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Impacto potencial desta pesquisa

Impacto Centifico: A geragdo de conhecimento na area de COVID Longa auxiliara nos
avangos em pesquisa para que haja melhora na capacidade de tratamento e atencao aos
pacientes. Encontrar um possivel foco terapéutico a partir do entendimento da resposta
de pacientes com COVID longa, é a proposta da pesquisa. Por conta do pouco
conhecimento nesse campo, nao se sabe ainda como tratar as sequelas que a COVID
pode deixar, causando impactos de salde no mundo todo.

Impacto Social: A pesquisa contribui com o bem-estar social, auxiliando no atendimento
de saude de qualidade, visando a diminuicdo da morbidade causada pela COVID e pelas
suas sequelas na populacdo. Abrir 0 precedente necessario para o teste de um
imunobioldgico especifico pode avancgar as condutas que visam melhoras dos sintomas
dos pacientes.

Impacto Econémico: Apesar de ndo gerar renda direta, 0 avango na area do tratamento
da COVID Longa economizara grandes valores aos cofres dos sistemas de saude. Isso
aliviaria 0 uso de recursos, que assim podem ser dirigidos a outras causas.

Potential Impact of this Research

Scientific Impact: The generation of knowledge in the field of Long COVID will assist in
advancements in research to improve the treatment capabilities and patient care.
Identifying a possible therapeutic focus is the primary aim of this research. Due to the
limited understanding in this field, it is still unknown how to effectively address the lingering
effects that COVID can leave behind, causing health impacts worldwide.

Social Impact: The research contributes to social well-being by aiding in the provision of
guality healthcare, aiming to reduce the morbidity caused by COVID and its lingering
effects in the population. Creating the necessary precedent for testing a specific
immunobiological could advance approaches that target symptom improvement in
patients.

Economic Impact: While not directly generating income, progress in the field of Long
COVID treatment could save significant amounts for healthcare systems. This would
alleviate the burden on resources, which could then be directed towards other causes.
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RESUMO

A COVID longa é uma doenca debilitante, que ocorre em pelo menos 10% das pessoas
infectadas pelo SARS-CoV-2. Muitos sintomas diferentes ja foram identificados, mas a
natureza da doenca, sua frequéncia e principalmente sua etiologia e patogénese ainda
nao foram bem esclarecidos. Os estudos tem encontrado bastante heterogeneidade
sobre os padrdes de resposta e possiveis alteragdes encontradas na imunidade desses
pacientes. Parte do problema se da por conta da dificil selecao desses individuos, ja que
a sobreposicdo de outras doencas e de sequelas fisicas pode dificultar e muito o
diagnéstico correto da COVID longa.Por conta dessa dificuldade diagnéstica todos os
pacientes do estudo tiveram casos leves e moderados de infecg&o inicial. Dessa forma,
0 presente trabalho visa esclarecer se existe diferencas nos padrbes de resposta
inflamatoria desses pacientes, focando na produc¢éo de citocinas como IL-2, CXCL10 (IP-
10), IL-1B8,TNF-a, CCL2 (MCP-1), IL-17A, IL-6, IL-10, IL-4, IFN-y, IL-12p70, CXCLS8 (IL-
8),TGF-B1; além de buscar identificar a frequéncia de subpopula¢des de leucdcitos do
sangue periférico e avaliacdo da expresséo dos receptores ACE2 e TLR4 em monacitos,
neutrofilos, linfoécitos TCD4/CD8 e linfécitos B. Nossos resultados mostraram que 0s
pacientes, além de terem aumento na expressao de TLR4 nos linfocitos B, também
cursam com uma diminuicdo de pelo menos metade da populacéao de linfocitos T CD4+
e aumento na populacéo dos linfocitos T CD8+. Encontramos também aumento absoluto
na populacdo de mondcitos nao classicos reducao na expressao de ACE2 na membrana
dos mondcitos classicos. Além disso caracterizamos nos pacientes, aumento da IL-6 e
da IL17A e valores menores de IL-4, IL-2,IL-1B, TNF-a, IL-10 e IL-12p70. Sendo assim
h& uma indicacdo compativel com a literatura atual, mostrando uma possivel resposta
inflamatoria crénica, com diminuicdo dos CD4+ e aumento dos mondocitos néo classicos.
Esse tipo de resposta com IL17A e IL-6 elevada é diferente do padrdo aceito atualmente
de IL-1B, IL-6 e TNF-a, mostrando que possivelmente pacientes com gravidades
diferentes de infeccao inicial podem ter diferentes padrfes de citocinas quando cursam
com sequelas.

Palavras-chave: SARS-CoV-2; COVID longa; citocinas; ACE2; TLR4.



ABSTRACT

Long COVID is a debilitating disease that occurs in at least 10% of individuals infected
with SARS-CoV-2. Many different symptoms have been identified, but the nature of the
disease, its frequency, and, most importantly, its etiology and pathogenesis have not yet
been well elucidated. Studies have found significant heterogeneity in response patterns
and potential alterations in the immunity of these patients. Part of the problem lies in the
difficult selection of these individuals, as the overlap with other diseases and physical
sequelae can greatly hinder the correct diagnosis of Long COVID. Due to this diagnostic
challenge, all patients in the study had mild to moderate cases of initial infection. Thus,
the present work aims to clarify whether there are differences in the inflammatory
response patterns of these patients, focusing on the production of cytokines such as IL-2,
CXCL10 (IP-10), IL-1B, TNF-a, CCL2 (MCP-1), IL-17A, IL-6, IL-10, IL-4, IFN-y, IL-12p70,
CXCLS8 (IL-8), TGF-pB1; as well as to identify the frequency of peripheral blood leukocyte
subpopulations and evaluate the expression of ACE2 and TLR4 receptors in monocytes,
neutrophils, TCD4/CD8 lymphocytes, and B lymphocytes. Our results showed that
patients, in addition to an increase in TLR4 expression in B lymphocytes, also have a
decrease of at least half of the CD4+ T lymphocyte population and an increase in the
CD8+ T lymphocyte population. We also found an absolute increase in the non-classical
monocyte population and a reduction in ACE2 expression on the membrane of classical
monocytes. Furthermore, we characterized an increase in IL-6 and IL-17A and lower
values of IL-4, IL-2, IL-1B, TNF-a, IL-10, and IL-12p70 in patients. Thus, there is an
indication consistent with the current literature, showing a possible chronic inflammatory
response, with a decrease in CD4+ and an increase in non-classical monocytes. This type
of response with elevated IL-17A and IL-6 is different from the currently accepted pattern
of IL-1B, IL-6, and TNF-q, indicating that patients with different severities of initial infection
may have different cytokine patterns when experiencing sequelae.

