porém evidências sugerem que mulheres montam melhor resposta de anticorpos 

(FISH, 2008), que está diretamente associado à proteção contra infecção. 

Por outro lado, a associação negativa entre idade e resposta imunológica é bem 

estabelecida (revisado em CROOKE et al., 2019) e impacta diretamente na resposta 

vacinal. No caso de vacinas inativadas, como a da Influenza, idosos apresentam 

proteção reduzida, variando entre 17 e 51% comparado com 90% observado em mais 

jovens (GOODWIN; VIBOUD; SIMONSEN, 2006). Ao contrário do observado na 

nossa coorte vacinada com CoronaVac, idosos vacinados com 2 doses de ChAdOx1 

não apresentaram diferenças significativas na produção de IgG vírus-específico, 

NAbs e IFN-g e IL-2 quando comparado a adultos entre 18-55 (RAMASAMY et al., 

2020; SWANSON et al., 2020). Resultados similares foram observados em estudo 

com idosos vacinados com mRNA-1273, que ainda apresentaram produção de 

anticorpos e citocinas acima daquela de indivíduos convalescentes (ANDERSON et 

al., 2020; JACKSON et al., 2020). Para indivíduos ≥80 anos vacinados com 

BNT162b2, foi observada uma redução da produção de IFN-γ e IL-2 frente estímulo 
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com peptídeos de SARS-CoV-2 em relação à indivíduos mais jovens (COLLIER et al., 

2021). Quando comparada com 2 doses de BNT162b2 e ChAdOx1, a CoronaVac 

apresentou menores títulos de anticorpos específicos 1, 3 e 6 meses após a 

vacinação (BARIN et al., 2022). Em idosos, a soropositividade da CoronaVac foi 40-

30% menor em relação às outras duas tecnologias e a queda da resposta foi mais 

rápida (BARIN et al., 2022). 

Doses adicionais foram recomendadas pelas autoridades de Saúde devido à queda 

gradual, mas acentuada da resposta vacinal, principalmente devido ao surgimento de 

variantes virais. Diversos regimes vacinais foram adotados, variando de acordo com 

as combinações de imunizantes disponíveis em cada país. Neste trabalho, avaliamos 

a resposta ao reforço com vacina de mRNA BN162b2 após imunização inicial com 2 

CoronaVac. Na coorte estudada, não foram observadas diferenças na resposta 

celular e produção de anticorpos específicos e neutralizantes em adultos em relação 

aos idosos, sugerindo que a 3ª dose heteróloga foi eficiente em mitigar a diferença de 

resposta entre indivíduos mais jovens e mais velhos. A duração desta resposta deve 

ser avaliada para que se possa garantir proteção. Um estudo epidemiológico incluindo 

mais de 2 milhões de brasileiros vacinados com 3 doses (2 CoronaVac + 1 BNT162b2) 

demonstrou uma eficácia de 84% contra doença grave, 120 dias pós 3ª dose em 

indivíduos até 79 anos; não foi observada proteção contra infecção leve 

(CERQUEIRA-SILVA et al., 2022). Além da eficácia da vacina, diversos estudos 

demonstram o efeito positivo do reforço vacinal na resposta humoral, porém estudos 

avaliando a resposta celular à CoronaVac ainda são escassos. Adultos e idosos 

vacinados com CoronaVac+BNT162b2 apresentaram um aumento significativo da 

resposta humoral em relação ao reforço homólogo (BARIN et al., 2022). Em 

concordância, um estudo clínico de fase IV com 1240 participantes, reportou um 

aumento de 8-22 vezes maior nos títulos de neutralização às VOCs Delta e Ômicron 

após reforço heterólogo (Ad.26-COV-S e BNT162b2) em relação ao regime homólogo 

em adultos e idosos (≥61 anos) (COSTA CLEMENS et al., 2022), corroborando a 

escolha de reforço heterólogo para este grupos de risco. Com relação à resposta 

celular, Schultz e col. relataram um aumento significativo na produção de IFN-g e 

frequência de linfócitos T CD4+ em adultos com até 59 anos vacinados com 

CoronaVac + BNT162b2 e manutenção dos níveis naqueles acima de 60 (SCHULTZ 

et al., 2022). Importantemente, indivíduos vacinados com CoronaVac + BNT162b2 

apresentaram produção similar de IFN-γ frente estímulo com peptídeos das linhagens 
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Wuhan e Ômicron, sugerindo uma reatividade cruzada desses linfócitos (GAO et al., 

2022; MOK et al., 2022). 

Apesar dos importantes achados deste estudo, destacam-se algumas limitações. O 

número amostral foi limitado, principalmente em relação à terceira dose. 

Comorbidades não foram consideradas na avaliação dos resultados, não foram 

inclusos peptídeos específicos das variantes em circulação no estímulo do sangue e 

os indivíduos vacinados foram incluídos como “sem infecção prévia” com base 

somente no relato de ausência de sintomas. 

Na segunda parte deste trabalho, mostramos que a ChAdOx1 induziu uma maior 

resposta imune do que a CoronaVac após 2 doses e, surpreendentemente, também 

quando comparado à dose reforço com BNT162b2 após 2 CoronaVac em pacientes 

ICV. Em concordância com estudos maiores, a resposta de pacientes ICV à vacina 

foi menor que a de indivíduos saudáveis (FEIKIN et al., 2022; LEEUWEN; 

GEURTSVANKESSEL; ELLERBROEK, 2022; SHROTRI et al., 2021). Até onde 

sabemos, este é o primeiro trabalho que avaliou a imunogenicidade do regime 

heterólogo CoronaVac+BNT162b2 em pacientes ICV. 

A vacina de vírus inativado elicitou uma resposta humoral menor do que a vacina de 

adenovírus e do grupo controle. Outras vacinas inativadas, como a da influenza, 

induzem resposta humoral em pacientes ICV, mas consistentemente menor que do a 

de controles saudáveis (HANITSCH et al., 2016). Todos os regimes vacinais 

avaliados induziram resposta celular, similar àquela de indivíduos saudáveis, o que é 

encorajador, considerando a importância da resposta de linfócitos T para proteção 

contra COVID-19 grave e variantes virais (BAROUCH, 2022). 

Ausência de incremento da resposta celular foi reportada por Leung et al após dose 

homóloga em uma coorte de pacientes imunocomprometidos, após a qual a 

frequência de linfócitos T CD4 e CD8 SARS-CoV-2 específicos não aumentou após 

3ª dose de CoronaVac em comparação com a 2ª (LEUNG et al., 2022), reiterando 

que um regime heterólogo também parece ser a estratégia ótima para este grupo de 

pacientes. 

IgG vírus-específico foi detectado na maioria dos pacientes, assim como observado 

em diversos estudos (ABO-HELO et al., 2021; GODA et al., 2022; PHAM et al., 2022), 

mas apenas 2 de 14 pacientes possuíam anticorpos neutralizantes (VNT>80) após a 

3ª dose, o que sugere que pacientes ICV não apresentaram resposta humoral 

funcional mesmo após reforço. Falha na resposta neutralizante também foi reportada 
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por Arroyo-Sanchez et al em uma coorte de 18 pacientes ICV vacinados com vacina 

de mRNA (ARROYO-SÁNCHEZ et al., 2022). Pham et al. mostraram que, apesar de 

48% pacientes IEI produziram RBD vírus-específica, apenas 12% (2 em 16) 

apresentaram atividade neutralizante após vacina de mRNA (PHAM et al., 2022). Por 

outro lado, 80% dos pacientes ICV vacinados com ChAdOx1 com reforço BNT162b2 

tiveram produção de NAbs detectável (GODA et al., 2022), destacando a importância 

de doses adicionais. No geral, ChAdOx1 induziu os maiores níveis de anticorpos 

neutralizantes, mas estudos longitudinais são necessários com coortes maiores são 

necessários para elucidar a longevidade dessa resposta. 

Apesar dos achados interessantes, nosso trabalho também teve limitações. Não 

temos resultado deRT-qPCR para confirmar que os pacientes não estavam infectados 

no momento da coleta da amostra; não avaliamos a resposta contra a variante 

Ômicron, uma vez que todos os ensaios foram realizados durante a circulação da 

Delta no Brasil. 
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6. Conclusões 

Como conclusão da avaliação da resposta vacinal em idosos, observamos que o 

regime de duas doses de CoronaVac apresentou baixa imunogenicidade, 

principalmente em indivíduos acima de 55 anos. A terceira dose de BNT162b2 levou 

a um aumento na resposta imune, sugerindo eficácia do reforço heterólogo em idosos. 

Entretanto, é necessária avaliação contínua da imunogenicidade das vacinas para 

que as autoridades de saúde possam tomar as providências adequadas para garantir 

a proteção da população e, especialmente, dos idosos. 

Quanto à avaliação da resposta vacinal de imunocomprometidos, nossos resultados 

mostram que, apesar de pacientes ICV apresentaram um incremento na produção de 

anticorpos e citocinas após reforço heterólogo, a maioria falha em produzir anticorpos 

neutralizantes, sugerindo que vacinas inativadas podem não ser a melhor opção de 

imunizante para elicitar resposta nesse grupo de pacientes. 
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Keity S. Santos1,2,9*† and Edecio Cunha-Neto1,2,9*†

1 Faculdade de Medicina da Universidade de São Paulo, Departamento de Clı́nica Médica, Disciplina de Alergia e Imunologia
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CoronaVac is an inactivated SARS-CoV-2 vaccine that has been rolled out in several low
and middle-income countries including Brazil, where it was the mainstay of the first wave
of immunization of healthcare workers and the elderly population. We aimed to assess the
T cell and antibody responses of vaccinated individuals as compared to convalescent
patients. We detected IgG against SARS-CoV-2 antigens, neutralizing antibodies against
the referenceWuhan SARS-CoV-2 strain and used SARS-CoV-2 peptides to detect IFN-g
and IL-2 specific T cell responses in a group of CoronaVac vaccinated individuals (N =
101) and convalescent (N = 72) individuals. The frequency among vaccinated individuals,
of whom 96% displayed T cell and/or antibody responses to SARS-CoV-2, is comparable
to 98.5% responses of convalescent individuals. We observed that among vaccinated
individuals, men and individuals 55 years or older developed significantly lower anti-RBD,
anti-NP and neutralization titers against the Wuhan strain and antigen-induced IL-2
production by T cells. Neutralizing antibody responses for Gamma variant were even
lower than for the Wuhan strain. Even though some studies indicated CoronaVac helped
reduce mortality among elderly people, considering the appearance of novel variants of
concern, CoronaVac vaccinated individuals above 55 years old are likely to benefit from a
heterologous third dose/booster vaccine to increase immune response and
likely protection.
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INTRODUCTION

Terminating the COVID-19 pandemic is dependent on global
vaccination. CoronaVac (Sinovac, China) is a vaccine based on
inactivated SARS-CoV-2 that has been deployed in China, Brazil,
Indonesia, Thailand, Turkey, and Chile among other countries. It
has been shown that CoronaVac’s immunogenicity is lower than
natural infection (1). In Brazil, CoronaVac was the mainstay of the
first wave of immunization of healthcare workers and the elderly
population. Despite the finding of reduced COVID-19 mortality in
Brazil among people above 70 or 75 years of age when CoronaVac
was the most used vaccine, indicating protection for this group,
immunogenicity of this vaccine in elderly individuals is still poorly
known (2–4). Some studies reported seroconversion for up to 98%
of vaccinated individuals, but anti-Spike antibody titers were
significantly lower among those aged ≥60 years (5, 6). Also, the
immunogenicity of inactivated vaccines such as Influenza have
already been shown to be more limited among the elderly (7).

mRNA-based vaccines that protect more than 90% of the
vaccinated individuals from severe COVID-19 were shown to
induce T cell response (8, 9). Although an immunogenicity study
in Chile has evaluated cellular immunity to CoronaVac, few patients
were above 60 years of age (10). In order to assess the effect of age
and sex in the vaccine response of adults and elderly people, we
studied the anti-SARS-CoV-2 responses of a group of 101
vaccinated individuals (namely, 42 patients above 60). In this
paper, we assessed T cell immune responses with an antigen-
induced cytokine release assay (CRA) on whole blood and both
binding antibody responses (against Spike, RBD and NP) and
neutralizing antibodies against the original Wuhan strain.