Keywords: SARS-CoV-2; long COVID; cytokines; ACE2; TLRA4.
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Aspectos gerais da COVID-19

Desde o final de 2019 o mundo passou ndo sé pela pandemia causada
pelo SARS-CoV-2, agente etiologico da COVID-19, mas também por suas
inimeras consequéncias. Nao é a primeira vez que um coronavirus (CoVs)
surpreende 0s humanos e causa uma emergéncia sanitaria. Tivemos epidemias
com 0 SARS-CoV em 2002 e 2003 e a sindrome respiratoria do Oriente Médio
(MERS-CoV) em 2012%. Esses coronavirus sdo virus de RNA de fita simples,
com sentido positivo e envelopados, variando de 26 a 32kb, tendo assim o maior
genoma conhecido entre os virus de RNA?2,

A COVID-19 tem sintomas similares aos da Influenza, sendo os mais
comuns descritos como: febre, cansacgo e tosse seca, podendo apresentar em
alguns casos falta de ar, dor no corpo, dor de garganta e coriza®. Seu contagio
ocorre através de particulas de fluidos corporais espalhadas pelo ar ou
superficies contaminadas com a presenca do SARS-CoV-2. Desde 0 seu inicio,
vem apresentando diferentes formas clinicas, variando de assintomatica, leve,
moderada, até formas mais severas e que levam os individuos a ébito*.

O virus ja infectou mais de 769.483.224 pessoas no mundo todo, com uma
média de 0,9% de vitimas fatais (6.954.911 mortes). Importante ressaltar que
esse valor de letalidade atual s6 foi possivel gracas a queda importante de casos
graves desde o comeco da vacinagdo®. O nimero de infectados ultrapassou, em
muito, os casos de SARS-CoV com 8.000 pessoas infectadas e 800 mortos, e
MERS-CoV com 2.500 casos e 800 mortos®’, demonstrando que o SARS-CoV-
2 é muito mais infeccioso que os outros virus da mesma familia. No Brasil,
estamos atualmente com 37.750.389 casos confirmados e 1,9% de vitimas fatais
(705.054 mortes), seguindo as tendéncias mundiais, computos do meio de
agosto de 2023°8,

O sistema imunolégico exerce papel essencial no enfrentamento das
infeccBes pelos coronavirus, induzindo a ativacdo das respostas imunoldgicas
inata e adaptativa a fim de diminuir o foco infeccioso a partir do aumento do
nimero das células fagociticas, principalmente dos macréfagos®®, além do

recrutamento de linfocitos e leucdcitos para o enfrentamento viral e producéo de
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citocinas pro-inflamatorias como interferons IFNs e fatores de necrose tumoral
TNFs, ativando as células NK e NKT%11-13,

Na resposta imune inata ocorre reconhecimento viral a partir do
reconhecimento de padrdes moleculares associados ao patégeno (PAMPS) e por
receptores de reconhecimento de padrdo (PRRs), que identificam os virus de
RNA15 3 partir de diferentes receptores dos tipos Toll (TLR), RIG-I (RLR) e
NOD (NLR). A fim de limitar a propagac¢édo do virus, ha ativacéo de vias de
cascatas de sinalizagdo de IRFs e NF-kB (nuclear factor kappa B)?!, aumentando
a expressao de citocinas pré-inflamatérias e o recrutamento de leucdcitos para
o local da infeccdo, além da expressao de IFN do tipo 1 que atua protegendo as
células saudaveis através da inducéo da producéo de proteinas antivirais®°.

Caso ocorra a desregulacdo dessa resposta, esta pode causar
consequéncias patologicas graves aos tecidos pulmonares, cardiacos, renais e
hepaticos, causando possivelmente além da pneumonia faléncias multiplas em
varios outros sistemas'®. O quadro geral da resposta imune é semelhante ao que
ocorre durante a SARS e a MERS, que apresentam alteracfes leucocitarias e
uma tempestade de citocinas pro-inflamatérias, dando inicio a um quadro de
sepse viral*"18,

Os coronavirus apresentam proteinas que podem ser reconhecidas por
diferentes PRRs, como o TLR-3 e 0 TLR4, ligando-se ao dsRNA durante sua
replicacdo, ativando a resposta imunolégica®>. Na infec¢do por SARS-CoV-2,
nota-se também aumento do numero de neutrdfilos totais, linfécitos totais
reduzidos e niveis séricos aumentados de IL-6 e de proteina C reativa, 0 que
sugere uma forte resposta inflamatoria. Isso € de fato evidenciado nos pacientes
infectados com SARS-CoV-2, a partir dos niveis plasmaticos de citocinas da
respostainata, como IP-10, MCP-1, MIP-1A e IFNa, e os altos niveis de citocinas
pré-inflamatérias, incluindo IL-2, IL-7, G-CSF, IP-10, MCP-1, MIP-1A e TNF-
alfal”18, Além disso, a mortalidade foi maior em pacientes que apresentavam
niveis elevados de IL-6.18

Estudos também demonstram a participacdo da enzima conversora de
angiotensina Il (ACE2) como o receptor celular principal de entrada do SARS-
CoV-2, desempenhando papel de células-alvo na infeccéo por esse virus319.20,
Para a entrada viral, ha a ligacéo da primeira subunidade da glicoproteina spike

do virus, S1, a ACE2 através do dominio de ligacdo ao receptor (RBD) enquanto
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a S2 (a segunda subunidade), se fixa a serina protease 2 (TMPRSS2)2l: 22, A
ECAZ2 esté significativamente presente nas células epiteliais alveolares tipo Il no
pulmédo e nas células do miocardio, assim como na cavidade oral, indicando

assim essa via como uma via de alto risco para a infecgdo2023,

A COVID Longa

Apesar dos grandes gastos e do grande impacto nos sistemas de saude
de todo o mundo, com os quadros agudos e graves, tornou-se preocupante
também a influéncia do grupo de pessoas que apés a remissdo da doenca ainda
apresenta sintomas remanescentes importantes. A esse estado tem-se atribuido
os nomes de COVID longa, sindrome p6s COVID ou COVID crénica?*.

A definicdo mais reconhecida hoje é a adotada pela Organiza¢cdo Mundial
de Saude (OMS), que denomina a COVID longa como a continuacdo ou
desenvolvimento de novos sintomas 3 meses apos a infeccao inicial pelo SARS-
CoV-2, com esses sintomas tendo uma duracéo de pelo menos 2 meses e sem
outra possivel explicacdo?®.

A gama de sinais e sintomas apresentados € grande, acomentendo 0s
mais diferentes sistemas e tecidos. As sequelas encontradas na literatura atual
englobam?6-36;

1-) Sequelas Sistémicas: como a fadiga, fraqueza, febre, suores, linfadenopatia,
mal estar geral e tontura. 2-) Sequelas Cardiopulmonares: como falta de ar, dor
no peito, tosse, expectoracdo, palpitacdes, rubor facial, hipertensdo arterial
sistémica e outros. 3-) Sequelas do Sistema Respiratério Superior: como dor de
garganta, congestao nasal, mudanca de voz e outros. 4-) Sequelas do Sistema
Gastrointestinal: como nausea e vomitos, diarréia, perda de apetite, dor de
estbmago, desconforto abdominal, perda de peso e sangue nas fezes. 5-)
Sequelas da Musculatura Esquelética: como dor muscular, dor articular e perda
de mobilidade, 6-) Sequelas do Sistema Neurolégico: como dores de cabeca,
tremores, convuls@es, caimbras, bradicinesia, perda de coordenacéo, atrofia e
perda de tbnus muscular, alteracdes de marcha, perda e alteragdes do olfato
(anosmia), perda e alteracdes do paladar (ageusia), perda auditiva, perda visual,

disartria, parestesias, anestesias, neuralgia do trigémeo, anormalidades nos
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reflexos e outros. 7-) Sequelas Psicoldgicas e Sociais: como ansiedade,
depresséo, alteragbes do sono, transtorno de estresse pds traumético, disforia,
perda de qualidade de vida e dependéncia de cuidados. 8-) Sequelas
Neurocognitivas: como perda de memoria, dificuldade de concentragéo,
confusdo, liberacao frontal e outros déficits cognitivos. 9-) Outros: rash cutaneo,
gueda de cabelo, conjuntivite.

Esses sintomas persistem por até 6 meses ou mais apos a infeccédo
aguda. Enquanto pacientes mais graves tendem a ter mais complicagdes, mais
de 30% dos casos que ainda mantém sintomas por mais de 60 dias foram
assintomaticos na infeccao inicial® ou néo precisaram ser hospitalizados®’.

Por conta das inuUmeras apresentacfes clinicas possiveis da COVID
longa, coube inicialmente uma discusséo sobre como esses sintomas deveriam
ser classificados, e 0 consenso atual é de que como pouco se sabe sobre como
0 organismo reage a esse quadro, deve-se permitir que 0s proprios pacientes
relatem e expliguem seus sintomas e o quanto cada um deles impacta na sua
vida.3839,

Para exemplificar o possivel tamanho do impacto econémico dessa
sindrome, ja foi mostrado que aproximadamente metade dos 3.762 pacientes
com COVID longa, entrevistados em 56 paises, ainda ndo conseguiam trabalhar
turnos completos 6 meses apos a infeccdo por conta principalmente da fadiga,

da astenia e das disfuncdes cognitivas residuais?.

Patogénese

As principais hipéteses atuais para a patogénese desse quadro mostram
gue h& muitas possiveis causas, e que elas possivelmente se sobrepdem.

Uma delas mostra grandes quantidades circulantes remanescentes de
pequenos trombos resistentes a fibrindlise*!4?. Esses estudos mostram grandes
depdsitos andmalos de amiloides e fibrina, que quando decompostos aumentam
a quantidade sérica de SAA4 (amiloide sérico A) e Alfa2AP (alfa 2 antiplasmina),
proteinas de fase aguda responsaveis por uma dissolucdo controlada de
polimeros de fibrina**%>. Esses trombos tem se mostrado responsaveis por

causarem obstrucdo dos capilares e as vezes até de vasos maiores, gerando
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também destruicdo e disfuncdo endotelial*6-48,

Ha estudos que demostram a persisténcia de biomarcadores relacionados
ao processo de resposta a inflamacdo??, principalmente seis deles: PRDX3, um
antioxidante considerado marcador da resposta mitocondrial ao stress; CPS1,
uma enzima mitocondrial do ciclo da ureia; o NDRG1, proteina conhecida por
afetar o processo de diferenciacdo dos macréfagos®® e maturacdo dos
mastécitos®’; o CTHRC1, substancia responsavel por reparacédo tecidual,
mostrando que hé agresséo tecidual até nos casos mais leves; Cystatin C, um
biomarcador controlado pela IL-10%%; e a reducdo da Progranulina, cuja funcéo
ndo é completamente conhecida, mas sabe-se que esta associada a protecao
em desordens neurodegenerativas®®. Essa desregulacdo imune®>’ pode vir
acompanhada da reativacdo de outras doencas de base presentes, como pelo
virus Epstein-Barr ou pelo Herpes Virus 65859,

Outra linha de estudos tem mostrado ainda que, podem ser encontrados
reservatorios virais no organismo, com as proteinas virais e /ou RNA ainda
presentes no plasma®®, ou igualmente distribuidas em varios tecidos do corpo,
incluindo o sistema reprodutivo, cardiovascular, cérebro, musculos, olhos,
linfonodos, tecido hepatico, pulmonar, ou mesmo secrecbes, como fezes e
urina®-%’, desde periodos médios, como 230 dias apds o inicio dos sintomas®®
62 até mais longos, como 12 meses apoés o diagndstico®®.

Uma outra possivel hipotese seria o impacto do SARS-CoV-2 na
microbiota intestinal. Estudos identificaram uma possivel alteracdo na dinamica
do viroma®®, e mostraram a relagdo entre a disfuncdo da microbiota e a
gravidade dos sintomas’®. Foi demonstrado também que o transplante fecal do
contetdo de pacientes acometidos, em camundongos saudaveis, fez com que

0s animais desenvolvessem sintomas similares a COVID longa’?.

Aspectos Imunes na COVID Longa

Os estudos sobre desregulacdo imune na COVID longa tém tentado
caracterizar padrdes que possam explicar a presenca dos diferentes sintomas
persistentes. Inicialmente, foi notado que pacientes que nao produziam ou
tinham baixa producao de anticorpos durante a infecgao aguda (incluindo baixa

producdo de IgG de base’? e baixos picos de IgG especifico para a Spike’®)

15



tinham mais chance de desenvolver COVID longa’>"3. Foi associado também,
gue baixos niveis de anticorpos especificos para a doenga eram inversamente
proporcionais aos titulos de auto anticorpos’®. Esses baixos niveis de anticorpos
protetores podem tornar 0s pacientes mais sujeitos a novos episédios da doenca.
Sabe-se ja que ha aumento no risco de surgimento de sequelas apds o segundo
ou terceiro episédio de infeccdo, mesmo que as pessoas tenham duas ou trés
doses de vacinas’®. Além do surgimento de novos sintomas, multiplas infeccoes
aumentam a chance do paciente de apresentar um quadro de sequelas similar
ao da sindrome da fadiga crénica’®.

Alguns pacientes com COVID longa apresentam altos niveis de auto
anticorpos. Os mais gerais tinham como alvo tecidos (tecido conectivo,
componentes de matriz extracelular, fatores de coagulacao e endotélio), 6rgéos
e sistemas (pulméao, sistema nervoso central, pele e trato gastrointestinal) e
proteinas imunomodulatérias (citocinas, quimiocinas, complemento e proteinas
de superficie celular)’’. Quanto aos anticorpos mais especificos, foram
encontrados autoanticorpos contra o receptor de ACE278, receptor B2-
adrenérgico, receptor M2 muscarinico, receptor de angiotensina 2 AT1 e receptor
MAS de angiotensina 1-77°.

Sobre as citocinas, encontrou-se aumento de IL-6, TNF, e IP10 nos
pacientes acometidos®38!, Qutra quimiocina elevada é a CCL11, associada a
perdas cognitivas e desordens psiquiatricas®>®. Houve também aumento na
expressao de interferon-B (IFNB) e de um interferon tipo 3 (IFN-A1)84.