MATERIALS AND METHODS

Study Design and Participants
A cross-sectional study was performed with CoronaVac vaccinated
health care workers, who reported no previous infection with SARS-
CoV-2 (n = 101; median age = 55 IQR = 39–67); these subjects
received two doses of 3 µg vaccine/shot, 3 weeks apart. The study
was conducted at the Instituto do Coração in São Paulo, Brazil.
Venous blood was collected at least 21 days (median = 37, IQR =
22–62) after the second immunization (Table 1). Convalescent
individuals (confirmed by a previous positive SARS-CoV-2 RT-
PCR result) with mild disease (11) (n = 72; median age = 40, IQR =
32–47) with at least 150 days since the onset of the infectious
episode were included as positive controls. Seronegative samples
with no T cell response specific for SARS-CoV-2, obtained during
the pandemic (n = 36; median age = 36 IQR = 30–47), were also
included as negative controls. All volunteers signed written
informed consent and the study was approved by the Ethics
Committee of the Hospital das Clıńicas da Universidade de São
Paulo (CAPPesq CAAE30155220.3.0000.0068).

Antibody ELISA
Enzyme-linked immunosorbent assay (ELISA) was performed
using 96-well high- binding half-area polystyrene plates coated

overnight at 4°C with 4 mg/ml of Spike protein, 2 mg/ml
Nucleocapsid protein (NP) (Kindly provided by Dr. Ricardo
Gazzinelli, UFMG, Brazil) or 0.8 mg/ml of the RBD domain from
SARS-CoV-2 were all expressed in HEK293T cells (12). In short, 50
µl of diluted sera (1:100) were incubated at 37°C for 45 min.
Peroxidase-conjugated goat anti-human IgG (BD Pharmingen,
USA), anti-human IgA (KPL, USA) or anti-human IgM (Sigma,
USA) secondary antibody conjugates were diluted 1:10,000, and
incubated at 37°C for 30 min. The optical density (OD) at 492 nm
was measured with a microplate reader (Epoch, BioTek, USA).
Values were determined as OD minus blank and cutoff was
determined as the average OD of 12 samples pre-pandemics + 3×
standard deviation. Results are given as the ratio of OD sample/
cutoff. An antibody ratio of ≥1.2 was considered positive.

Virus Neutralization Assay
SARS‐CoV‐2 (GenBank: MT MT350282) was used to conduct a
cytopathic effect (CPE)‐based virus neutralization test (VNT) as
previously described (13). The virus strain properties were
previously described on Araujo et al. (14). We used 96‐well plates
containing 5 × 104 cells/ml of Vero cells (ATCC CCL‐81). A series
of dilutions (1:20 to 1:2,560) was prepared for the assay. Serum
dilutions were mixed at equal volumes with the virus (100 tissue
culture infectious doses, 100% endpoint per well—VNT100) and
pre-incubated for virus neutralization for 1 h at 37°C. The mixtures
containing serum and virus were transferred onto the confluent cell
monolayer and incubated at 5% CO2 for three days at 37°C, all
the procedures were conducted in a Biosafety laboratory level three
(BSL3). After 72 h, plates were analyzed by light microscopy.
Gross CPE was observed on Vero cells, distinguishing the
presence/absence of CPE‐VNT against the Wuhan reference
strain or the Gamma variant, which was prevalent in Brazil by
the time of the sampling. To determine neutralizing antibody titers,
the highest serum dilution that was able to neutralize virus growth
was considered. As positive control, a reference serum from an
RT‐qPCR positive individual and a plaque reduction in the
neutralization test >640 was used in each assay.

Antigen-Induced T Cell Cytokine
Release Assay
Antigen-induced T cell cytokine release assays (CRA) were
performed by incubating 250 µl/well of heparinized peripheral
blood onto round-bottom 96-well plates for 48 h at a humidified
37°C, 5% CO2 environment in the presence of 20 pooled CD4+ T
cell epitopes (Supplementary Table 1). Twenty CD4+ T cell
epitopes used as antigen-specific T cell stimulus were
bioinformatically identified and synthesized by scanning the
whole proteome in SARS-CoV-2 reference genome (RefSeq:
NC_045512.2) using the promiscuous HLA-DR binding peptide
approach (15). Plates were centrifuged, and plasma supernatant was
harvested and stored at −80°C until use. IFN-g and IL-2 levels in
cell-free culture supernatants were evaluated by ELISA, according to
manufacturer’s instructions (R&D Systems, Minneapolis, MN). The
cutoff values for IFN and IL-2 were obtained by a Receiver Operator
Curve analysis with diagnostics as reference groups and IFN or IL-2
values as predictors. Cytokine values were subtracted from the
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DMSO control. The quantification limit of the IFN-g test was 1.17
pg/ml and 0.98 pg/ml for IL-2.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism
version 9 and R platform for statistical analysis version 4.0.3.
Continuous variables were analyzed using Shapiro–Wilk test to
assess the normality of their distribution. Comparison of
continuous variables was carried out using Kruskal–Wallis test

with Dunn’s post-hoc test for several groups or Mann–Whitney
test when only two groups were compared. Pearson’s chi squared
test was used to assess categorical data association. Correlation
was evaluated by the Spearman’s coefficient. The age limit value to
characterize groups of immune response was established after a
two-step process. A K-means cluster analysis based on five
continuous variables (ratios of IgG from NP, RBD, Spike and
levels of IFN-g and IL-2) was used to identify two groups of
different immune responses, according to the algorithm of

TABLE 1 | Characteristics of study participants.

Vaccinated Convalescent Seronegative
control

P value

n 101 72 36 Test
A p=4.37 x 10-10

B C vs SC p=0.94
Age, mean ± sd 54 ± 16.3 40.5 ± 10.5 39 ± 12.3 C vs V p<0.0001
(range) (23-90) (24-68) (22-44) SC vs V p<0.0001
Sex, n (%)
Female 70 (71) 54 (75) 26 (72) E p=0.7129
Male 30 (29) 18 (25) 10 (28)

Interval between sampling and 2nd dose or symptoms onset, median
(range)

37 (21-80) 207 (159-240) NA

Antibody levels, median ratio (IQR)

IgG RBD 2.94 (3.04) 1.46 (1.00) 0.13 (0.09) C p=1.85 x 10-20

D C vs SC
p<0.0001
C vs V
p=0.000147
SC vs V p<0.0001

IgG NP 1.17 (2.69) 1.31 (1.34) 0.12 (0.14) C p=2.97 x 10-15

D C vs SC
p<0.0001
C vs V p=0.682
SC vs V p<0.0001

IgG Spike 1.43 (3.03) 3.76 (2.28) 0.12 (0.11) C p=6.45 x 10-18

D C vs SC
p<0.0001
C vs V p<0.0001
SC vs V p<0.0001

Cytokine levels (pg/mL), median (IQR)

IFN-g 2.06 (9.00) 3.51 (8.48) 0 (0.37) C p=1.18 x 10-7

D C vs SC
p<0.0001
C vs V p=1
SC vs V p<0.0001

IL-2 1.21 (16.8) 2.72 (22.0) 0 (0.00) C p =2.7 x 10-9

D C vs SC
p<0.0001
C vs V p=0.326
SC vs V p<0.0001

Neutralization assay

n 83 31 36
Neutralization titer (VNT100), 1:40 0.0972222 0
GMT (CI 95%) 22.2 (15.2 -

32.4)
82.0 (56.7 -

118.6)
0 F p = 0.0097

Tests: A, ANOVA; B, Post-hoc Tukey HSD; C, Kruskal-Wallis; D, Post-hoc Dunn; E, Chi square test.
F, Wilcoxon-Mann-Whitney.
Comparisons: V, vaccinated; C, convalescent; SC, seronegative control.
NA, Not applicable.
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Hartigan and Wong (16). The age threshold that could
distinguish the two resulting clusters with the highest accuracy
was obtained by a Receiver Operator Characteristic curve analysis
with the clusters as reference and the age variable as predictor
(Supplementary Figure 1). A p-value <0.05 was considered
statistically significant for all analyses.

RESULTS

Demographical data and assays for each group are described in
Table 1. Among vaccinated individuals, 96% displayed antigen-
induced cellular cytokine and/or antibody responses to at least
one antigen tested, and 98.5% of convalescents displayed cellular
and/or antibody responses. Of interest, both cellular and humoral
responses were displayed by 59 and 82% of vaccinated and
convalescent individuals, respectively (Figure 1A). Vaccinated
and convalescent individuals displayed significantly higher
antibody and T cell responses than seronegative controls.
Vaccinated individuals displayed significantly lower IgG
responses against Spike protein, but higher responses against

the RBD domain as compared to convalescent patients, while
responses to NP were s imi lar between those two
groups (Figure 1B).

Regarding T cell responses as measured by cytokine release
after peptide stimulation, we observed that IL-2 and IFN-g levels
were similarly increased among vaccinated individuals and
convalescents in comparison to the seronegative control group
(Figure 1C). Geometric mean titers (GMT) of neutralization
titers for the vaccinated group were 4 times lower as compared to
convalescent patients, even though time since infection was
much longer than time after vaccination (Figure 1D). Of
interest, time of sampling since vaccination or infection did
not correlate with higher or lower immune responses
(Supplementary Figures 2, 3).

Most immune response levels were positively correlated
among each other, as previously reported (Figure 2) (17).
Neutralization titers positively correlated with IgG levels for
the three antigens tested and also with IFN-g and IL-2
production upon whole blood stimulation (Figure 3). Among
vaccinated individuals, we observed significant negative
correlations between age and IL-2 cytokine release, but not for

A B

C D

FIGURE 1 | Immune responses among vaccinated and convalescent individuals. (A) IgG and T-cell SARS-CoV-2-specific cytokine production among vaccinated
individuals and convalescents patients. (B) IgG reactivity against SARS-CoV-2 Spike protein, RBD domain and nucleocapsid protein. (C) T-cell SARS-CoV-2-specific
cytokine release upon whole blood stimulation with specific SARS-COV-2 peptides. (D) Viral neutralization titers of original Wuhan strain. CK, Cytokine; VNT, Virus
Neutralization Titer; NP, Nucleocapsid Protein from SARS-COV-2; IFN-g, Interferon gamma. Box plots show the median with IQR and the error bars indicate min and
max values. VNT below 1:20 were considered 1 in graphs, numbers above the bars show the Geometric Mean Titer (GMT), and the error bars indicate the 95% CI.
Statistical analysis: Kruskal–Wallis with Dunn post hoc test.
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I IFN-g (Figure 4A). We also observed a negative correlation
between age and neutralization titers (Figure 4B), and also age
and IgG antibody levels against Spike, RBD and NP (Figure 4C).

The identification of clusters from the numerical variables
allowed us to identify the age of ~55 years as the best divisor.
Therefore, we compared the two age groups considering under
55 and 55 or older. Among vaccinated, while 97% of the women
≥55 displayed antibody and/or T cell responses, 83% of men
from the same age group displayed detectable responses
(Figure 5A). Moreover, while 63% of women ≥55 displayed
antibody and T cell responses simultaneously, only 33% of men
in the same age group presented both types of response
(Figure 5A). Antibody responses alone were observed in 33%
vs 29% of men and women vaccinated individuals ≥55,
respectively, and cellular responses in the absence of detectable
IgG were found among 17% male and 6% female vaccinated
individuals ≥55 years old (Figure 5A). Antibody responses for
male vaccinated individuals ≥55 years old displayed the lowest
levels of anti- Spike, anti-RBD and anti-NP IgG and IL-2 release
(Figures 5B, C). Female vaccinated individuals ≥55 years old
also showed lower anti-NP and anti-Spike IgG and IL-2 release
than younger females (Figures 5B, C).

Similar results were observed when we assessed neutralizing
antibody and T cell cytokine production (Figure 6A). Older
vaccinated men displaying both VNT and cytokine production
corresponded to only 28% as compared to younger males
presenting 67%, while among women, 70% of the younger and
55% of the older women presented both responses. Neutralization
of Wuhan reference strain presented lower GMT for women >55
years old as compared with the younger group (Figure 6B). Lastly,
we aimed to verify VNT capacity against the Gamma VOC,
besides Wuhan strain, after vaccination. The overall VNT for
the tested variant were lower than for Wuhan strain among
vaccinated (Figure 6C). The dataset used for all analysis is
available in Supplementary Table 2.