Uma dificuldade no estudo das citocinas € a sua cinética, podendo ser
gue padrdes encontrados em alguns trabalhos sejam diferentes de outros devido
ao periodo de tempo poOs infeccdo em que sao avaliados. Um exemplo
comparado a COVID longa atualmente é o arquétipo da sindrome da fadiga
cronica (também chamada encefalomielite mialgica) que mostra padrées de
citocinas que comecam a cair apenas de 2-3 anos ap0s 0 comeco dos
sintomas®> 8¢,

Quanto as populacdes celulares, foi detectado aumento no nimero de
mondcitos ndo classicos, células B ativadas, células B duplo negativas®,
linfécitos T CD4+ secretores de IL-4 e IL-6 e diminuicdo de niveis de cortisol e
células dendriticas 14 meses ap6s a infeccdo original®. Atualmente, um dos

preditores mais confiaveis para a presenca da COVID longa em um paciente é a
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queda no cortisol sérico®.

AlteracBes nas células T mostram numero reduzido de CD4+ e CD8+
efetoras e alta exaustdo das linhagens das células T°* 55, Outro estudo mostrou
diferencas entre padrdes das células T dependendo da gravidade da infeccéo
inicial. Enquanto pacientes que se recuperavam de infeccbes agudas mais
graves apresentavam polarizacao para estados de senescéncia e exaustdo de
células T CD4+ e CD8+, perturbagdes de CD4+ Tregs, diminuicdo do numero de
populacdes naive, aumento de Granzima B e do IFN-y, mostrando inflamacéo
nao resolvida; os pacientes que se recuperavam de infeccdes leves tinham
aumento das naive e das CD4+ Tregs®’.

Outro grupo importante para ser estudado dentro da COVID longa séo os
pacientes imunossuprimidos devido ao padréao diferenciado de resposta imune.
Entender como a doenca se apresenta em pacientes que apresentam
imunossupressdo de respostas conhecidas poderia ajudar a elucidar a
patogénese. No entanto os achados tem sido ambiguos e de dificil explicacéo.
Enquanto um estudo demonstrou melhores desfechos gerais, sinalizando que
criangas imunossuprimidas tinham menos chance de desenvolver COVID longa
e as que acabavam desenvolvendo tinham sintomas mais leves e menos
incapacitantes do que criancas imunocompetentes®, o outro demonstrou piores
desfechos, incluindo um caso de um paciente imunossuprimido cuja infeccéo
longa foi responsavel pelo acumulo de mais de 40 mutacdes virais, demostrando
assim um ritmo de mutacdo maior in vivo nesses individuos quando comparado
com a propria populacéo geral, podendo ter um impacto maior na transmissao
comunitaria®.0s Toll Like Receptors (TLR) foram identificados em humanos na
década de 90% °!, Eles estdo entre os receptores celulares mais estudados,
sendo o TLR4 um dos mais importantes atualmente, devido sua capacidade de
ativar boas respostas a vacinas, como na Hepatite B e HPV®29, Os TLRs séo
responsaveis por detectar patbgenos invasores, iniciar a resposta imune inata e
em sequéncia ativar a resposta imune adaptativa®.

Na COVID-19 o TLR4, que inicialmente acreditava-se ter fungéo protetora,
passou a ser considerado fator de gravidade quando descoberta a capacidade
da proteina Spike se ligar a ele® e iniciar a ativacdo de fatores de transcricdo
para NF-kB, fator de regulacéo de interferon e ativador da proteina 1 (AP-1)°.

Essa ativagéo in situ dos macréfagos alveolares seria responsavel por causar
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uma inflamacéo local intensa e conequente destruicédo do tecido pulmonar®”: %,
N&o s6 o TLR4 poderia ser causa imediata do nivel de inflamagé&o tecidual, mas
poderia também ser responsavel por aumentar a expressdo de ACE2 na
membrana celular, facilitando assim a entrada de novos virus nas células®.

Ja na COVID longa uma hipotese atual é de que o TLR4 faria parte de um
feedback em looping. A calprotectina S100A8/A9 estimularia cronicamente a
signalizagdo TLR4/RAGE, expressando assim IL-1b, IL-6 e TNFa. A IL-6, ao e
ligar ao seu receptor IL-6R, estimularia a producdo de mais S100A8/A9 e a IL-1
estimularia o aumento de mMRAGE e TLR-4 via NFk-B. Esse feedback IL-1b + IL-
6 — IL-1R + IL-6R — TLR4/mRAGE + S100A8/A9 — IL-1b + IL-6 seria
responsavel pela manutencao da resposta inflamatéria mesmo na auséncia do
virus'®, Esse feedback alimentado pela IL-1b e pela IL-6 tem ditado o foco nos

testes terapéuticos com inibidores dessas citocinas.

Justificativa e objetivos

As opcoes de diagndstico e tratamento para a COVID longa atualmente
sdo escassas. Poucas condutas conseguem surtir bons efeitos nos sintomas e
incapacidades dos pacientes e além disso a heterogeneidade dos grupos faz
com que o desenvolvimento de algo visando todos os diferentes sintomas seja
muito dificil. Estudos buscando o melhor entendimento da resposta de pacientes
gue apresentam alguns acometimentos e outros ndo, sdo essenciais para a
melhor elucidacéo desas diferencas.

N&o ha ainda na literatura achados que tenham demonstrado um padréo
unico de resposta imunolégica de cada individuo com o desenvolvimento da
sindrome. O grande viés dos estudos atualmente € a inclusdo de pacientes com
gualquer tipo de sequela de COVID, sendo esses misturados com os grupo de
pacientes com o diagnéstico correto de COVID longa. As duas sao entidades
diferentes, e sem extremo cuidado na selecdo dos pacientes ndo sao facilmente
separadas. Diante disso, esse trabalho visa estudar as possiveis diferencas nas
respostas de pacientes que apresentam sinais e sintomas de COVID longa e
compara-las a pacientes que tiveram COVID e néo apresentaram essas
manifestagdes.

Uma selegao criteriosa foi entdo realizada, capaz de recrutar apenas
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pacientes que apresentavam COVID longa e diferenciando dos pacientes que
possam ter sequelas fisicas responsaveis pelos seus sintomas. E importante o
entendimento das dferencas nos quadros desses pacientes, para que seja
possivel encontrarmos alvos terapéuticos, melhorando assim a qualidade de
vida desses individuos acometidos, diminuindo o impacto que a COVID longa
pode deixar nos sistemas de saude.

Sendo assim, nosso trabalho teve como objetivos:

- A avaliacao de citocinas como IL-2, CXCL10 (IP-10), IL-1B,TNF-a, CCL2
(MCP-1), IL-17A, IL-6, IL-10, IL-4, IFN-y, IL-12p70, CXCL8 (IL-8),TGF-B1, de
todos os pacientes estudados, analisando os seus niveis das diferentes citocinas
com a presenca da doenca.