DISCUSSION

CoronaVac was the first anti-COVID vaccine available for mass
immunization in Brazil, where it followed schedules targeting
first the healthcare workers and the elderly population. We
aimed to evaluate humoral and cellular responses after
vaccination and stratify considering sex and age. In our

A B

C

D

FIGURE 2 | Correlations between different immunological parameters among vaccinated individuals. (A) Correlation between IgG for Spike protein and RBD;
Correlation between IgG for NP protein and RBD; Correlation between IgG for NP protein and Spike protein. (B) Correlation between IL-2 and IFN-g released after
whole blood stimulation. (C) Correlation between IgG for RBD, NP or Spike and IL-2 released after whole blood stimulation. (D) Correlation between IgG for RBD,
NP or Spike and IFN- g released after whole blood stimulation. NP: Nucleocapsid Protein from SARS-COV-2; IFN-g: Interferon gamma. Spearman’s r and
significances are indicated.
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study, the majority of vaccinated individuals developed some
kind of immune response to the vaccine and the magnitude of
most of the immune response measures positively correlated
with each other. However, we observed a negative correlation
between age and SARS-CoV-2-peptide epitopes antigen-

induced IL-2 release and antibody responses to Spike, RBD
and NP, suggesting a lower immunogenicity in older
individuals. Upon stratification by age and sex, we observed
that most of this reduced immunogenicity was among the ≥55
years male population. The proportion of individuals who

A

C

B

FIGURE 4 | Correlations between age and other immunological parameters among vaccinated individuals. (A) Correlation between age and humoral responses: IgG
for Spike, RBD or NP protein. (B) Correlation between age and T-cell responses: IFN-g and IL-2 released after whole blood stimulation. (C) Correlation between age
and VNT. NP, Nucleocapsid Protein from SARS-COV-2; IFN-g, Interferon gamma; VNT, viral neutralization titers. Box plots show the median with IQR and the error
bars indicate min and max values. Spearman’s r and significances are indicated.

A

B

FIGURE 3 | Correlations between Viral Neutralization Titers and other immunological parameters among vaccinated individuals. (A) Correlation between VNT and T-
cell responses: IFN-g and IL-2 released after whole blood stimulation. (B) Correlation between VNT and humoral responses: IgG for Spike, RBD or NP protein. VNT,
Virus Neutralization Titer; NP, Nucleocapsid Protein from SARS-COV-2; IFN-g, Interferon gamma. VNT below 1:20 were considered 1 in graphs. Spearman’s r and
significances are indicated.
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displayed any response to the vaccine varied from 100% among
younger women (<55 years old) to 83% among men 55 or older.
Significantly, the simultaneous detection of antibody and
cellular immune responses varied from 71% among women
younger than 55 years old to only 33% among men 55 or older.
This suggests that the immunogenicity of the vaccine regimen is
less pronounced in this age and sex group. Also, the finding of
reduced IL-2 in older male vaccinees is of particular concern,
considering that interleukin-2 is essential for the development
of memory T cells (18, 19).

Men are disproportionately affected by COVID-19 compared
to their female counterparts. World death and hospitalization
data during COVID-19 pandemic show a clear male bias (20).
The mechanisms for such bias have not been elucidated, but it is
fair to assume that differential immune responses play an
important role. It has been hypothesized that this discrepancy
is due to the fact that men generate a worse innate immune
response than women. In regard to adaptive immunity, there is
convincing evidence suggesting that women mount higher

antibody responses (21), which is directly associated with a
better vaccine response (22).

It is well reported that aging is associated with a decline in
immune function [reviewed in (23)]. This process, known as
immunosenescence, often leads to impaired response to vaccines
in older adults. In the case of inactivated vaccines, such as
influenza, elderly individuals have a significantly lower
protection, with efficacy ranging from 17 to 51%, as compared
to up to 90% for younger individuals (24).

COVID-19 immunogenicity across young and elderly
individuals has been studied for other vaccines. For
ChadOx1, no differences were found following the second
dose either for anti-Spike IgG and neutralizing antibodies or
for IFN-g and IL-2 Th1 T cell responses among the 18–55, 55–
69 and ≥70 year old groups (25, 26). A study between mRNA-
1273 vaccine recipient groups of 56–70 or ≥71 years of age
revealed that binding, neutralizing-antibody and IFN-g and IL-
2 responses were similar to those reported among vaccine
recipients between the ages of 18 and 55 years and were

A

B

C

FIGURE 5 | Immune responses among CoronaVac vaccinated individuals. (A) IgG and T-cell SARS-CoV-2-specific cytokine production among vaccinated
individuals. (n = 101). (B) IgG reactivity against SARS-COV-2 Spike protein, RBD domain and nucleocapsid protein grouped by age and sex. (C) T-cell SARS-CoV-
2-specific cytokine release upon whole blood stimulation with specific SARS-COV-2 peptides grouped by age and sex. NP, Nucleocapsid Protein from SARS-COV-
2; IFN-g, Interferon gamma. Box plots show the median with IQR and the error bars indicate min and max values. Statistical analysis: Wilcoxon rank sum test and
Mann–Whitney test.
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above the median of a panel of controls who had donated
convalescent serum (8, 27). As for the Pfizer BNT162b2 mRNA
vaccine, one of the few studies comprising older adults (≥80
years old) showed a suboptimal neutralizing antibody response
and reduced T cell count following the first dose (28). A second
study reported that BNT162b2 elicited relatively lower
antibody levels in adults over 50 years old vs younger adults
(29). Lastly, responses among Chinese patients aged 18–55 and
65–85 showed similar IgG and somewhat lower neutralizing
antibody and a more variable T cell response than younger
individuals (30). T cell and antibody immune responses of the
elderly groups after mRNA or adenovirus vector vaccines were
thus found to be largely similar to those of younger individuals,
which is in contrast with observations in our group of
inactivated virus based CoronaVac vaccinated individuals. To
our knowledge. this is the first report showing T-cell responses
after vaccination with Coronavac with a significant group of
older individuals. In our study, we used a whole blood IFN-g
and IL-2 release assay, while the cited studies used ELISPOT
and flow cytometry analysis. Although ELISPOT could be
considered more sensitive than the whole blood-based
cytokine release assay used here, CRA has been shown to
accurately assess cellular immunity to SARS-CoV-2 and
vaccination (31–34). Of note, Tan et al. (35) performed a
direct comparison between ELISPOT and CRA and found the
sensitivity of the two methods are comparable with a strong
positive correlation with each other. In addition, IgG antibody
and VNT assays were similar to those used in the previous
studies, and our results showed lower percentages among

elderly individuals—especially in the male sex. This is
especially relevant given the finding that CoronaVac
vaccinated individuals were also shown to have significantly
reduced neutralizing capacity against VOCs alpha, beta, and
delta (1). The main VOCs circulating in Brazil at the time of
sampling were gamma and alpha (36).

Our cluster analysis showed a difference in immune responses
between older and younger of 55 years of age, which is not a
common cutoff of age for comparison used in other studies. It
shows that lower immune responses were detectable for people
younger than 60 years and indicates that waning immunity could
be just a matter of time after vaccination for these people. A
nationwide evaluation of vaccine effectiveness comprising
25,752,013 Brazilians vaccinated with CoronaVac showed a
reduced protection against hospitalization, ICU admission and
death in individuals older than 79 years of age (67.2%),
decreasing to 33.6% in individuals above 90 years ≥14 days
after the 2nd dose. Sixty days after vaccination, there was an
increase in the hospitalization rate in individuals >80 years old,
indicating waning immunity and an eventual need for a booster
dose for the elderly population (37).

Despite the important insight on the immunogenicity of
CoronaVac, our study had limitations. The sample sizes were
limited, and comorbidities were not considered for analysis in
any group. Only 82% of participants had serum samples available
for viral neutralization assay. Vaccinated individuals were
included based on self-reporting no previous infection, but no
basal antibody levels or SARS-CoV-2 RT-PCR were performed
upon inclusion.

A

B C

FIGURE 6 | Frequency of immune responses of vaccinees considering VNT titers. (A) Distribution of VNT and/or CK responses among vaccinees. (B) Viral
neutralization titers among vaccinated individuals grouped by age and sex (n = 83). (C) Viral neutralization of original Wuhan strain and VOC gamma. VNT, Virus
Neutralization; VOC, variant of concern VNT below 1:20 were considered 1 in graphs, numbers above the bars show the Geometric Mean Titer (GMT), and the error
bars indicate the 95% CI. Statistical analysis: Wilcoxon rank sum test and Mann–Whitney test.
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In summary, our results show a lower overall immune response
for people older than 55 years after two-dose immunization with
inactivated vaccine CoronaVac. In general, vaccinated subjects
presented VNTs lower than convalescents for Wuhan strain and
vaccination conferred lower VNTs against gamma VOC compared
to Wuhan strain. Given the finding that mixing vaccines with
different platforms may elicit stronger immunogenicity (38), our
results corroborate the recommendation of the BrazilianMinistry of
Health for a heterologous third dose/booster vaccine for elderly
individuals vaccinated with CoronaVac.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of the Hospital das Clıńicas da
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highest accuracy.

Supplementary Figure 2 | Correlations between time post symptom onset and
immunological parameters among convalescent individuals. (A) Correlation
between time post symptom onset and T-cell responses: IFN-g and IL-2 released
after whole blood stimulation. (B) Correlation between time post symptom onset
and humoral responses: IgG for Spike, RBD or NP protein.

Supplementary Figure 3 | Correlations between time post 2nd dose of
CoronaVac and immunological parameters among vaccinated individuals. (A)
Correlation between time post symptom onset and T-cell responses: IFN-g and IL-2
released after whole blood stimulation. (B) Correlation between time post symptom
onset and viral neutralization of original Wuhan strain. (C) Correlation between time
post symptom onset and humoral responses: IgG for RBD, Spike or NP protein.
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Follow-up of young adult
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coronavirus disease 2019: a case
report
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Vivian R. Cória1, Michel S. Naslavsky1,2, Marilia O. Scliar1,2,
Erick C. Castelli3, Jamile R. de Oliveira4,5,
Giuliana X. de Medeiros4,5, Greyce L. Sasahara5,
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(InCor), LIM 19, Hospital das Clínicas da Faculdade de Medicina da Universidade de São Paulo,
(HCFMUSP), São Paulo, Brazil, 6Instituto de Investigação em Imunologia—Instituto Nacional
de Ciências e Tecnologia-iii-INCT, São Paulo, Brazil

Background: The influence of the host genome on coronavirus disease 2019

(COVID-19) susceptibility and severity is supported by reports on monozygotic

(MZ) twins where both were infected simultaneously with similar disease

outcomes, including several who died due to the SARS-CoV-2 infection within

days apart. However, successive exposures to pathogens throughout life along

with other environmental factors make the immune response unique for each

individual, even among MZ twins.

Case presentation and methods: Here we report a case of a young

adult monozygotic twin pair, who caught attention since both presented

simultaneously severe COVID-19 with the need for oxygen support despite

age and good health conditions. One of the twins, who spent more

time hospitalized, reported symptoms of long-COVID even 7 months after

infection. Immune cell profile and specific responses to SARS-CoV-2 were

evaluated as well as whole exome sequencing.

Conclusion: Although the MZ twin brothers shared the same genetic

mutations which may be associated with their increased risk of developing

severe COVID-19, their clinical progression was different, reinforcing the
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role of both immune response and genetics in the COVID-19 presentation

and course. Besides, post-COVID syndrome was observed in one of them,

corroborating an association between the duration of hospitalization and the

occurrence of long-COVID symptoms.

KEYWORDS

COVID-19, monozygotic twins, SARS-CoV-2, immunity, genetic variants

Introduction

The ongoing global pandemic of coronavirus disease 2019
(COVID-19) caused by the SARS-CoV-2 virus has already
affected the health of millions of people worldwide, with a
significant number of deaths (1). Although older patients and
those with comorbidities who are infected are more subject to
unfavorable outcomes, reports of young people without chronic
diseases who died from COVID-19 support the existence of
genetic and immunological risk factors (2, 3). Also, several
reports of identical twins deceased due to COVID-19 within
days apart give further support to the influence of the host
genome on COVID-19.

The first worldwide case of death from COVID-19, within 3
days apart, in one pair of adult unvaccinated MZ was reported
in April 2020 in the United Kingdom. Aged 37, both twin sisters
worked as nurses and had the same underlying health condition.
Recently (2022), France’s famous twin Bogdanoff’s brothers died
of COVID-19 6 days apart. Aged 72, the brothers had not been
vaccinated against COVID-19 either.

The identification of genetic variants related to immune
response, associated with higher susceptibility to the infection
or severe COVID-19 has been the focus of numerous studies
around the world (2, 4–8). Currently, genome-wide association
studies (GWAS) have identified some genetic variants, including
rare loss-of-function variants in genes involved in type I
interferon (IFN) pathways (3, 9, 10) or missense variants
that affect the activity of transmembrane serine protease 2 (3,
11, 12), that contribute to susceptibility or severe COVID-
19, respectively. Here, we investigated a case of simultaneous
critical COVID-19 in young adult MZ brothers in 2021, before
being vaccinated. We present a comprehensive assessment of
their innate and adaptive immunity, genetic profiling, and
systemic biomarkers.

Case presentation

In June 2021, a 31-year-old Brazilian monozygotic twin
brother pair (ID 01 and ID 02) started with cough and fever
on the 26th. Both tested positive for SARS-CoV-2 infection on
June 29th. During the following days symptoms worsened with
dyspnea. From June 30th to July 4th, azithromycin was used.