- A identificacao da frequéncia de subpopulac¢des de leucocitos do sangue
periférico e avaliagcdo da expressao dos receptores ACE2 e TLR4 em mondcitos,
neutrofilos, linfocitos T CD4/CD8 e linfocitos B, nos diferentes grupos de

pacientes estudados.
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Abstract

Long COVID is a complex and debilitating condition that occurs in at least 10% of
individuals infected with SARS-CoV-2. Despite the estimated 65 million cases, it remains
a poorly characterized disease, both clinically and etiologically. A significant challenge in
its study is the considerable overlap with other conditions, making it exceedingly difficult
to differentiate cases of Long COVID from cases exhibiting persistent symptoms due to
physical sequelae rather than potential chronic viral infection. By meticulously selecting
patients, the objective of this study was to assess aspects of immunity in individuals with
Long COVID and compare them to those who had COVID-19 and did not develop
sequelae. Our results showed that patients, in addition to having increased expression
of TLR4 in B lymphocytes, also presented with a decrease of at least half of the
population of CD4+ T lymphocytes and an increase in the population of CD8+ T
lymphocytes. We also found an absolute increase in the population of non-classical
monocytes and a significant loss in the expression of ACE2 on the membrane of
classical monocytes. Moreover, we characterized an increase in IL-6 and IL-17A and
lower values of IL-4, IL-2, IL-1B, TNF-a, IL-10, and IL-12p70 in patients. Thus, there is
an indication consistent with the current literature, showing a possible chronic
inflammatory response, with a decrease in CD4+ and an increase in non-classical
monocytes. This type of response with elevated IL-17A and IL-6 is different from the
currently accepted pattern of IL-183, IL-6, and TNF-a, indicating that patients with
different severities of initial infection may have different cytokine patterns when
experiencing sequelae.
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Abbreviations

COVID-19 (coronavirus disease 2019)

SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2)
ACE2 (angiotensin-converting enzyme 2)

TLR (toll-like receptor)

1. Introduction

Since the end of 2019, the world has undergone not only the pandemic caused by
SARS-CoV-2, the etiological agent of COVID-19, but also its consequences. It is not the
first time that a coronavirus (CoV) has caught humans off guard and caused a public
health emergency. We had epidemics with SARS-CoV in 2002 and 2003, and Middle East
Respiratory Syndrome (MERS-CoV) in 2012.%2

COVID-19 exhibits symptoms similar to influenza, with the most common being
fever, fatigue, and dry cough. It may also present shortness of breath, body aches, sore
throat, and runny nose in some cases. Its’ transmission occurs through airborne particles
of bodily fluids or surfaces contaminated with the presence of SARS-CoV-2.2* Since its
onset, it has displayed varying clinical degrees, ranging from asymptomatic and mild to
moderate forms, to more severe manifestations leading to fatalities.*

Despite the substantial expenditures and significant impact on healthcare systems
worldwide due to acute and severe cases, it is equally important to assess the group of
individuals who, even after disease remission, continue to experience persistent and
significant residual symptoms. This state has been attributed a few different names, such
as Long COVID, post-COVID syndrome, or chronic COVID. Two terms more recently used
to characterize this group are PCC (post-COVID conditions) and PASC (Post-Acute
Sequelae of SARS-CoV-2 infection). Although both are considered more scientific terms,
neither fully distinguish between patients with sequelae and those with chronic infections.®
The most recognized definition today is that adopted by the WHO, which designates Long
COVID as the continuation or development of new symptoms 3 months after the initial
SARS-CoV-2 infection, with these symptoms persisting for at least 2 months and lacking
other plausible explanations.%1"

These symptoms endure for up to 6 months or more after acute infection. While
more severe patients tend to experience more complications, over 30% of cases with

symptoms lasting beyond 60 days were either asymptomatic during initial infection® or
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did not require hospitalization.®

The current main hypotheses for the pathogenesis of this condition indicate multiple
potential causes, all possibly overlapping. One hypothesis involves the presence of
persistent, fibrinolysis-resistant small clots in blood circulation.!®?6- Studies have
demonstrated the persistence of inflammation-related biomarkers.?”-3" This immune
dysregulation®?-3®> may coincide with the reactivation of underlying conditions, such as
Epstein-Barr or Herpes Virus 6 infections.*%3"- Other studies have shown the presence of
viral reservoirs in the body, with viral proteins and/or RNA still detectable in plasma and
other tissues.3¥46- Additionally, the impact of SARS-CoV-2 on the intestinal microbiota is
considered a potential factor also.4"4%

Studies on immune dysregulation in Long COVID have sought to characterize
patterns that may account for the presence of persistent symptoms, examining both
cytokine production patterns and the cellular populations and associated receptors. 59-65

Regarding membrane receptors, ACE2 has been extensively studied and is
recognized as the primary cellular receptor for SARS-CoV-2, facilitating virus-cell
interactions and infection.®¢-68- The spike glycoprotein's first subunit, S1, binds to ACE2
via the receptor-binding domain (RBD), while the second subunit, S2, binds to serine
protease 2 (TMPRSS2).5970 ACE2 is significantly present in type Il alveolar cells in the
lungs, myocardial cells, and the oral cavity, indicating those as high-risk pathways for
infection.66.:68.71.

As for the TLR4 receptor, it transitioned from initially a beneficial role to a
detrimental one when it was discovered that the spike protein can bind to it, initiating
activation of transcription factors NF-kB, interferon regulatory factor, and activator protein
1 (AP-1).”* This in situ activation of alveolar macrophages is believed to trigger intense
local inflammation and subsequent lung tissue destruction.”’> TLR4 might not only
contribute to immediate tissue inflammation but also elevate ACE2 expression on cell
membranes, thereby facilitating new virus entry.’®

In Long COVID, a current hypothesis suggests that TLR4 is involved in a feedback
loop (IL-18 + IL-6 — IL-1R + IL-6R — TLR4/mRAGE + S100A8/A9 — IL-1B + IL-6)
responsible for maintaining an inflammatory response even in the absence of the virus.’":
This feedback, driven by IL-18 and IL-6, has guided therapeutic testing using cytokine
inhibitors.”"

A significant challenge in current studies is distinguishing between patients with
any form of COVID sequelae and those definitively diagnosed with Long COVID. These
two entities are distinct, and without meticulous patient selection, they cannot be easily
separated.

Considering this, the present study aims to examine potential differences in
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responses between patients exhibiting signs and symptoms of Long COVID and those

without such manifestations. A rigorous selection process has been employed, recruiting
only patients with the chronic form of COVID, excluding those whose symptoms could be
attributed to physical sequelae.

It is imperative to evaluate and understand why certain patients present with this
condition. This approach will allow the identification of therapeutic targets, thereby
improving the quality of life for affected individuals and mitigating the impact of Long
COVID on healthcare systems.