Blood oxygen saturation reached a critical level of 80% and the
twin brothers were admitted directly to the intensive care unit
on July 8th. They were intubated due to pulmonary involvement
and were extubated after 5 days of mechanical ventilation (July
13th). The Gamma variant was the only SARS-CoV-2 variant
identified in the region at the end of June 2021 (13) and it is
known that this variant was associated with increased mortality
risk and severity of COVID-19 cases in younger age groups,
particularly in the unvaccinated population at the time (14). The
twins received the same supportive ICU measures (sedation and
proning). Also, at the hospital, both twins received the same
treatment: dexamethasone (from July 9th to July 19th), to inhibit
inflammation in the lungs. Due to detected resistant bacterial
infections in both twins after extubation, they were treated with
meropenem (from July 13th to July 20th). ID 01 was discharged
on the 22nd of July and ID 02 7 days later. Both required
respiratory physiotherapy for at least 3 months after hospital
discharge. Seven months after the COVID-19 episode, ID 02
complained of persistent muscle fatigue, commonly associated
with the post-COVID syndrome. The twins lived apart but
worked at the same company as realtors. They did not have any
known health conditions or comorbidities. The entire timeline
of main events is presented in Figure 1.

Blood samples from the twins were collected in February
2022 (7 months after COVID-19 diagnosis and 4 months after
getting a second dose of Pfizer-BioNTech COVID-19 vaccine) at
our Research Center (HUG-CELL) for global immune profiling
and genetic investigation. Peripheral blood mononuclear cells
(PBMCs), plasma, and serum were obtained to perform the
immunological assays and DNA for whole-exome sequencing
(WES). Complementary clinical laboratory analyses were also
performed in whole blood samples.

Surface immunophenotyping of PBMC was performed
by flow cytometry (Table 1). The twins displayed normal
frequencies of CD3+, CD4+, and CD8+ T-cells, monocytes,
NK cells, and lymphocytes B as expected in healthy donors
(15). The type I/III IFN production by PBMCs after toll-
like receptor (TLR) stimulus (double-stranded RNA Poly
I:C), was evaluated for 1, 4, and 8 h. Although there was
heterogeneity in IFN or IFN-induced gene expression,
the twins presented an early and strong (FC = 20 or
higher) mRNA expression of at least two of the five types
of I/III IFN analyzed. Thus, no failure in the innate IFN
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FIGURE 1

Clinical timeline of the major events of the twins’ case.

response was observed. The production of interferon-
gamma (IFN-γ) and interleukin-2 (IL-2) by PBMC, after
stimulation by SARS-CoV-2 peptides, was also evaluated.
Similar results were observed in both twins, for CD4 + T
lymphocyte responses. ELISA serological assays were
performed for SARS-CoV-2 IgA, IgG, and IgM for the
receptor-binding domain (RBD) and nucleocapsid protein
(NP) to assess their humoral immune response. The
antibody profiles of SARS-CoV-2 IgA, IgM, and IgG
were virtually identical between the MZ twin brothers.

The global immune profiling of the twins is presented in
Figure 2.

Hematologic and systemic parameters of the post-COVID
phase (Table 2) revealed great similarity between the MZ twins,
except for a very slight increase in creatine phosphokinase (an
enzyme specific to muscle tissues, which may increase after
muscle injuries) and ferritin (an acute phase reactant that
can increase its serum concentration during inflammation),
presented by ID 02. These findings might be related to the
fatigue reported only by this twin. Likewise, both presented mild
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TABLE 1 PBMCs immunophenotyping of the twin volunteers, 7 months after COVID-19 episode.

ID CD3 + T-cells CD4 + T-cells CD8 + T-cells Monocytes NK cells B-cells

01 56.2 63.5 31.1 7.7 8.9 9.3

02 57.5 57.7 35.3 8.0 8.8 7.7

Healthy* 45–70 25–60 5–30 10–30 5–10 5–15

*Reference parameters values for individuals in the same age range (15).

FIGURE 2

Global immune profiling of the twin volunteers, 7 months after the COVID-19 episode. (A,B) Type I/III IFN production by PBMCs after toll-like
receptor (TLR) stimulus. (C,D) IFN-γ and IL-2 production by PBMC when stimulated by SARS-CoV-2 peptides. (E) Serological assays for
SARS-CoV-2 IgA, IgG, and IgM through ELISA for the receptor-binding domain (RBD) and nucleocapsid protein (NP).
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TABLE 2 Blood test parameters of the volunteers, 7 months after the COVID-19 episode.

Variables ID 01 ID 02 Reference values

Erythrogram

Erythrocyte/red blood cell (RBC) count (millions/mm3) 4.64 4.57 4.30–5.70

Hemoglobin concentration (g/dL) 14.8 14.1 13.5–17.5

Hematocrit (%) 42.0 42.0 39.0–50.0

Mean cell/corpuscular volume—MCV (µ3) 90.5 91.9 81.2–95.1

Mean cell hemoglobin—MCH (%) 31.9 30.9 26.0–34.0

Mean cell hemoglobin concentration—MCHC (pg) 35.2 33.6 31.0–36.0

RBC distribution width—RDW (%) 11.6 11.3 8.0–15.5

Erythrocyte sedimentation rate—ESR (mm/1 h) 12 18 0–6

Leukogram

Leukocyte/white blood cell (WBC) count/mm3 4,310 4,840 3,500–10,500

Neutrophil count/mm3 2,030.01 2,574.88 1,700.00–8,400.00

Eosinophil count/mm3 349.11 208.12 50.00–420.00

Basophil count/mm3 60.34 48.40 0.00–105.00

Lymphocyte count/mm3 1,560.22 1,669.80 900.00–3,150.00

Monocyte count/mm3 310.32 338.80 140.00–1,260.00

Coagulation parameters

Platelet count/mm3 311,000 304,000 140,000–400,000

Prothrombin time (s) 10.2 10.6 9.6–12.0

Activated partial thromboplastin time—APTT (s) 32.5 32.1 22.7–32.5

D dimer (µg/mL) 0.15 0.17 0–0.50

Homeostasis parameters

C-reactive protein—CRP (mg/dL) 0.12 0.14 0–0.60

Ferritin (ng/mL) 331.0 512.1 25.0–400.0

Lactate dehydrogenase—LDH (U/L) 193 198 0–250

Parameters of tissues’ functions

B-type natriuretic peptide–BNP (pg/mL) <5 <5 <100

Troponin T (ng/mL) <0.003 0.003 0.000–0.030 (negative)

Creatine phosphokinase—CPK (U/L) 186 211 0–190

Glutamic-oxaloacetic transaminase—GOT (U/L) 34 28 0–50

Glutamic pyruvic transaminase—GPT (U/L) 47 33 0–50

Urea (mg/dL) 27 28 10–50

Creatinine (mg/dL) 0.8 0.9 0.7–1.2

The parameters out of the reference values were highlighted in red.

changes in erythrocyte sedimentation rate, a parameter that may
be increased in different inflammatory conditions.

WES was performed in peripheral blood DNA with the
Illumina NovaSeq platform at HUG-CELL facilities. The
identical twins do not carry any rare variants in genes associated
with inborn errors (IE) of Toll-like receptor 3 (TLR3) and IFN
regulatory factor 7 (IRF7) dependent type I IFN immunity,
which underlies life-threatening COVID-19 pneumonia (5, 16).
Also, we did not detect any copy number variation (CNV) in
IE genes. The Neanderthal-derived genetic variant rs35044562
(17) was not detected in the twins. However, we detected two
rare missense variants (with a mean CADD score > 20), one
in the BTK gene (NM_000061:exon8:c.G684A:p.M228I)
carried in homozygosity and one in the NFKB2 gene
(NM_002502:exon22:c.T2531C:p.V844A) carried in the
heterozygous state, which may be linked to their increased
risk of developing severe COVID-19. In addition, we analyzed

the genotypes and haplotypes (Supplementary Table 1) of the
HLA cluster in the MHC region by using a hla-mapper (version
4) (18) to optimize read alignment along the MHC region.
Interestingly, the twins present the alleles HLA-A∗02:01 and
HLA-E∗01:01 (both carried in the heterozygous state), which
were associated with the high severity of COVID-19.

Discussion

Twin studies are important to investigate the contribution of
genetics vs. the environment, in the susceptibility or resistance
to infectious diseases as well as their pathomechanisms.
Moreover, the study of the monozygotic ones may represent a
powerful approach to further explore the immunological factors
that contributed to the host defense. Beyond the host genotype,
the individual immune response plays a determining role in
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the success or failure against SARS-CoV-2 (15). The immune
repertoire which is also somatically defined by mutations
occurring at later stages of development could justify different
disease courses, and/or outcomes even in monozygotic twins
(19, 20).

The genetic causes responsible for the clinical variability
associated with COVID-19 remain the subject of investigation.
Worldwide genomic studies of large cohorts of individuals with
different clinical manifestations have been published, suggesting
the involvement of different genetic variants responsible for
greater susceptibility or resistance to SARS-CoV-2. GWAS
identified a potential effect of variants in the SLC6A20, LZTFL1,
CCR9, FYCO1, CXCR6, and XCR1 genes as responsible for
greater susceptibility to SARS-CoV-2 (2, 19) in addition to
variants in the genes REXO2, C11orf71, NNMT, and CADM1,
involved in the immune response (21). Additionally, variants in
many genes involved with the innate immune response seem
to be involved in the susceptibility/predisposition to severe
cases of COVID-19 such as those involved in the IFN and
TLRs pathways, as well as the ACE2 and TMPRSS2 genes
involved in virus entry into the cell (3, 7, 22). Variants in
the genes IL1B, IL1R1, IL1RN, IL6, IL17A, FCGR2A, and TNF
which encode cytokines would also have a possible relation
with disease susceptibility and cytokine storm development.
The Human Leukocyte Antigen (HLA) gene cluster and genes
associated with the Major Histocompatibility Complex (MHC)
are important candidates for the mechanisms of innate and
adaptative immunity and susceptibility to COVID-19 infection
and manifestation (23).

Interestingly the identified heterozygous NFKB1
missense variant (NM_002502:exon22:c.T2531C:p.V844AI)
and the hemizygous missense variant in the BTK gene
(NM_000061:exon8:c.G684A:p.M228I) are the central
hubs that connect proinflammatory signaling pathways for
survival, proliferation, cytokine production, and lymphocyte
development. Interestingly, variants in both genes have been
reported in primary antibody immunodeficiencies (24, 25).
However, since these variants were not studied at the protein
or functional level, their pathogenicity is yet to be determined.
Genetic variant in chromosome 3, previously associated
with high severity cases of COVID-19 and inherited from
Neanderthals (rs35044563), was not detected in both volunteers
(17). Regarding the HLA complex, the twins present the
alleles HLA-A∗02:01 and HLA-E∗01:01 (both carried in the
heterozygous state), which were associated with high severity of
COVID-19 (13).

The global immune profiling assays, after 7 months of
the COVID-19 episode, revealed great similarities between
the MZ twins. It is known that the failure to elicit a strong
type I IFN response contributes to severe COVID-19 (14).
Infections trigger massive T cell expansion, leading to the
skewing of the TCR repertoire due to antigen−specific T cell
expansion. A low clonotype sharing between MZ twins with

rheumatoid arthritis that were mismatched for SARS-CoV-
2 infection suggests an immune repertoire reshaping might
be induced after COVID-19 (26). However, clonality and
alterations of T-cell receptors’ repertoires were partly associated
with immune activation mediated by IFN type I and III (27)
and here both twins displayed early and strong I/III IFN
responses. The production of cytokines IFN-γ and IL-2 by T
lymphocytes, when stimulated by SARS-CoV-2 peptides, was
expressive. IL-2 and IFN-γ, which play a critical role in the
activation of macrophages and other immune cells related
to viral clearance, were found to be specific biomarkers of
SARS-CoV-2 cellular response (28). The virus-specific antibody
responses showed a vigorous IgA and IgG similar response in
both twins. Since these analyses were done post-vaccination, it
is not clear whether it was the viral infection or the vaccines that
stimulated the production of these antibodies but it is clear there
is no deficient humoral response. Taken together, regarding
the immune response, all parameters analyzed were practically
identical among the MZ twins.

Although both twins required intensive care and mechanical
ventilation for 5 days, ID 02 required longer hospitalization
and presented long-term symptoms consistent with long
COVID. After 7 months of follow-up, twin ID 02 reported
persistent muscle weakness and fatigue, while twin ID 01
referred to a return to his usual state of health. Muscle
dysfunction (intense fatigue) is among the most reported
symptoms of the post-COVID syndrome (17). The laboratory
values obtained at 7 months demonstrated that twin ID
02 had an elevation in ferritin and CPK but otherwise
had similar hematological and functional parameters relative
to twin ID 01. Importantly, the twins were not on any
medications or supplements. The CK levels at admission
are reported to be higher in those subjects who later
experience more severe outcomes and were associated with
a worse prognosis (20) while severe to critical COVID-19
patients showed higher ferritin levels compared to mild to
moderate COVID-19 patients (29). Thus, the slightly abnormal
ferritin and CPK from ID 02 even after 7 months post-
hospitalization might play a role in the pathogenesis of post-
acute sequelae of COVID-19.

Conclusion

This case study on two young-adult monozygotic
twins simultaneously infected with SARS-CoV-2, both
requiring ICU care but with different periods of clinical
progression suggests the contribution of both immune
response and the genetics in the COVID-19 presentation
and course. Besides, the post-COVID syndrome was
observed in one of them, corroborating an association
between the duration of hospitalization and the occurrence of
long-COVID symptoms.
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ABSTRACT: Even after over 2 years of the COVID-19 pandemic, research on
rapid, inexpensive, and accurate tests remains essential for controlling and avoiding
the global spread of SARS-CoV-2 across the planet during a potential reappearance
in future global waves or regional outbreaks. Assessment of serological responses
for COVID-19 can be beneficial for population-level surveillance purposes,
supporting the development of novel vaccines and evaluating the efficacy of
different immunization programs. This can be especially relevant for broadly used
inactivated whole virus vaccines, such as CoronaVac, which produced lower titers
of neutralizing antibodies. and showed lower efficacy for specific groups such as the
elderly and immunocompromised. We developed an impedimetric biosensor based
on the immobilization of SARS-CoV-2 recombinant trimeric spike protein (S
protein) on zinc oxide nanorod (ZnONR)-modified fluorine-doped tin oxide
substrates for COVID-19 serology testing. Due to electrostatic interactions, the
negatively charged S protein was immobilized via physical adsorption. The electrochemical response of the immunosensor was
measured at each modification step and characterized by scanning electron microscopy and electrochemical techniques. We
successfully evaluated the applicability of the modified ZnONR electrodes using serum samples from COVID-19 convalescent
individuals, CoronaVac-vaccinated with or without positive results for SARS-CoV-2 infection, and pre-pandemic samples from
healthy volunteers as controls. ELISA for IgG anti-SARS-CoV-2 spike protein was performed for comparison, and ELISA for IgG
anti-RBDs of seasonal coronavirus (HCoVs) was used to test the specificity of immunosensor detection. No cross-reactivity with
HCoVs was detected using the ZnONR immunosensor, and more interestingly, the sensor presented higher sensitivity when
compared to negative ELISA results. The results demonstrate that the ZnONRs/spike-modified electrode displayed sensitive results
for convalescents and vaccinated samples and shows excellent potential as a tool for the population’s assessment and monitoring of
seroconversion and seroprevalence.
KEYWORDS: COVID-19, SARS-CoV-2, electrochemical immunosensors, zinc oxide, serological diagnosis, immunosurveillance,
CoronaVac

■ INTRODUCTION
The coronavirus disease (COVID-19) pandemic has been a
global health crisis for 2 years, causing over 456 million
infections and more than six million deaths.1 Several studies
have been conducted to establish the seroprevalence of SARS-
CoV-2 among the general population.2−4 Vaccination against
COVID-19 continues to be the most effective method of
preventing severe disease, hospitalization, and death during the
current pandemic, including those associated with the
Omicron variant.5,6

Mass vaccination campaigns to prevent Covid-19 are now
being conducted worldwide, with different types of vaccines,
such as viral vector-based vaccines,7 mRNA-based,8 and
inactivated virus vaccines.9 The most widely used inactivated

virus vaccine is the CoronaVac,10,11 used especially in low- and
middle-income countries.12 Several studies reported very low
vaccine-induced antibody titers in CoronaVac-vaccinated
individuals.12−15 Accurate and accessible seroprevalence
detection may be of particular interest to public health
activities in countries where this vaccine has been primarily
used in vaccination programs.
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Tests to detect seroprevalence in the general population to
COVID-19 are critical to evaluate the effectiveness of
vaccination programs, support the development of vaccines,
and contribute to our understanding of the extent of infection
among individuals who were not identified through active case
finding and surveillance efforts, determining the attack rate in
the population and the infection fatality rate.16 The conven-
tional methodology for serological determinations includes the
traditional enzyme-linked immunosorbent assay (ELISA),17

immunochromatographic Lateral flow assay (LFA),18 and
electrochemical biosensors.19,20

Methods based on electrochemical biosensors have been
explored as promising alternatives for real-time monitoring of
COVID-19.21 Such devices feature a high level of sensitivity,
specificity, operability, cost-effectiveness, miniaturization, and
expeditious testing. They also decrease the need for costly
equipment, specialized personnel, and extensive sample
preparation. Such aspects make them useful diagnostic tools
since they provide rapid and accurate results.22,23

One of the nanomaterials widely employed for biosensor
production in recent years is zinc oxide (ZnO). This n-type
semiconductive material features a broad energy gap (Eg =
3.37 eV) and a large exciton binding ability (60 meV).24 With
its unique chemical, optical, and electrical properties, added to
its easy manufacturing in nanostructures of several sizes and
morphologies, this metal oxide is a highly versatile material
that has gained the attention of researchers not only for the
development of electrochemical biosensors but also for
electronic and optoelectronic devices, solar cells and super-
capacitors, and biomedical applications.25,26

Indeed, ZnO can now be grown as bulk crystals, thin films,
and nanostructures with various techniques27 such as wet
chemical method,28 microwaves,29 sputtering,30 vapor deposi-
tion,31−33 and electrodeposition.34−36 This advancement has
enabled its usage as a biosensor component, offering a high
degree of reproducibility, scalability, design flexibility, and
multiplexing of operational features. Some successful examples
of practical device enhancement are the manufacturing of
miniaturized micro−nano electrodes in glucose and urea
sensors,37−39 bacterial meningitis detection,40 cholesterol
biosensing,41 H1N1 influenza detection,42 legionella pneumo-
phila diagnosis,43 grapevine virus detection,44 cancer diag-
nosis,45,46 and many other devices employed as promising
immunosensors.47−52

The high isoelectric point (IEP 9.5) of ZnO nanostructures
makes them suitable for adsorbing materials with lower
isoelectric points such as enzymes and proteins by the
electrostatic interactions.40,53 A positively charged ZnO matrix
offers a receptive microenvironment for the negatively charged
proteins or enzymes to maintain their activity. It significantly
promotes the direct electron transport between the enzyme/
protein and the electrode.54 Several ZnO nanostructures have
been prepared with shape controllers, such as urchin-like,55

flower-like,56 nanoplates,57 nanorods,58 and nanobelts.59 The
zinc oxide can occur in one-dimensional (1D), two-dimen-
sional (2D), and three-dimensional (3D) structures.60

In this study, we have successfully developed ZnO nanorods
functionalized with SARS-CoV-2 recombinant trimeric spike
protein for electrochemical immunoassay of SARS-CoV-2
antibody detection tests. The platform distinguished in
impedance measurement serum samples from naturally
infected and vaccinated individuals with inactivated SARS-
CoV-2 vaccine (CoronaVac) from negative control samples

and was also capable of detecting seroconversion in samples
from individuals previously considered seronegative by the
standard ELISA test, with high sensitivity. There was no cross-
reactivity for common human coronavirus (HCoV), demon-
strating excellent specificity. These hierarchical electrodes
based on ZnONRs can be used as an inexpensive surface
substrate or electrode for seroprevalence determination,
control, and monitoring of COVID-19.

■ MATERIALS AND METHODS
Materials. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, reagent

grade 98%), hexamethylenetetramine (HMTA, ACS reagent ≥99%),
glycine (ACS reagent ≥98.5%), potassium ferricyanide (ACS reagent,
≥99%), and potassium ferrocyanide (ACS reagent 98.5%) were
obtained from Sigma-Aldrich. Potassium chloride (reagent grade
99%) was purchased from Labsynth. The SARS-CoV-2 recombinant
trimeric spike protein has been kindly supplied by the Cell Culture
Engineering Laboratory (LECC) of COPPE/Federal University of
Rio de Janeiro. The monoclonal anti-SARS coronavirus recombinant
human antibody, Clone CR3022 (produced in HEK293 cells), NR-
5248 was made under HHSN272201400008C and obtained through
BEI Resources, NIAID, NIH.

A total of 107 human blood serum samples were analyzed, divided
into four groups: Pre-pandemic (N = 15), convalescents (N = 47)
with polymerase chain reaction diagnostic confirmation at least 40
days after the onset of COVID-19 symptoms, CoronaVac-vaccinated
individuals (without previous positive results for COVID-19 disease)
(N = 25), and CoronaVac-vaccinated previously infected individuals
(with a previous positive result for COVID-19 disease and vaccinated
after that ) (N = 20). All vaccinated individuals received two doses of
a 3 μg vaccine/shot each, 4 weeks apart. Serum from convalescent
individuals and CoronaVac-vaccinated individuals was processed at
the Heart Institute Immunology Laboratory�InCor/HC-FMUSP.
All convalescents and CoronaVac-vaccinated volunteers signed
written informed consent approved by the Ethics Committee in
Research of the Clinics Hospital of the University of Sao Paulo
Medical School. (CAPPesq CAAE30155220.3.0000.0068). The BCRJ
cell bank supplied serum from pre-pandemic individuals through
approval by the Ethics Committee of the Federal University of ABC
(CAAE�43139921.2.0000.5594). The samples were classified along
with the article as prepandemic, convalescents, CoronaVac-
vaccinated, and CoronaVac-vaccinated previously infected and stored
at −80 °C until subsequent use.
ZnONR Preparation Processes. Fluorine-doped tin oxide

(FTO) glasses were used as substrates to produce ZnONR films.
The 1 × 1.5 cm-dimensioned substrates were washed three times by
sonication in ethanol, deionized water, and acetone for 15 min. A two-
step methodology based on the literature has been applied to grow
the films, with minor modifications.61 First, a seed layer was prepared
by dripping aqueous solutions of Zn(NO3)2 (20 μL, 0.5 mol L−1) and
HMT (20 μL, 0.5 mol L−1) on the substrates. After 5 min of
deposition, the substrates were spin-coated for 6 s at 500 rpm and
then for 30 s at 3000 rpm. Finally, they were annealed at 200 °C for
15 min. In the second step, the ZnONR films were grown
hydrothermally by soaking the modified substrates in a mixture of
Zn(NO3)2 (0.1 mol L−1) and HMT (0.1 mol L−1), keeping their
volume ratio at 1:1 (v/v). The hydrothermal growth was performed at
100 °C for 4 h in a sealed beaker. The final modified electrode was
called FTO-ZnONRs.
Fabrication of the Electrochemical Immunosensor. The

FTO-ZnONR electrode was first rinsed with a phosphate buffer
solution to generate a hydrophilic surface; then, 20 μL of SARS-CoV-
2 recombinant spike protein (4 μg mL−1) diluted in phosphate buffer
(pH 7.4) was placed onto the FTO-ZnONR surface for adsorption.
The drop was in contact with the ZnONR surface for 5 h, rinsed to
remove any unbound protein, and dried (FTO-ZnONRs/spike). A
glycine solution (10 μmol L−1) was used as a blocking solution to
minimize the non-specific adsorption; 20 μL was placed on the
sample and left to react for 30 min, and the device was again washed
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and dried (FTO-ZnONRs/spike/Gly). After that, 20 μL of blood
serum diluted in phosphate buffer (pH 7.4) at a ratio of 1:500 (v/v)
was incubated on the electrode surface and then stored for 1 h, rinsed
next, and dried (FTO-ZnONRs/spike/Gly/serum). A schematic of
the biosensor assembly process is shown in Figure 1. The positive
samples (FTO-ZnONRs/spike/Gly/+serum) were analyzed with
serum from convalescent and vaccinated individuals, while the
negative samples (FTO-ZnONRs/spike/Gly/-serum) were analyzed
with serum from prepandemic individuals.
Electron Microscopy and Spectroscopic Characterizations.

Scanning electron microscopy (SEM) images were collected using a
field-emission scanning electron microscope JMS-6701F (JEOL)
situated in the Multiuser Experimental Center of the Federal
University of ABC (CEM/UFABC, Santo Andre,́ Brazil) with a
voltage of 5 kV. The solutions were diluted to the minimum possible
concentration to observe the changes on the ZnONR surface and to
carry out the observations on a microscope after each immunosensor
assembly stage.