2. Material and Methods

2.1 Recruitment and Selection

Cases were selected in two ways: 1) through an online recruitment form
distributed on social media platforms where patients could volunteer for the study; 2)
among patients under medical follow-up at the Pulmonary Function Outpatient Clinic at
the Hospital das Clinicas of the School of Medicine of Botucatu. The questionnaire aimed
to identify patients with mild to moderate COVID-19 cases through online recruitment,
while at the outpatient clinic, we aimed to identify severe patients (those who required
hospitalization). Recruitment was conducted between January and December 2022.

Patients were invited and interviewed to collect data such as age, sex, date
of acute infection, presence or absence of residual symptoms, duration and description
of each symptom, number of vaccine doses at the time of infection, number of vaccine
doses at the time of the interview, underlying medical conditions, and medications in use.

Patients who, during the interview, had any active infection or exhibited any
physical alteration and/or concomitant underlying disease that could account for the
presence of any of their symptoms were excluded. Controls were individuals who had
COVID-19 and did not exhibit any residual signs or symptoms of the disease. A total of
20 individuals were selected, comprising 10 patients (1 male and 9 females, aged
between 24 and 64 years) and 10 controls (4 males and 6 females, aged between 22
and 36 years). All recruits came through the online form since, due to the severity of the
patients at the pulmonary function outpatient clinic, they all met one or more exclusion
criteria.

The present study was approved by the Research Ethics Committee of the
School of Medicine of Botucatu — UNESP (Ethics Approval Number: 5.219.411/2021),

and all individuals signed the informed consent form before sample collection.
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2.2  Blood collection and material preparation

A peripheral blood sample of 10 ml was collected from each individual and
subsequently centrifuged for 10 minutes at 1500 rpm for separation. The plasma was
then frozen at -80°C and stored for subsequent cytokine analysis. Erythrocytes were
lysed with a hypotonic solution of 0.2% NaCl, and cell counting for cell adjustment (1x106
cells/ml) was performed using a Neubauer chamber, with the sample stained with 0.04%
Trypan Blue (dilution 1:10).

2.3 Flow Cytometry Receptor Expression Assessment

Following cell lysis and counting, the BD  Cytofix/Cytoperm™
Fixation/Permeabilization kit was employed for cellular permeabilization and fixation
steps. The selected panel for te B lymphocyte analysis tube consisted of: CD19 —
PerCPCy5.5, ACE2 — APC, and TLR4 — PE. The panel for Monocytes and Neutrophils
analysis tube included: CD14 — PerCPCy5.5, CD16 — FITC, ACE2 — APC, and TLR4 —
PE. Lastly, the panel for the T lymphocytes analysis tube included: CD3 — FITC, CD4 —
PE Cy7, CD8 — PerCPCy5.5, ACE2 — APC, and TLR4 — PE.

At the end of each process, cells were washed twice with Wash Buffer diluted 1:10,
as per kit instructions, and the final pellet of labeled cells was suspended in PBS with 2%
PFA.

Samples were analyzed using a BD LSR Fortessa flow cytometer (Becton
Dickinson®, Mountain View, CA, USA) at the Reproduction Laboratory of FMVZ, equipped
with excitation lasers: blue 488-nm, 100 mW, and emission filters 530/30nm (FITC),
575/26nm (PE), 695/40nm (PerCPCy5.5), and 780/60 (PE Cy7); red 640-nm, 40 mW with
a 660/20nm (APC) filter. Acquisition and analysis were performed using BD FACSDiva™
v6.1 software. Compensation beads (UltraComp eBeads™ Plus) and autofluorescence

tubes were used as controls.

2.4  Cytokines Quantification

Cytokine quantification was conducted using the LEGENDplex™ Human
Essential Immune Response Panel (13-plex) kit, which includes detection for IL-4, IL-2,
CXCL10 (IP-10), IL-1B, TNF-a, CCL2 (MCP-1), IL-17A, IL-6, IL-10, IFN-y, IL12p70,
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CXCLS8 (IL-8), and TGF-B1. Plates with V-bottoms were utilized for detection, following

the manufacturer's instructions for all steps. The acquisition was performed on a BD
FACSCaliburTM flow cytometer at the Applied Biotechnology Laboratory (LBA — Hospital
das Clinicas de Botucatu - HCFMB), and analysis was carried out using BioLegend's

LEGENDplex™ analysis software, with results expressed in pg/ml.

2.5  Statistical Analysis

Group comparisons were conducted using mean and standard deviation, along
with parametric tests including T-test, Poisson distribution, Negative Binomial
distribution, and Gamma distribution based on the variance of each group. Data were
analyzed using SAS Analytics Software, and graphs were generated using GraphPad
Prism 6. Due to statistical age group differences, age was considered as a covariate in

all analyses for correction. Statistical significance was considered at p<0.05.

3. Results

3.1 General Characteristics of the Groups

The general characteristics of the groups, such as age, sex, and vaccine

doses, are shown in (Table 1).

In addition to these data, information about underlying conditions was
collected. In the Long COVID group, two patients had Systemic Arterial Hypertension,
one patient had Central Core Myopathy, Malignant Hyperthermia, and Celiac Disease,
and one patient had Asthma and Antiphospholipid Antibody Syndrome. In the control
group, one patient had systemic arterial hypertension, one patient had asthma, one
patient had depressive and obsessive-compulsive disorders, and one patient had
generalized anxiety disorder. There was no statistical significance in the comparison

of chronic diseases between the groups (p. 0.3766).

Regarding medications used, two patients in the symptomatic group used
common antihypertensives (combinations of an angiotensin receptor blocker and a
thiazide diuretic), and one of them used a beta blocker for improving dysautonomia
symptoms. In the control group, one patient used the same combination of

antihypertensives, and two patients used controlled medications for mental health.
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There was also no statistical significance in the comparison of medications between

the groups (p. 0.7212).

The remaining symptoms were described according to (Figure 1).

Table 1

Characteristics of patient and control groups for Long COVID.

Long COVID Controls
(n = 10) (n = 10) pvalue
Age (years) 39,3 (14,79) 27,4 (5,4) 0,004
Sex (women) 9 (90%) 6 (60%) 0,121
Vaccines at infection 1,8 (1,62) 2,6 (0,97) 0,569
Vaccines at interview 3,3(0,48) 3,2(0,42) 0,901

Tab.1 Data presented as absolute numbers, percentages (%), or means (standard deviation), as
needed. Poisson and Gamma distribution.

Figure 1

Descriptive data on remaining symptoms in patients with Long COVID.
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Fig. 1. Data in absolute numbers, showing how many complained of each symptom. (n=10)

3.2 Assessment of Cellular Subpopulations and ACE2 and TLR4 Expression.

ACE2 and TLR4 receptors were analyzed across all cellular subpopulations.
The populations were analyzed as percentages of total leukocytes and, in the case of
T lymphocytes, as a percentage of CD3+ population. The analysis and comparison of
cellular populations and receptor expression are shown in the following figures: B
lymphocytes (Figure 2), CD4+ T lymphocytes (Figure 3), CD8+ T lymphocytes
(Figure 4), Classical Monocytes (Figure 5), Non-Classical Monocytes (Figure 6), and
Neutrophils (Figure 7). On the left are the population and expression percentages, and

on the right are the intensities of each receptor.

In the analysis of B lymphocytes (Figure 2), a significant increase in the
percentage of cells expressing TLR4 was found in the Long COVID patient group.
Although a slight increase in the mean fluorescence intensity of ACE2 was also

observed in the control patient group, statistical significance was not identified.

Figure 2
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Fig.2. ACE2 and TLR4 expression in the B lymphocyte population. Data presented as percentage and mean
fluorescence intensity of 20 tested individuals. Total Leukocytes (p. 0.0882), % ACE2 (p. 0.1496), % TLR4
(p. 0.0087). ACE2 intensity (p. 0.3141) and TLR4 intensity (p. 0.3333). Negative Binomial and Poisson
distribution tests.

When evaluating CD4+ T lymphocytes (Figure 3), a decrease in this total
subpopulation was found in the Long COVID patient group, with no difference in TLR4
expression between the groups. Regarding ACE2, no expression of this receptor was
evident in the different groups.

Figure 3
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Fig.3. ACE2 and TLR4 expression in the CD4+ T lymphocyte population. Data presented as percentage
and mean fluorescence intensity of 20 tested individuals. CD3+ Leukocytes (p. 0.0431), % TLR4 (p. 0.9865).
TLR4 intensity (p. 0.2886). Negative Binomial and Poisson distribution tests.

As for CD8+ T lymphocytes (Figure 4), an increase in this absolute population
was identified in Long COVID patients compared to controls. A small percentage of cells
expressing ACE2 was identified in this cell group. However, no differences in the

expression of ACE2 and TLR4 were identified in both groups.

Figure 4
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Fig.4. ACE2 and TLR4 expression in the CD8+ T lymphocyte population. Data presented as percentage
and mean fluorescence intensity of 20 tested individuals. CD3+ Leukocytes (p. 0.0021), % ACE2 (p.
0.6023), % TLR4 (p. 0.6159). ACE2 intensity (p. 0.5394) and TLR4 intensity (p. 0.1008). Negative Binomial
and Poisson distribution tests.

In the classical monocyte population (Figure 5), it was possible to characterize
that the ACE2 expression intensity was higher in the control group. No differences were

found in other comparisons related to TLR4.

Figure 5
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Fig.5. ACE2 and TLR4 expression in the Classical Monocyte population. Data presented as percentage
and mean fluorescence intensity of 20 tested individuals. Total Leukocytes (p. 0.2867), % ACE2 (p. 0.9159),
% TLR4 (p. 0.2565). ACE2 intensity (p. 0.0299) and TLR4 intensity (p. 0.1798). Negative Binomial and
Poisson distribution tests.

Regarding non-classical monocytes (Figure 6), when evaluating total leukocytes,
an increase in their proportion was characterized in the Long COVID patient group.
When comparing the transition from classical to non-classical monocytes, a difference
in ACE2 expression was found, showing a decrease in the % of cells capable of its
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expression (p<0.001) but without changes in its intensity (p 0.1025). As for TLR4

expression, statistical significance was found, comparing both the % of expression (p
0.0104) and intensity (p 0.0002), showing an increase in non-classical monocytes for
both analyses.

Figure 6
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Fig.6. ACE2 and TLR4 expression in the Non-Classical Monocyte population. Data presented as
percentage and mean fluorescence intensity of 20 tested individuals. Total Leukocytes (p. 0.022), % ACE2
(p. 0.2666), % TLR4 (p. 0.1645). ACE2 intensity (p. 0.5843) and TLR4 intensity (p. 0.2343). Negative
Binomial and Poisson distribution tests.

Regarding neutrophils (Figure 7), similar to CD4+ T lymphocytes, we were unable
to characterize the expression of ACE2 in either of the groups. In the TLR4 expression

analysis, we also did not identify differences between the groups.

Figure 7
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Fig.7. ACE2 and TLR4 expression in the Neutrophil population. Data presented as percentage and mean
fluorescence intensity of 20 tested individuals. Total Leukocytes (p. 0.49), % TLR4 (p. 0.1267). TLR4
intensity (p. 0.9035). Negative Binomial and Poisson distribution tests.
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3.3 Cytokines quantification

All cytokines (IL-4, IL-2, CXCL10 (IP-10), IL-1B, TNF-a, CCL2 (MCP-1), IL-17A,
IL-6, IL-10, IFN-y, IL12p70, CXCLS8 (IL-8), and TGF-B1) were measured in both groups.
They were divided into 3 groups for better visualization: cytokine levels higher in patients
(Figure 8), cytokine levels higher in controls (Figure 9), and cytokines levels without
differences between the two groups (Figure 10). Data are presented in concentration,
with all results in pg/ml.

It was identified that in Long Covid patients, the levels of IL-6 and IL-17A were
elevated when compared with control group (Figure 8).
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Fig.8. IL-17A and IL-6 concentrations. Data presented as means and standard deviations of values

measured in 10 tested individuals on each group. IL-17A (p. 0.068) and IL-6 (p. 0.030). Gamma distribution
test.

However, the levels of IL-4, IL-2, IL-18, TNF-a, IL-10, and IL-12p70 were

decreased in Long Covid patient when compared with control groups (Figure 9).
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Figure 9
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Fig.9. IL-4, IL-2, IL-1B, TNF-q, IL-10, and IL-12p70 concentrations. Data presented as means and standard
deviations of values measured in 10 tested individuals on each group. IL-4 (p. 0.004), IL-2 (p. 0.010), IL-13
(p. 0.030), TNF-a (p. 0.024), IL-10 (p. 0.016), and IL-12p70 (p. 0.012). Gamma distribution test.

Lastly, it was not identified statistical difference regarding IP-10, MCP-1, IFN-y, IL-
8, and TGF-B1 levels, between groups (Figure 10).
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Fig.10. IP-10, MCP-1, IFN-y, IL-8, and TGF-B1 concentrations. Data presented as means and
standard deviations of values measured in 10 tested individuals on each group. IP-10 (p. 0.4909), MCP-1
(p. 0.3525), IFN-y (p. 0.1179), IL-8 (p. 0.0627), and TGF-B1 (p. 0.4372). T-test and Gamma distribution test.
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4. Discussion