Fourier transform infrared spectroscopy (FTIR, Perkin Elmer) was
recorded from 700 to 1800 cm−1 at room temperature with a spectral
resolution of 4 cm−1 and an average of 124 data acquisitions. X-ray
photoelectron spectroscopy (XPS; ThermoFisher Scientific, K-alpha
+) was acquired with monochromatic Al Kα radiation. Carbon (C 1s)
was used to calibrate the sample charging for XPS measurements. XPS
data were processed using CasaXPS processing software.
Electrochemical Measurements. The electrochemical measure-

ments were conducted with a μAutolab type III potentiostat/
galvanostat for Metrohm, using NOVA 2.1 software supplied by
Metrohm. In a conventional three-electrode system, an FTO-
ZnONR-modified electrode was regarded as a working electrode, a
platinum wire as a counter electrode, and a saturated calomel
electrode as a reference electrode against which all potentials were

measured. The response readings were performed in 5 mmol L−1

K4Fe(CN)6/K3Fe(CN)6 in 0.1 mol L−1 KCl (pH 7.3).
Enzyme-Linked Immunosorbent Assay. The ELISA was

performed using 96-well high-binding half-area polystyrene plates
(Corning, USA) coated overnight at 4 °C with 4 μg mL−1 spike
protein and diluted in carbonate−bicarbonate buffer (pH 9.6, 0.1 mol
L−1). For cross-specificity experiments using pre-COVID-19
pandemic serum samples, plates were coated with 4 μg mL−1 RDB
proteins of the four endemic human CoVs (229E, OC43, NL63, and
HKU1). All HCoV proteins used for ELISA were kindly provided by
Boscardin’s Laboratory (ICB-USP). After this period, the coating
solutions were discarded, and 80 μL of BSA (1%), skim milk powder
(5%), and Tween-20 (0.05%) in phosphate-buffered saline (PBS)
were added to each well for blocking, carried out at room temperature
for 2 h. Serum or plasma samples were thawed at room temperature,
incubated at 56 °C for 30 min to inactivate the virus, and diluted
(1:100) in BSA (0.25%), skimmed milk powder (5%), and Tween-20
(0.05%) in PBS. 25 μL of this solution was added to each well and
incubated at 37 °C for 45 min. After incubation, the plates were
washed with Tween-20 (0.05%) in PBS five times. 25 μL of
peroxidase-conjugated goat anti-human IgG secondary antibody
solutions (Jackson Immunoresearch, USA) diluted 1:10,000 in BSA
(0.25%), skim milk powder (5%), and Tween-20 (0.05%) in PBS
were added to each well and incubated at 37 °C for 30 min and then
washed five times. The o-phenylenediamine dihydrochloride tablets
(Sigma, USA) were dissolved in phosphate−citrate buffer (pH 5.0,
0.05 mol L−1) at a concentration of 0.4 mg mL−1. Immediately before
use, 5 μL of hydrogen peroxide (30%) was added to the solution.
Then, 25 μL of the final solution was added to each well, and the
plates were incubated in the dark at room temperature for 30 min.
After incubation, the reaction was halted by adding 25 μL of a 2 N
H2SO4 solution to each well. Plates were then read at 490 nm using a
plate reader (GloMax, Promega, USA). All samples were run in

Figure 1. Schematic representation of the electrochemical ZnO immunosensor fabrication for anti-SARS-CoV-2 antibody detection. (A) Two-step
method for ZnONR synthesis: In the first step, using a spin coater, a seed layer is added by dripping Zn(NO3)2 and HMT aqueous solutions on the
FTO substrate, (B) hydrothermal method promotes the ZnONR film growth on the FTO surface at 100 °C, (C) modified electroactive surface
(scanning electron microscopy highlighting the structure of ZnONRs on the FTO surface), (D) addition of SARS-CoV-2 recombinant trimeric
spike protein (4 μg mL−1), (E) surface blocking step is performed with glycine solution (10 μmol L−1) to minimize the non-specific adsorption, (F)
positive (containing anti-SARS-CoV-2 antibodies) or negative (pre-pandemic) serum samples (1:500 v/v) are placed on the ZnO electrode surface,
and (G) read out is performed using an electrochemical workstation.
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duplicate. Pre-COVID-19 samples were included as negative controls
in the experiments. The values were determined as optical density
minus blank, and results are given as the ratio of participant samples/
average of a set of 20 control pre-pandemic samples. An antibody
ratio of ≥1.2 was considered positive.
Statistical Analysis. Descriptive statistics, receiver operating

characteristics (ROCs), and correlation analysis were performed
using GraphPad Prism software version 9, and a p-value < 0.05 was
considered statistically significant. The variables were analyzed using
the Kruskal−Wallis test with Dunn’s post-hoc test for multiple
comparisons.

■ RESULTS AND DISCUSSION
Electrochemical Characterization of the FTO-ZnONR

Electrode. Cyclic voltammetry (CV) is a powerful electro-
chemical technique used to assess the oxidation−reduction
processes of molecular species and study chemical reactions
initiated by electron transfer.62 It is popularly used in the
electrochemical characterization of materials due to its ease of
execution and rapid analysis.63 The electrochemical and
morphological performance of the FTO electrode modified
with ZnONRs was evaluated and is shown in Figure 2.
The linearity of anodic and cathodic peak currents versus the

square root of the scan rate (Figure 2A,B) revealed an efficient
diffusion-controlled process, demonstrating a thermodynami-
cally favorable electron transfer with an improved electro-
chemical signal pattern. As the scan rate increases, oxidation
and reduction peak current increases along with a gradual shift
of the potential oxidation peak toward a positive direction and
reduction rise toward a negative approach. This behavior
indicates a limitation in the charge transfer kinetics, character-
istic of a quasi-reversible system.39,64 The observed peak

separation potential, ΔEp = (Epa − Epc) of 90 mV, was more
significant than the value expected for a reversible system. The
reversible systems tend to have a peak-to-peak voltage
difference of 59/n mV.65 It is known that for reversible and
diffusion-controlled systems, the peak is proportional to the
scanning speed according to the Randles−Sevcik equation66

I n AD CV(2.69 10 )p
5 3/2 1/2 1/2= × (1)

where: Ip is the peak current, n is the number of electrons
transferred during the oxidation or reduction, A is the
electroactive area of the electrode (cm2), D is the coefficient
of diffusion (cm2 s−1), C is the concentration of the
electroactive species (mol/cm3), and V is the scan rate (V
s−1). Rearranging the Randles−Sevcik equation, we can find
the electroactive area of the electrode

A
I

V
1

2.69 10 n D C1 2 5 3 2 1 2
p
/ / /= ×

× (2)

Note that the first term refers to the angular coefficient of
the lines obtained in the graph of peak current versus the
square root of scan rate (Figure 2B) [Amps/(V s−1)1/2]. The
other variables are n = 1, C = 5 × 10−6 mol/cm3, and the
coefficient of potassium ferricyanide diffusion being equal to
6.39 × 10−6 cm2 s−1. An electroactive area value of 0.017 cm2

was obtained for the FTO-ZnONR electrode. Similar results
have been reported in the literature for the ZnO electrode
surface area.67,68 In contrast, an electroactive area value of
0.039 cm2 was obtained for the bare FTO (Figure S1). As we
can see, the bare FTO electroactive area is higher than that of

Figure 2. Functional modification of the FTO electrodes. (A) Cyclic voltammograms of the FTO-ZnONR electrode at different scan rates, varying
from 10, 20, 40, 60, 80, and 100 mV s−1, (B) plot of peak current versus square root of the scan rate of the FTO-ZnONR electrodes. (C) Cyclic
voltammograms in a sweep window of −0.9 to 0.7 V at a scan rate of 50 mV s−1, (D) square wave voltammograms in a sweep window of 0−0.7 V
with a modulation amplitude of 20 mV and a frequency of 20 Hz, (E) Nyquist diagram of EIS measurements performed from 30 kHz to 0.1 Hz
with an RMS amplitude of 10 mV, demonstrating the electrode surface of FTO (pink) and after functionalization with ZnONRs (Gray). (F) SEM
images of the ZnONRs. Electrolyte: solution of 5 mmol L−1 K4Fe(CN)6/K3Fe(CN)6 in 0.1 mol L−1 KCl.
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FTO-ZnONRs, and it can be assigned to the ZnO semi-
conductor properties.69,70

On the other hand, CV significantly decreases the peak
oxidation current from 1317 μA (bare FTO) to 395 μA after
modification with ZnONRs (Figure 2C). We also observed in
the square wave voltammetry (SWV) tests (Figure 2D) that
the peak intensity had a reduction of approximately 70% with
the addition of the nanomaterial, which promoted a shift of the
peak to more positive potentials. The Nyquist diagram (Figure
2E) confirms the result that was observed in CV since it shows
an increase in the Rct signal from 0.65 kΩ (bare FTO) to 3.37

kΩ when the ZnONRs are deposited on the FTO electrode;
similar results have been reported in the literature for
electrochemical impedance spectroscopy (EIS) and CV
experiments with ZnO electrodes.40,71

The results obtained by CV, SWV, and EIS suggest that the
matrix of ZnONRs (Figure 2F) offers some resistive path for
the flow of electrons from the electrolyte to the substrate. In
contrast, a direct transfer of electrons is possible at the bare
FTO electrode. However, the ZnO matrix has several
advantages: biocompatibility, low toxicity, high electron
mobility, chemical stability, high isoelectric point, and easy

Figure 3. Electronic microscopy characterization of ZnONR immunosensors and EIS measurements at each assembly stage. (A) ZnONRs, (B)
after S protein adsorption (4 ng mL−1), (C) after glycine block (10 nmol L−1), (D) in the presence of serum from the pre-pandemic individuals
(1:1000 v/v), and (E) in the presence of serum from the convalescent individuals (1:1000 v/v).
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fabrication, turning it into a promising electrochemical
biosensing platform.37,39,54

Working Principle of the Immunosensor. A method for
directly connecting an electronic device to a biological
environment is challenging due to the inherent complexity of
biosensor development. Nanomaterials enable the miniatur-
ization of devices, enhancing their sensitivity due to their
higher surface area and long-range electron conductivity.72,73

The ZnONRs create a favorable environment for biomolecules
adsorption, maintaining their functionality and converting
biological events into a stable, selective, and sensitive
measurable signal. The SARS-CoV-2 recombinant trimeric
spike protein was the biomolecule used to construct the
electrochemical biosensing detection platform for anti-spike
antibodies as the S protein is the main target antigen
component from all structural proteins of SARS-CoV-2.74

When working at physiological pH (7.4), the IEP of S protein
(∼5) has a net negative surface charge, and the ZnONR matrix
with a high isoelectric point (∼9.5) takes a net positive surface
charge density. Thus, the negatively charged protein can be
immobilized by electrostatic interaction on the surface of the
positively charged ZnONR matrix. This principle has been
widely used for the development of multiple immunosen-
sors.43,75−78

The detection is achieved by measuring the Faradic
impedance spectra for the ferro/ferricyanide redox couple
[Fe(CN)6]3−/4− after each modification step process of the
electrode. Thus, the binding of anti-SARS-CoV-2 antibodies in
human blood to the immobilized antigenic protein increases

the Rct signal. This increase is attributed to the electrode
surface coverage with the bulky-sized antibodies. This coverage
of the surface with the antibody retards the access of the ferro/
ferricyanide redox couple to the conductive surface, reducing
the electron transfer efficiency.
Electron Microscopy and Spectroscopic Character-

izations. SEM images of ZnONRs show that the rods have a
hexagonal shape with an average diameter of 490 nm, as shown
in Figures 2F and 3A. The results are consistent with studies
previously published by the group61,79 and other research-
ers.80−82 After SARS-CoV-2 recombinant spike protein
immobilization, visual morphological changes were observed.
The surface of the nanorods does not look smooth; it seems to
be covered, indicating that an optimal immobilized protein
profile was achieved (Figure 3B). Subtle modifications on the
surface were observed after the blocking step with glycine
(Figure 3C). Surprisingly, antigen−antibody complexes (anti-
SARS-CoV-2 antibodies bound to immobilized spike proteins)
induced dramatic morphological changes on the top of the
electrode (Figure 3E). The electrode morphology modified
with negative serum from pre-pandemic individuals is very
similar to the surface where the spike protein is immobilized
with glycine (blocking step), as shown in Figure 3D. This
indicates that no SARS-CoV-2 antibodies were present in the
tested pre-pandemic samples; consequently, no antigen
recognition occurred.
Figure S2 shows FTIR spectra at each stage of device

fabrication, and we also compare the spectra obtained in the
presence of serum from the pre-pandemic and convalescent

Figure 4. Electrochemical behavior and electrochemical validation of the ZnONRs/spike immunosensor. (A) Nyquist diagram of EIS
measurements at each assembly stage performed from 30 kHz to 0.1 Hz with an RMS amplitude of 10 mV. Inset: the equivalent circuit model used
for fitting the impedance data, (B) CV at each assembly stage, where the potential was swept from −0.9 to 0.7 V at a scan rate of 50 mV s−1, (C)
SWV, swept from 0 to 0.7 with a modulation amplitude of 20 mV and 20 Hz. Being (gray) ZnONRs, (blue) spike trimeric protein (4 μg mL−1),
(orange) glycine (10 μmol L−1), (lila) serum from pre-pandemic, and (green) serum from convalescent individuals (1:500 v/v dilution), (D)
Nyquist diagram of the calibration study by varying the concentration of positive serum-containing SARS-CoV-2 antibodies (green), dilutions were
made in phosphate buffer being 0.1, 0.2, 0.33, 0.5, and 1 (%v/v) and shown in yellow the value refers to a blank (FTO-ZnONRs/spike/Gly), (E)
bar graph showing the Rct values obtained using the Nyquist diagrams and the Randles circuit as a function of the concentration of blood serum
containing SARS-CoV-2 antibodies, and (F) calibration curve showing the variation of Rct with the concentration of blood serum containing SARS-
CoV-2 antibodies. Electrolyte: solution of 5 mmol L−1 K4Fe(CN)6/K3Fe(CN)6 in 0.1 mol L−1 KCl.
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individuals in the range of 1800−700 cm−1. The FTIR
spectrum of the ZnO nanostructures shows a broad band
around 1600 cm−1 and an absorption peak at 1116 cm−1

assigned to O−H stretching and deformation vibrations of
adsorbed water on the ZnO surface, respectively.83,84 The band
at 1370 cm−1 can be correlated to NO3 stretch, which also
appeared at 831 cm−1 as a weak band.85 The absorption bands
at 1258 and 1203 cm−1 correspond to the stretching modes of
HMTA used for the growth process of the ZnONRs.80 The
FTIR spectrum from spike-attached ZnONRs shows character-
istic bands of amide-I (C�O stretching, 1600−1700 cm−1),
amide-II (N−H bending, 1500−1600 cm−1), and amide-III
(C−N stretching and N−H bending, 1200−1330 cm−1),
which indicates that protein is attached on the surface of the
modified electrode.86−88 In the presence of glycine, no
significant change in the FTIR spectrum was observed due
to the overlap with the spike protein bands. Also, in the
presence of negative serum, the vibrational spectra are very
similar to the spike protein immobilized with glycine on the
electrode ZnONR surface, as shown in Figure 3D, which
correlates with SEM images and EIS spectra (Figure 3D),
confirming no interaction has occurred. However, for
convalescent serum, a significant increase in the bands at
1560−1464 cm−1 associated with IgG, 1420−1289 and 1160−
1028 cm−1 related to IgM, and 1285−1237 cm−1 designed to
IgA were detected.87 These bands were broad and overlapping
in the spectrum of the spike-immobilized electrode surface,
which can evidence the conjugation of antibodies to the FTO-
ZnONRs/spike/Gly interface.
XPS analysis of ZnO electrodes revealed the presence of

nitrogen on the surface after functionalization, indicating
successful spike protein attachment (Figure S3).89−91

Furthermore, it is possible to observe an increase in N 1s
peak with the incubation of the antibodies anti-SARS-CoV-2
present in human samples (FTO-ZnONRs/spike/Gly/+serum
electrode), revealing the binding of antibodies to the electrode
surface (Figure S3A). Figure S3B shows the high-resolution
spectra for the FTO-ZnONR electrode. The binding energies
were calibrated using the carbon C 1s peak (284.6 eV). The
high-resolution Zn 2p spectrum peaks at 1043.28 and 1020.18
eV correspond to Zn 2p1/2 and Zn 2p3/2, respectively. The
binding energy variation determined from the XPS study was
∼23 eV, confirming that Zn atoms were in a Zn2+ oxidation
state.92,93 The O 1s high-resolution spectrum exhibited two
Gaussian peaks named O1 and O2. The O1 peak at ∼529 eV is
related to O2− ions in the wurtzite structure of the hexagonal
Zn2+-ion array.94−96 The peak O2 at 530.78 eV can be
attributed to the OH group adsorbed on the surface of the
ZnONRs.94,95 Figure S3C shows the high-resolution core-level
spectra of C 1s at each fabrication stage of the electrode, and
the peak at 284.6 eV can be attributed to C−C. The binding
energy peaks at 286 and 288 eV are related to C−O and C�O
bonds, respectively.97,98 The N 1s high-resolution core-level
spectra (Figure S3D) exhibit two peaks at 399 and 400, which
can be attributed to the C−N/N�C and N−C�O bonds,
respectively.98 Figure S3E shows the high-resolution core-level
spectra of O 1s, where a peak located at 531 eV can be
assigned to C�O, the peak at 532 eV can be assigned to C−
OH, and the peak at 533 eV can be assigned to O−C�O/O−
C−O.97

Electrochemical Response Studies of the ZnONRs/
Spike Immunosensor. The EIS, CV, and SWV were used to
characterize the electrode at each manufacturing stage (Figure

4). It shows the Faradic impedance spectra for the redox of
[Fe(CN)6]3−/4− measured at each manufacturing stage. The
imaginary impedance component (Z″) is displayed as a
function of the real component of impedance (Z′), as shown
in Figure 4A.
These impedance spectra are typical of the theoretical, semi-

circular shape observed when the data is modeled using a
Randles equivalent circuit, a helpful tool for analyzing EIS data
that accounts for the resistive and capacitive processes at
different frequencies.99 A modified Randles circuit (inset in
Figure 4A) with a constant phase element simulated the
experimental diagrams. This equivalent circuit’s components
are Rs, the electrolytic resistance between the modified working
electrode and the Pt reference electrode, and Cdl, the double-
layer capacitance. Also,W is the Warburg impedance, and Rct is
the charge transfer resistance of the [Fe(CN)6]3−/4− redox
probe. In the Faradic impedance measurements, Rct is the most
sensitive parameter to describe the electrodes’ surface
recognition process.100 As was previously mentioned, the Rct
value of the FTO electrode increases from 0.65 kΩ for bare
FTO to 3.37 kΩ for FTO-ZnONRs. Despite this increase in
the Rct signal, using the ZnONR matrix is advantageous
because it provides a biocompatible environment suitable for
immobilizing enzymes, proteins, and DNA.27 Then, after
immobilization of SARS-CoV-2 recombinant trimeric spike
protein, the semicircle area increases to 4.66 kΩ (FTO-
ZnONRs/spike), which can be related to the barriers created
on the electrode surface. This increase in the Rct signal suggests
that the recombinant spike protein was successfully immobi-
lized on the electrode surface.
The Rct value of the FTO-ZnONRs/spike/Gly was 3.98 kΩ,

which is less than that for the FTO-ZnONRs/spike electrode
(4.66 kΩ), which can be related to the difference in charge on
the surface after attachment of the glycine molecules, which
decreases the resistance to the charge transfer. Regarding the
negative serum, the Rct signal obtained was 3.99 kΩ (FTO-
ZnONRs/spike/Gly/-serum), very similar to the FTO-
ZnONRs/spike/Gly signal, suggesting that glycine prevented
non-specific interactions, as expected. After dripping the
positive serum on the electrode surface (FTO-ZnONRs/
spike/Gly/+serum), the semicircle area increases significantly
to 6.72 kΩ. It is assigned to the electrode surface coverage with
the bulky-sized antibodies (an average molecular weight of
approximately 150 kDa101). This surface coverage with the
antibody reduces the electron transfer efficiency, increasing the
Rct. This significant increase in the Rct signal suggests that the
antibodies present in the blood serum recognize the S protein
immobilized on the electrode surface. Table S1 summarizes the
Rct values obtained in each step of the developed
immunosensor.
The results obtained in the CV and SWV were confirmed by

EIS measurements, as shown in Figure 4B,C. A significant
decrease in peak current was observed in the presence of
antibodies due to the barriers created on the electrode surface.
The bulky protein and antibody retard the redox molecules
from reaching the surface. The current increases in the
cathodic peak current for the electrode after the attachment of
the glycine layer, which can be attributed to the amount of
charge variation after the attachment of blocking molecules to
the film’s surface, affect the mobility of charge carriers of the
mediator.
Analytical Sensitivity Analysis. The impedimetric

response to different dilutions of human serum samples was
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performed through successive titration to validate the
ZnONRs/spike immunosensor for detecting anti-S antibodies
in clinical samples. The sera were diluted with phosphate
buffer (pH 7.4). The error bars corresponded to the standard
deviation of the data points in triple experiments. EIS results
are shown in Figure 4D, which presents the Nyquist diagram.
The system indicates that the impedance increases with the
concentration of the target analyte. The Rct signal increases
from 3.98 kΩ for the blank (FTO-ZnONRs/spike/Gly) to
5.04 kΩ after adding serum with a concentration equal to 0.1%
v/v. To add a dilution of 0.2% v/v serum, the Rct increases to
6.77 kΩ, and it continues to grow until showing an Rct signal of
13.5 kΩ to add a serum with a concentration of 1.0% v/v. This
trend evidences the binding of the antibodies present in human
serum to the antigen immobilized on the electrode surface,
increasing the hindrance to the movement of redox molecules.
The Rct values of the different EIS plots exhibited linear
associations, as shown in Figure 4E,F. For the concentration
range of 0.1−1% v/v, the correlation coefficient (R) was 0.998.
It demonstrates that the biosensor signal is specific and works
dose-dependently using a range of blood serum samples
containing anti-SARS-CoV-2 spike protein antibodies.
The quantification detection of monoclonal antibodies

(mAbs) anti-SARS-CoV spike protein (Clone: 3022) was
performed under optimal conditions. EIS results are shown in
Figure S2, which presents the Nyquist diagram (Figure S4A).
The system clearly shows that the impedance increases with
the concentration of the target analyte (Figure S4B). The Rct
values of the dose−response curve of IgG mAb were plotted
against the IgG mAb concentration (Figure S4C). The linear
response of antibodies ranges from 200 to 1200 ng mL−1. The
correlation coefficient (R) was calculated to be 0.995. The
limit of detection (LOD) was 19.34 ng mL−1 using the
equation102

i
k
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SD
slope

= ×
(3)

the value of SD is the standard deviation of the blank FTO-
ZnO/spike/Gly bioelectrode under control conditions. The
limit of quantification (LOQ) was 58.62 ng mL−1 using the
equation103
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This biosensor’s sensitivity is adequate for detecting
COVID-19 seroconversion and was comparable and even
better than other immunoassays (Table S2).20,104−107 More-
over, the device is portable, cheaper, and has shown a great
potential to evaluate the humoral immune response in
COVID-19 convalescent individuals or post-COVID-19
vaccinated individuals, offering an affordable and powerful
alternative compared to the existing COVID-19 serological
assays.
Determination of Positive/Negative Cutoff Threshold

of Anti-SARS-CoV-2 Antibodies in Clinical Samples. The
analytical validation began by establishing a cutoff point or a
positive/negative threshold defined as the level of antibody
activity that determines the positive or negative reactive status
for a serum/plasma sample from a given individual.108 In this
case, the result is positive when a test serum presents an Rct
(kΩ) value above that determined in the cutoff. Still, if the
result is below the cutoff value, the sample is deemed negative
for SARS-CoV-2 antibodies. The cutoff determination was
made considering the distribution of the Rct resulting from the
analysis of the 15 negative human blood samples (Figure 5A),
following the formula below109