ACE2 has been acknowledged as the primary binding receptor for the
majority of coronaviruses since 2003787° Its substantial presence in the upper
respiratory epithelium® facilitates viral entry, allowing for a high viral replication rate
and significant transmissibility during the early stages of COVID-19 infection (pre-
symptomatic phase). Conversely, in the lower respiratory tract, the receptor is
prevalent in type Il alveolar cells, contributing to heightened tissue damage during the
mid and late phases of infection.8182 Although the relationship of this receptor in lung
tissue is well understood, only a few studies have evaluated its expression in
leukocytes, yielding conflicting outcomes. One study indicated that immune cells,
including those in the spleen, thymus, lymph nodes, and bone marrow, do not express
ACE2.2% Nonetheless, some studies have demonstrated ACE2 expression in select
cell subtypes.”848 |n our study, ACE2 expression was not detected in CD4+ T
lymphocytes and neutrophils, and we believe these differences might be linked to the
isolation site of these cells. While Li et al.'s study (2020)8* isolated neutrophils from
lung tissue, while our study isolated cells from the intravascular compartment. This
variance in expression between tissue and vasculature suggests that ACE2 expression
capability in certain immune cells is acquired post-migration and differentiation, which
occurs after leaving their tissue of origin. Whether they start expressing ACE2 after
migrating within vessels or if they hijack this receptor from endothelial cells during
diapedesis could be a target for future research, given the demonstrated membrane
fusion, especially during transcellular diapedesis.2

Shen et al. (2022)%” demonstrated that virus entry into T lymphocytes can
occur independently of ACE2, and the entry route in these cells involves lymphocyte
function-associated antigen 1 (LFA-1). This aligns with our findings of nearly complete
absence of ACE2 expression in the lymphocyte population, with low expression
observed only in the CD8+ T lymphocyte subset.

Regarding the findings of higher ACE2 expression in the non-classical
monocyte group of control patients, two main hypotheses emerge. Firstly, the
substantial ACE2 levels in control cells could assist in converting angiotensin 2 to
angiotensin 1-7, potentially serving as an innate characteristic functioning as a
protective factor against long COVID development. This protective mechanism of high
ACE2 expression has already been demonstrated in acute COVID, and its low
expression is associated with poor outcomes in the elderly and with comorbidities
patients.888 Alternatively, chronic infection could reduce receptor levels due to
internalization and consumption during viral cell entry. Both hypotheses are not
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mutually exclusive and might collectively contribute to the observed outcome.

The currently accepted immune alterations in long COVID are closely linked
to TLR4. Fontes et al. (2023)°° demonstrated that cognitive deficit symptoms similar to
long COVID could be neutralized in murine models by blocking TLR4. During initial
infection, TLR4 also plays a crucial role, as cytokines associated with severe cases
(IL-6 and TNF-a) are triggered through this receptor®:. More recently, Holms et al.
(2022)"7 suggested a potential feedback loop involving TLR4, which could sustain the
inflammatory state in long COVID. Apart from inflammatory dysregulation, TLR4
present in B lymphocytes would be directly responsible for antibody production
pathways®2.

Our findings of increased TLR4 in B lymphocytes of patients bridge these
concepts, suggesting that individuals with higher TLR4 expression might be
susceptible to chronic COVID due to cytokine imbalance and possible elevated
production of autoantibodies, contributing to certain symptoms in the clinical
presentation. It could also contribute to the increase in cases of autoimmune diseases
identified in these groups.

According to Sachinidis et al. (2021)% and Klein et al. (2022)23, with our
observed results of low CD4+ T lymphocytes, high CD8+ T lymphocyte numbers, and
increased non-classical monocytes, we can readily support the hypotheses that long
COVID patients are chronically inflamed and responding to possible viral reservoirs in
the body.

Regarding cytokines, the increase in IL-6 found in this study has been
extensively documented in the literature®*%, |L-6 elevation has been noted in the acute
phase and persists for up to 7 months after initial infection®. The association of
increased IL-6 with elevated TLR-4 supports the feedback loop hypothesis sustaining
inflammation, although statistical significance was not found for IL-1.

IL-17A has also been studied predominantly during the acute phase. The
hypothesis of IL-17A's influence due to its potent inflammatory capacity has been
postulated®. Studies have shown a link between elevated IL-17A levels in the acute
phase®’ and the development of pulmonary chronic symptoms®8. The substantial
increase found in our study, coupled with increased TLR4 in B lymphocytes, suggests
that the mechanism of autoantibody production might be responsible not only for the
respiratory profile but also for the neurological profile of the disease, given that the
number of patients with respiratory complaints was lower than those with neurological
complaints.

Although no difference between neutrophil population was detected, the

higher IL-17A levels also could induce more activation of these cells, which could result
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in greater release of Neutrophil Extracellular Traps (NETS), since these structures are

also involved with the pathogenesis of COVID®. It has been shown that NETs may
also have a role in the development of post COVID-19 syndromes, including
immunotrombosis, neurological disorders, lung fibrosis and tumor growth®. Notably,
recent studies showed that NETs are persistent and may be involved in post COVID-
19 syndrome pathology°°-102,

The decrease of IL-4 and IL-10 in long COVID patients further strengthens
studies demonstrating similar results. Currently, conflicting results exist in the
literature, with some showing increased levels of these cytokines in long COVID
patients®” and others indicating lower values®®. This finding suggests that the rigorous
patient selection performed in our study may influence the pattern of these results. The
decrease in these cytokines levels could impact the inflammation control, contributing
to the chronic inflammatory response maintenance.

Regarding lower levels of IL-2, IL-1B3, IL-12 and TNF-a in Long COVID
subjects, our results are discordant, since it was shown that the triad IL-1j3, IL-6 and
TNF-a remain elevated in Long COVID — PASC!3, Our main hypotesis is that, because
of our rigorous selection, all Long COVID patients had mild to moderate acute COVID
cases and not a single severe patient was tested because of their confounding factors.
This shows that possibly mild/moderate and severe acute cases have different long
COVID cytokine profiles, explaining why a single drug is not being helpfull in all cases.
Generally, higher levels of these cytokines have been identified in long COVID patients
compared to healthy individuals or recovered patients®9. Another hypothesis to
explain these results has been previously presented in studies of myalgic
encephalopathy!®*. These studies indicated potential differences in cytokine levels
between tissues and serum due to the localized effect of cytokines. These cytokines,
and IL-12p70, might also be subject to value alterations due to their kinetics®.
Phetsouphanh et al. (2022)1°¢ demonstrated entirely different profiles of these patterns
in post-COVID patients at 4 and 8 months after initial infection.

It is imperative for more cohort studies to be conducted, employing rigorous
patient selection criteria, that not only associate different clinical profiles of these
patients with their laboratory profiles but also demonstrate the changes in these
cytokines over time. Evidently, more than one clinical entity may exist within Long
COVID, necessitating an individualized approach for different patient groups based on

the duration of evolution and their persistent symptoms.
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5. Conclusion

In summary, our data strongly suggest the persistence of a pro-inflammatory state
in patients with persistent symptoms following the acute episode of COVID. The currently
accepted triple pattern (IL-6, TNF-alpha, and IL-1) may not be the sole possible pattern
among these patients, as our data also indicate IL-17A production + TLR4 higher
expression in B lymphocytes, suggesting the possible relation to autoantibody production

and neutrophil mediated inflammation.

Funding: This study was supported by grants No. 2018/09706-7 (with emergency
application in the COVID-19 line) and 2021/13354-1, both from the S&o Paulo Research
Foundation (FAPESP).
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