Figure 5. Detection accuracy of the developed electrochemical ZnONRs/spike immunosensor. (A) ZnONRs/spike immunosensor response was
compared among a representative set of clinical samples from healthy pre-pandemic individuals, convalescents, and CoronaVac-vaccinated
individuals. Serum samples were analyzed using the electrochemical impedance method and data were expressed in charge transfer resistance (Rct).
Red color dots indicated previously considered negative samples in anti-S IgG by ELISA test, (B) ROC curve was used to describe the
discrimination accuracy of the developed electrochemical immunosensor, and (C) correlations between total antibody response against the SARS-
CoV-2 spike protein measured from charge transfer impedance (Rct) via our ZnONRs/spike immunosensor and IgG antibodies against the SARS-
CoV-2 spike protein (anti-S IgG) detected using conventional ELISA, in all positive samples analyzed (healthy pre-pandemics, convalescents, and
vaccinated individuals).
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XCut off 3 SD= + × (5)

where X̅: mean and SD: standard deviation. The value
obtained for the cutoff was 5.20 kΩ.
Diagnostic Sensitivity, Specificity, and Determination

of Anti-SARS-CoV-2 Antibodies in Clinical Serum
Samples. The performance of the developed sensor in
detecting the presence of spike SARS-CoV-2 antibodies in
clinical samples was determined by analyzing 47 blood serum
samples from individuals previously infected and recovered
from SARS-CoV-2 (convalescent individuals). Figure 5A
shows the Rct obtained from pre-pandemic and convalescent
samples with the calculated cutoff (dotted black line). The
graphic reveals that the sensor identified the COVID-19 serum
samples selectively and exhibited a relevant increase in Rct
values compared to pre-pandemic samples. Consequently, the
ZnONRs/spike immunosensor discriminated between
COVID-19 convalescent (positive) and pre-pandemic (healthy
negative) samples. The immunosensor showed a negligible
response toward the samples collected from pre-pandemic
individuals, which suggests that no SARS-CoV-2 antibodies are
found that can bind to the S protein. However, the positive
confirmed clinical samples showed a significant relative change
in the Rct values. Although all the samples were from
convalescent individuals, differences in Rct signals were
observed, attributed to the number of antibodies in the
samples. The immune response will depend on each person
since it is influenced by intrinsic and environmental factors,
such as age, sex, genetics, and lifestyle.11,110 Some individuals
can react by getting excellent antibody levels against the SARS-
Cov-2 virus, while others do not. Afterward, not all SARS-
CoV-2-infected individuals will develop detectable antibodies
using regular SARS-CoV-2 antibody tests. For these reasons,
we observed a heterogeneous response in our study. Therefore,
the antibody levels present in the samples that can effectively
bind to the S protein immobilized on the electrode surface is
variable for each sample. A higher Rct signal could be
interpreted as a more significant number of antibodies in the
analyzed samples.
On the other hand, the biosensor was developed to detect

positive samples for anti-SARS-CoV-2 spike protein antibodies,
even in the negative samples in the ELISA plate wells (Figure
S5), which is considered a gold standard test to perform
serological diagnosis. Therefore, the diagnostic sensitivity and
specificity values were calculated with a defined cutoff, and
positive and negative samples were analyzed. For this, the
following formulas were used111
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where a: true-positive, b: false-positive, c: false-negative, and d:
true-negative.
The sensitivity is the proportion of individuals with the

disease who are accurately diagnosed with a positive test result
(“true-positive rate”). In contrast, specificity is the proportion
of individuals without the disease who are precisely identified
by a negative test result (“true-negative rate”).112 The
sensitivity and specificity values for the immunosensor
described in this work were 88.7, and 100%, respectively.

Serological Cross-Reactivity with Common Corona-
virus (HCoVs) Assessment. A suitable COVID-19 sero-
logical sensor must be sensitive and highly specific, ruling out
any cross-reactivity with similar coronaviruses such as seasonal
endemic HCoVs.113 Therefore, the seroconversion of HCoVs
in pre-COVID-19 pandemic serum samples was evaluated
using ELISA to detect specific IgG antibodies against the RDB
proteins of the four most common HCoVs (229E, OC43,
NL63, and HKU1). ELISA results showed that all pre-
pandemic samples analyzed in this study were positive for
HCoVs (Figure S6). Simultaneously, using the ZnONRs/spike
immunosensor, 100% of the same pre-COVID-19 cohort was
found negative, demonstrating that our sensor is precise for
SARS-CoV-2. It successfully distinguished the negative
samples and eliminated the adverse risk of cross-specificity
with human antibodies against HCoVs.
Detection of SARS-CoV-2 Antibodies in Vaccinated

Individuals with Inactivated SARS-CoV-2 Vaccine
(CoronaVac). To evaluate the applicability of the developed
sensor in detecting anti-SARS-CoV-2 antibodies in vaccinated
individuals, we analyze 45 human blood serum samples from
individuals vaccinated with inactivated SARS-CoV-2 vaccine
(CoronaVac vaccine) at least 28 days after the second
immunization. From these 45 samples, 25 were from
CoronaVac-vaccinated individuals (without previous positive
results for COVID-19 disease) and 20 from CoronaVac-
vaccinated, previously infected individuals (with a previous
positive result for COVID-19 disease). Figure 5A shows the Rct
results, demonstrating that the sensor responds to blood serum
and increases the Rct values compared to pre-pandemic
samples previously tested. It means that our ZnONRS/spike
immunosensor could identify the antibody-induced response
against SARS-CoV-2 spike protein stimulated by CoronaVac
vaccination.
Vaccinated samples presented more homogeneous antibody-

induced immune responses. Only slight variation in the Rct
values was found compared to that in samples from
convalescents. This behavior might be justified because of
the higher variability of naturally triggered humoral responses
post-viral infection compared to vaccine-induced humoral
immunity.114,115

The ZnONRs/spike immunosensor readouts (Rct signal)
from previously infected individuals followed by two vaccine
doses have shown significantly higher Rct values than those
from asymptomatic or negative individuals without positive
results COVID-19 disease before the immunization protocol,
following data already reported.116

Our results confirmed recently described data where
administration of the inactivated SARS-Cov-2 vaccine,
CoronaVac, also induced higher antibody responses in
previously naturally infected individuals.117 According to
Wang et al.118 is expected that vaccination increases all
components of the humoral response due to the ongoing
antibody somatic mutation, memory B cell clonal turnover, and
other general intrinsic factors related to vaccine-induced
humoral immune responses.
It is essential to highlight that 16 samples of the 45 analyzed

were negative for anti-SARS-CoV-2 spike protein antibodies by
ELISA test (Figure S5), with the ZnONRs/spike immuno-
sensor, and 12 samples showed a positive result, showing that
the modified electrode has a higher sensitivity and efficiency
than the golden standard tests. We can also highlight that the
Rct signal for some of these samples was slightly higher than the
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cutoff, suggesting that the antibody titers present in the
analyzed samples are relatively low and consistent with a
negative ELISA result. Previous studies reported deficient
production of vaccine-induced antibody titers after CoronaVac
application, especially among elderly and immunocompro-
mised individuals.12−15 Our results demonstrate that the
ZnONRs/spike immunosensor can detect the anti-SARS-
CoV-2 spike protein antibody in individuals vaccinated with
CoronaVac. This point-of-care technology can specifically aid
public health actions in assessing humoral immune response
post-COVID-19 vaccination in the countries where this
vaccine is applied.
ZnONRs/Spike Immunosensor Detection Perform-

ance Analysis. To further explore the potential of our
detection system, we use the ROC curve analysis to graphically
evaluate the ZnONRs/spike immunosensor detection test
(Figure 5B). ROC analysis is a valuable tool for assessing the
performance of diagnostic tests and, more generally, for
evaluating the accuracy of a statistical model that classifies
subjects into one of the two categories, diseased or non-
diseased. The area under the ROC curve (AUC) is an overall
summary of diagnostic accuracy. The AUC equals 0.5 when
the ROC curve corresponds to random chance and 1.0 for
perfect accuracy.119,120

The ZnONRs/spike immunosensor detection test presented
an AUC of 0.9081, evidencing the high accuracy of this assay.
Therefore, the developed ZnO detection system offers a viable
alternative method for detecting anti-SARS-CoV-2 antibodies
in human serum and has a potential application in estimating
the prevalence of the SARS-CoV-2 antibodies in a given
population. Data acquired from conventional ELISA anti-spike
and ZnONRs/spike immunosensor were compared and
correlated using Spearman rank correlation (Figure 5C).
This correlation coefficient represents the power of the
putative linear association among such variables.121 The
spearman coefficient ranged from −1 to 1. Values close to 1
indicate a strong and positive correlation, values relative to −1
indicate a strong, negative correlation, and values close to zero
indicate no linear correlation.122 In our analysis, a correlation
coefficient of 0.507 was obtained, showing a positive and
moderate correlation between the data obtained using
conventional ELISA test and our novel ZnONRs/spike
immunosensor. Considering the differences in the biological
samples and readout approaches, a result of a moderate
correlation with a relevant P-value is encouraging. Since
different ELISA tests detect anti-S IgG, the ZnONRs/spike
immunosensor is a direct assay designed to detect total specific
antibodies against COVID-19 without needing a secondary

Figure 6. Development and validation of the electrochemical ZnONR immunosensors for anti-SARS-CoV-2 antibody detection. (A) Basic science
research. Hydrothermal synthesis of ZnONRs, FTO (tluorine tin oxide) functionalization with viral spike protein, and optimization of sensor
architecture and (B) prototype characterization. Morphological, spectroscopic, and electrochemical characterization was performed before and after
the biological modification of ZnONR-modified FTO electrodes and (C) concept validation. Sampling design, collection, and confirmation of the
clinical status by anti-S IgG ELISA serological analysis. (D) Final validation with the proof of concept. Clinical serum samples from healthy pre-
COVID19 individuals, convalescents, and vaccinated patients were applied on the ZnO electrode surface for anti-COVID19 antibody detection and
(E) final project goal.
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antibody that specifically binds the species and class (isotype)
of the primary antibody. This feature might be an added
advantage for the other immunological detection of COVID19
in different animal species.
Evaluation of S Protein Concentration, Reproduci-

bility, and Stability. Studying the impact of S protein
concentration as the receptor molecule is critical for better
biosensor design and performance. Different concentrations of
S protein were immobilized in the range of 1 to 7 μg mL−1.
The EIS response was measured to monitor each electrode
signal in triple experiments, using a [Fe(CN)6]4−/3− solution as
the redox probe. Response signal growing was explicitly
stopped when the concentration of spike protein was over 4 μg
mL−1 (Figure S7A), after which device response was linear,
indicating the maximum amount of protein that could be
absorbed on the electrode surface. Based on this performance,
4 μg mL−1 was selected as the ideal concentration in
subsequent experiments.
Independent data from five modified electrodes were

acquired using a pool of serum samples of COVID-19
convalescent and pre-pandemic individuals, respectively, to
determine the immunosensor’s reproducibility (Figure S7B).
The relative standard deviation (RSD) measurements were
3.11% for pre-pandemic samples and 2.14% (for convalescent
individuals), demonstrating outstanding reproducibility of the
biodevice. Moreover, the response of the electrode FTO-ZnO/
spike/Gly was measured for 10 different electrodes (Figure
S7C), obtaining an RSD of 3.20%, validating that the proposed
immunosensor has good reproducibility. For this purpose, the
EIS response was measured using a [Fe(CN)6]4−/3− solution as
the redox probe.
The modified electrode was incubated with a serum sample

of convalescent individuals (1:500 v/v) and stored at 4 °C to
estimate the long-term stability of the device. The sensor
showed around an 8.4% change in the impedance response
after 15 days (Figure S7D).
In brief, all accomplished developmental phases of the ZnO

immunosensor are represented in the schematic diagram
(Figure 6). Each column corresponds to a step forward along
with the product development and represents an increasing
score along with the technology readiness level scale (TRL).
The lower line indicates the work already performed and
relates to the technology maturity level (TRL) already
achieved in the project. The work described here moves the
project from the beginning of TRL1 (basic science research) to
TRL4 (final validation completion with the proof of concept).
Our prospects are to adapt the current technology to be
portable for on-site use, allowing the connection of mobile
devices to facilitate the detection of COVID-19 antibodies
since the future of public health is likely to become increasingly
digital.

■ CONCLUSIONS
In this work, we have successfully developed a ZnONRs/spike
immunosensor to detect anti-SARS-CoV-2 antibodies quickly.
The fabricated electrode detected antibodies against SARS-
CoV-2 spike protein in serum samples in about 5 min and
showed a sensitivity of 88.7% and a specificity of 100%. No
cross-reactivity with other common coronaviruses was found.
The ZnONRs/spike immunosensor is easy to produce and
employ, even though the bioreceptor component of the
electrode, SARS-CoV-2 recombinant trimeric spike protein,
has a high production cost as it requires expensive mammalian

cell expression systems. The electrode’s manufacturing cost is
relatively cheap, making it a great alternative. The biosensor
results revealed a strong concordance with the conventional
ELISA test results or even more sensitivity since some of the
tested serum samples were considered negative using ELISA
and positively detected in our sensor. The novel ZnO-based
biosensing platform has shown the potential to evaluate the
humoral immune response in COVID-19 convalescent
individuals or post-COVID-19 vaccination, supporting efforts
for immunosurveillance, aiding the control of future global
waves of regional outbreaks of SARS-CoV-2 across the world.
The immunosensor presented an AUC of 0.9081, indicating
the high accuracy of the assay. The biosensing system is highly
reproducible and stable for a practical application (around 15
days). Furthermore, this nanostructured electrode architecture
is flexible. It shows great potential for other diagnostic and
biomedical applications since the sensor technology can be
easily customized using different biomolecules on the ZnONRs
or other target analytes.
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spectroscopy; CV, cyclic voltammetry; SWV, square-wave
voltammetry; ROC, received-operating characteristic curve;
AUC, area under the ROC curve
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